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Abstract 

The energy originated from fossil fuels has enabled the remarkable advancement of 

civilization over the past century. However, fossil fuels are not infinite in supply and 

they are a source of increasing atmospheric carbon dioxide and the associated 

abominable environmental effects. Improving the efficiency of the energy storage 

devices and conversion of solar energy into hydrogen energy via water splitting are 

key technologies to tackle the serious energy and environmental problems. 

Earth-abundant, environmental-friendly semiconductors for supercapacitor and water 

splitting applications have received great attention due to their specific characteristics. 

It is well established that the capacitive properties of semiconductors are greatly 

affected by their nanostructure and poor conductivity, leading to a limited energy and 

power densities. Thus, understanding and manipulating the hierarchical structure at 

the nanoscale is essential to design composite materials for energy storage with 

enhanced charge transfer and electrolyte ions transportation abilities. On one hand, in 

photoelectrochemical water splitting (PEC), the electron-hole recombination in the 

bulk interfaces plays a determinative role in the catalytic performance. The 

investigation about modulation of the charge transfer kinetics as well as the energy 

level and density of surface state upon the modification of a second semiconductor or 

oxygen evolution catalysts (OEC) could be of great interest. On the other hand, for 

hydrogen evolution catalysts (HEC), as the identification of structural defects, phase 

transmission and vacancies presented in the 2D materials play a vital role in 

optimizing the catalyst for hydrogen evolution reaction (HER) in water splitting. 

This dissertation is divided into 7 chapters: 

Chapter 1 is the introduction part, which includes the background of supercapacitors 

and water splitting and reviews the limited factors affecting the electrochemical 

properties of semiconductors for supercapacitor and water splitting applications. 

In Chapter 2 summarizes the applied methodologies in this dissertation. This chapter 

includes the details about the TEM, STEM, EELS experimental setups, data 
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processing, simulations and general introductions to the electrochemical techniques, 

such as cyclic voltammetry, electrochemical impedance spectrum as well the 

electrical circuit model for illustrating the surface states. 

Specific synthesis procedures and experimental results for every one of the studied 

nanosystems are presented in Chapters 3-6.  Chapter 3 deals with the fabrication of 

core-branch Fe2O3/PPy nanocomposites as negative electrode for supercapacitor 

applications as well as the investigation of PPy nanoleaves growth mechanism onto 

the hematite nanoflakes. 

In Chapter 4, we have optimized the synthesis conditions, including the ITO 

thickness, TiO2 thickness, FeNiOOH deposition charge and the post-sintering 

temperature of ITO/Fe2O3/Fe2TiO5/FeNiOOH nanowire-based photoanodes for water 

splitting in alkaline electrolyte. The detailed structure has been mainly investigated by 

TEM and STEM-EELS, while, the charge transfer and reaction kinetic mechanisms 

were systematically investigated by PEIS. 

In Chapter 5, we have optimized the chemical bath conditions for synthesising CoFe 

PBA supported onto Fe2O3/Fe2TiO5 nanowire-based photoanodes for water splitting 

in acidic electrolyte. The detailed structure has been mainly investigated by TEM and 

STEM-EELS, while, the charge transfer and reaction kinetic mechanisms were 

investigated by PEIS.  

In Chapter 6, we moved the characterization of structural defects, phase transmission, 

vacancies in 2D materials for HER in water splitting with advanced 

aberration-corrected dedicated STEM, including HAADF, ABF, EELS-STEM, GPA 

and HAADF simulation. 

Finally, Chapter 7 summarizes the general conclusions of this dissertation, along 

with a brief outlook. 
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Resum 

L’energia que s’origina de combustibles fòssils ha permés avenços molt remarcables a 

la nostra civilització durant el segle passat. No obstant, els combustibles fòssils no son 

il·limitats i suposen una font d’increment del diòxid de carboni a l’atmòsfera, amb els 

seus conseqüents efectes ambientals nocius. Millorar la eficiencia dels dispositius 

d’enmagatzematge d’energia i la conversió d’energia solar a hidrògen mitjançant la 

dissociació de l’aigua són tecnologies clau per encarar problemes energètics i 

ambientals. Els semiconductors que es presenten en abundància i són beneficiosos pel 

medi ambient han estat en el punt de mira durant els últims anys donades les seves 

característiques especifiques com a supercapacitors i dispositius per la dissociació de 

l’aigua. 

És conegut que les propietats capacitives dels semiconductors están molt afectades 

per la seva estructura a la nanoescala i la seva baixa conductivitat, limitant les 

densitats d’energia i potencia. Així doncs, entendre i manipular l’estructura jeràrquica 

a la nanoescala és essencial per dissenyar materials nanocompostos per 

l’emmagatzematge d’energia amb millores en la transferència de càrrega i habilitat de 

transportar ions electrolítics. Per la dissociació d’aigua fotoelectroquímica (PEC), la 

recombinació electró-forat al “bulk” i les interfícies juguen un paper molt determinant 

en l’actuació catalítica. La investigació sobre la modulació de la dinámica de 

transferencia de càrrega així com  el nivell d’energia i la densitat d’estats de 

superfície sobre la modificació d’un segon semiconductor o catalitzadors per 

dissociació de l’oxígen (OEV) podrien ser de gran interés. Per altra banda, pels 

catalitzadors de evolució d’hidrògen (HEC), com la identificació de defectes 

estructurals, transmisió de fase i les vacants presents en materials 2D juguen un paper 

de vital interès per optimitzar els catalitzadors per la reacció d’evolució de l’hidrògen 

(HER) en la dissociació de l’aigua. 

Aquest treball està dividit en 7 capítols: 
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El Capítol 1 és la part introductòria, que inclou els principis bàsics dels 

supercapacitors i la dissociació de l’aigua i comenta els factors limitants de les 

propietats electroquímiques dels semiconductors per aplicacions en supercapacitors i 

dissociació de l’aigua. 

El Capítol 2 resumeix les metodologies emprades en aquest treball. Aquest capítol 

inclou els detalls sobre les configuracions experimentals del TEM, STEM i EELS, 

processament de dades, simulacions i una introducció a les tècniques 

electroquímiques com la voltimetria cíclica, espectre d’impedància electroquímica i 

els models de circuits electrònics per il·lustrar els estats de superficie. 

La síntesi i els resultats experimentals es presenten en els Capítols 3-6. El Capítol 3 

tracta sobre la fabricació de nuclis embrancats de nanocompostos de Fe2O3/PPy com a 

electrodes negatius per aplicacions en supercapacitors, així com la investigació dels 

mecanismes de creixement de nanofulles de PPy sobre flocs d’hematita. 

Al Capítol 4, hem optimitzat les condicions de síntesi, incloent el gruix de ITO, gruix 

de TiO2, càrrega de dipòsit de FeNiOOH i la temperatura de post-sinterització dels 

nanofils de  ITO/Fe2O3/Fe2TiO5/FeNiOOH com a fotoànodes per la dissociació de 

l’aigua en electrolits alcalins. Els detalls de l’estructura s’han investigat principalment 

mitjançant TEM i STEM-EELS, mentre que la transferència de càrrega i els 

mecanismes de la dinàmica de reacció han estat investigats sistemàticament per PEIS. 

Al Capítol 5 hem optimitzat les condicions del bany químic per sintetitzar CoFe PBA 

suportat sobre fotoànodes basats en nanofils de Fe2O3/Fe2TiO5 per la dissociació de 

l’aigua en electròlits àcids. Els detalls de l’estructura han estat investigats 

principalment per TEM i STEM-EELS mentre que la transferència de càrrega i els 

mecanismes de la dinàmica de reacció han sigut investigats sistemàticament per PEIS. 

Al Capítol 6, ens hem centrat en la caracterització de defectes estructurals, 

transmissió de fase, vacants en materials 2D per HER per la dissociació de l’aigua 

amb un STEM dedicat amb correcció d’aberracions, incloent HAADF, ABF, 

EELS-STEM, GPA i simulacions d’HAADF. 
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Finalment, al Capítol 7 es resumeixen les conclusions generals d’aquest treball, 

juntament amb les projeccions futures d’aquests. 
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Chapter 1   

 

Introduction: Materials for Energy Storage and Energy 

Conversion Applications 
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1.1 The Energy Landscape 

Energy originating from fossil fuels has enabled the remarkable advancement of 

civilization over the past century. Our current demand for food, housing, transport, 

and health maintenance for more than 7 billion people is considerably larger than the 

needed for the 1 billion people inhabiting the planet prior to the application of fossil 

fuel. The fundamental characteristics making fossil fuels unique are their abundance 

and relatively large energy surplus, based on the quantity of energy extracted versus 

that of energy used to perform the extraction. [1] However, fossil fuels are not infinite 

in supply and are a source of increasing atmospheric carbon dioxide and associated 

detrimental environmental effects. [2] It is debatable when these effects will become 

unacceptable in terms of climatic events, social or political conflicts, but their finite 

nature ensures that the days of fossil fuels are numbered. Accordingly, plenty of effort 

has been devoted to the development of efficient energy storage devices such as 

batteries, supercapacitors etc. and to ensure that alternative energy sources will 

provide the same opportunity for a high quality of life, as the one facilitated by the 

fossil fuels until now. However, these new alternative energies and energy storage 

devices must be built with earth abundant materials and possess energy surplus and 

environmental friendly characteristics. 

1.2 Fundamentals Concept of Supercapacitors 

1.2.1 Background of Supercapacitors 

The demand for efficient, clean alternative energy and large capacitance storage is 

growing in order to meet the projected doubling of world energy consumption within 

the next half century. Intense research efforts have been made to develop efficient 

energy from renewable sources, such as solar and wind that offer great potential for 

the projected energy demands. Meanwhile, enormous attention has been paid to the 

development of large capacitance charge storage devices so that the electricity 

generated from these intermittent renewable sources can be effectively used and 

distributed on a large scale. These high capacitance energy storage devices can also 
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benefit hybrid electric vehicles and portable electronic devices.  

Typically, there are two main types of charge storage devices: batteries and 

electrochemical capacitors, which have attracted a great deal of attention. [3-5] The 

fundamental difference between batteries and electrochemical capacitors is that 

batteries store energy in thick redox reactant layers that are capable of generating 

electricity through two separate half redox reactions. Electrochemical capacitors, on 

the other hand, store energy directly as ions or in thin redox layers that allow rapid 

charging and discharging. [6] Most often, batteries have high energy density but long 

recharge times while electrochemical capacitors have high power density (see Figure 

1.1) with fast and safe charging and discharging times. [7] However, charge storage 

devices with high energy and power densities and fast recharge times are required to 

achieve the high energy density and power output required for applications such as 

all-electric/plug-in hybrid vehicles. For these types of applications, an electrochemical 

capacitor must have large capacitance (C) per gram of active material at high current 

density to satisfy the need for high power density. 

 

 

 

 

 

 

Figure 1.1 Left: Ragone plot (specific power vs. specific energy) for various electrochemical energy 

storage devices. Right: Ragone plot of measured data on commercial Li-ion batteries, NiMH batteries 

and supercapacitors, normalized to total cell weight. Adapted from ref. [6] and ref. [8]. 

Supercapacitors are electrochemical energy storage devices, whose stored energy is 

based, in principal, on two different types of capacitive behaviour: electrical double 

layer capacitance (EDLC) from the accumulation of the pure electrostatic charge at 

the electrode interface, and the pseudo-capacitance derived from fast and reversible 
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surface redox processes at characteristic potentials. [6, 9] 

1.2.2 The Energy Storage Mechanism of EDLCs 

Due to the limited charge storage areas and finite geometric constrains of the 

separation distance between the two charged plates, conventional capacitors generally 

store relatively little energy. However, supercapacitors based on the EDLC 

mechanism can store much more energy as they can benefit from the enhanced 

interfacial area and the atomic scale of charge separation distances.  

 

 

 

 

 

 

 

 

 

Figure 1.2 Models of the electrical double layer at a positively charged surface: (a) the Helmholtz 

model, (b) the Gouy-Chapman model, and (c) the Stern model, showing the inner Helmholtz plane 

(IHP) and outer Helmholtz plane (OHP). The IHP refers to the distance of closest approach of 

specifically adsorbed ions (generally anions) and OHP refers to that of the non-specifically adsorbed 

ions. The OHP is also the plane where the diffuse layer begins. d is the double layer distance described 

by the Helmholtz model. 𝜑0  and φ are the potentials at the electrode surface and the 

electrode/electrolyte interface, respectively. Adapted from ref. [9] 

As schematically displayed in Figure 1.2a, H. V. Helmholtz first described and 

modelled the concept of the electrical double layer (EDL) in the 19th century during 

his investigation into the distribution of opposite charges presented at the interface of 

colloidal particles. [10] The Helmholtz EDL model reveals two layers of opposite 

charge presented at the electrode/electrolyte interface separated by an atomic distance, 
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which is similar to that of two-plate conventional capacitors. The simple Helmholtz 

EDL model was further developed by M. Gouy and D.L. Chapman, [12-13] in 

consideration of a continuous distribution of electrolyte cations and anions in the 

electrolyte solution, driven by thermal motion, termed the diffuse layer, as illustrated 

in Figure 1.2b. However, the Gouy-Chapman model results in the overestimation of 

the EDLC because the capacitance of two separated arrays of charges increases 

inversely with the separation distance. Thus, a very large capacitance would arise in 

the case of point charge ions close to the electrode surface. Later, Stern [14] combined 

the Helmholtz model with the Gouy-Chapman model to explicitly identify two 

regions of ion distribution: the inner region called the Stern layer and an outer region, 

termed the diffuse layer (Figure 1.2c). In the Stern layer, hydrated ions are strongly 

adsorbed by the electrode, which is thus named the compact layer. The compact layer 

also consists of specifically adsorbed ions and non-specifically adsorbed counterions. 

The inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) are employed to 

distinguish these two types of adsorbed ions. The diffuse layer region is the same as 

that defined by the Gouy-Chapman model. [14] 

The capacitance in the EDL (Cdl) is a combination of the Stern type of compact 

double layer capacitance (CH) and the diffusion region capacitance (Cdiff). Therefore, 

Cdl can be expressed by the following equation: [9] 

1

Cdl
=

1

CH
+

1

Cdiff
                                                                                                                    (1) 

The critical factors that determine the EDL behaviour at a planar electrode surface 

include the electrolyte ion types, the electrical field distribution, the electrolyte 

solvent, and the chemical affinity of the adsorbed ions and the electrode surface. Since 

the porous electrode normally possess a high specific surface area, the EDL behaviour 

at the pore surface of the porous electrode is more complex than that of an infinite 

planar electrode because the ion transfer and transportation in a confined system can 

be drastically affected by a number of parameters, including the space constrain inside 

the pores, the mass transfer path, the ohmic resistance along with the electrolyte, and 
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the wetting behaviour of the pore surface by the electrolyte. [9] 

The capacitance of an EDL-type supercapacitor is generally assumed to follow that of 

a parallel-plate capacitor: [15] 

C =
εrε0

d
A,                                                          (2) 

where εr is the dielectric constant of electrolyte, ε0 is the vacuum permittivity, A is 

the electrode’s specific surface area accessible to the electrolyte ions, and d is the 

effective thickness of the EDL (the Debye length). According to equation (2), there   

is a linear relationship between specific capacitance (C) and specific surface area (A). 

However, some experimental results reveal that this simple linear relationship does 

not hold. [16-17] Typically, it was believed that the submicropores of the electrode 

materials did not contribute to the formation of the EDL because of the inaccessibility 

of the submicropore surface to the large solvated ion. However, Raymundo-Pinero et 

al. recently observed the vital contribution of micropores to the overall capacitance 

and revealed that the partial desolvation of hydrated ions contributed to the enhanced 

capacitance. [16] Recently, Simon et al. observed an anomalous capacitance increase 

in carbon electrodes with pore sizes less than 1 nm. [6] These results further 

demonstrated a capacitance contribution derived from pores with sizes smaller than 

the solvated ions. 

 

 

 

 

 

 

 

 

 

Figure 1.3 Schematic diagrams (top views) of (a) a negatively charged mesopore with solvated cations 
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approaching the pore wall to form an electric double-cylinder capacitor and (b) a negatively charged 

micropore of radius b with cations lining up along the pore axis to form an electric wire-in-cylinder 

capacitor. Adapted from ref. [18] 

However, these new experimental results cannot be fully illustrated by the classic 

EDL theory because in such confined micropore spaces, there is not sufficient space   

to accommodate the compact layer and diffuse layer simultaneously. Recently, Huang 

et al. reported a heuristic method to describe supercapacitors based on nanoporous 

carbon. [18] They propose a different capacitive behaviour depending on the pore size, 

which also takes the pore curvature into consideration. An electric double-cylinder 

capacitor (EDCC) model is utilized for the interpretation of mesoporous carbon 

electrodes, whereas, an electric wire-in-cylinder capacitor (EWCC) model is 

employed for modelling microporous carbon electrodes, as illustrated in Figure 1.3.  

The pore curvature is no longer significant when the pores are large enough and the 

EDCC model can be reduced naturally to the traditional planar EDL model, shown in 

equation (2). The capacitance estimation for the proposed EDCC and the EWCC 

models are given in equations (3) and (4), respectively: 

C =
εrε0

bln[b/(b − d]
A                                                                                                              (3) 

C =
εrε0

bln(
b
a0

)
A                                                                                                                           (4) 

where b represents the pore radius, d represents the distance of approaching ions to 

the surface of the carbon electrode, and a0  represents the effective size of the 

counterions. 

With these models, the researchers were able to make good fits of theoretical results 

based on equations (3) and (4) on experimental data, regardless of the types of carbon 

materials and electrolytes employed.  

There is no faradic reaction at EDLC electrodes because of the electrostatic charge 

storage mechanism. A supercapacitor electrode can be considered as a blocking 
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electrode from an electrochemical point of view and there is no limitation caused by 

the electrochemical kinetics through a polarization resistance. Aditionally, its surface 

storage mechanism allows fast energy uptake and delivery, and better power 

performance. [6] 

The absence of faradic reactions also reduces the swelling of the active material 

during charge/discharge cycles, which is often observed in the case of batteries. Thus, 

EDLCs can sustain millions of cycles, however, batteries survive a few thousand at 

best. Finally, the solvent of the electrolyte is not involved in the charge storage 

mechanism, unlike in Li-ion batteries, where it forms the solid-electrolyte interphase 

when graphite anodes or high-potential cathodes are used. This enables the utilization 

of solvents, and electrolytes with high power performances at low temperatures for 

EDLC applications. However, due to the electrostatic surface charging mechanism, 

the EDLC devices typically suffer from a limited energy density. Therefore, today’s 

the EDLC research is largely focused on increasing their energy density performance 

and widening the temperature limits into the range where batteries cannot operate. 

[19] 

1.2.3 The Energy Storage Mechanism of Pseudo-capacitance  

In contrast to EDLC, pseudo-capacitance originates from thermodynamic factors and 

is derived from charge acceptance (∆q) and a change in potential (∆V). [20] The 

derivative C = d ( ∆ q)/(d ∆ V) refers to a capacitance, which is defined as 

pseudo-capacitance. The main difference between EDLC and pseudo-capacitance lies 

in the fact that pseudo-capacitance originates from the faradic reaction, involving fast 

and reversible redox reactions between the electro-active materials and electrolyte on 

the electrode surface. Metal oxides, such as ruthenium oxide, iron oxide, tin oxide, 

manganese oxide, vanadium nitride as well as conducting polymers, have been 

extensively studied in the past decades. [21-26] The specific pseudo-capacitance 

exceeds that of carbon materials using a double layer charge storage mechanism, 

justifying the interest in the pseudo-capacitance systems. However, due to the 

utilization of redox reactions, pseudo-capacitors, similar to batteries, often suffer from 
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the lack of stability during cycling.  

RuO2, has been widely investigated because of its intrinsic reversibility for various 

surface redox couples and high conductivity. [27] The electrochemical behaviour of 

both amorphous and crystalline types of ruthenium oxide has been widely 

investigated in acidic electrolyte over the past 30 years. [28] Its capacitance is 

attributed to the mixed proton-electron conductivity within RuO2∙xH2O because the 

superfacial redox transitions of ruthenium oxide involve a proton and electron double 

injection/expulsion process according to the following reaction: [29] 

RuOx(OH)y + δH+ + δe−
 

⇔ RuOx−δ(OH)y+δ                                                                (5) 

in which RuOx(OH)y and RuOx−δ(OH)y+δ are the surface oxyruthenium materials 

at higher and lower oxidation states. Typically, in a proton-rich electrolyte 

environment, the faradic charges are reversibly stored and delivered through the redox 

reactions of oxyruthenium groups, such as Ru(IV)/Ru(III) and Ru(III)/Ru(II). Based 

on electron transfer numbers, the theoretical specific capacitance of RuO2 is 

calculated to range from 1300 to 2200 F g-1. [30] C.C. Hu et al. have reported a very 

high specific capacitance of 1300 F g-1 with a nanostructured RuO2 electrode. [29] Its 

superior electrochemical performance is correlated to its tuned nanotubular arrayed 

architecture with metallic conductivity and its hydrous nature. According to equation 

(5), the reversible redox transitions depend on both proton exchange and 

electron-hopping processes. The tubular arrayed structure as well as metallic 

conductivity enable an effective pathway for electrolyte ions and electron 

transportation. Consequently, the designed nanostructure confirms a promising 

electrode material for energy storage applications. However, Ru-based aqueous 

supercapacitors are expensive, and the I-V voltage window limits their practical 

application to electronic devices. 

Cheap oxides of vanadium, iron, cobalt and nickel have been investigated in aqueous 

electrolytes, but none of them has been tested as much as MnO2. [31] The charge 
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storage mechanism relies on surface adsorption of electrolyte cations, for example, K+, 

Na, etc., as well as proton incorporation according to the reaction: 

MnO2 + xC+ + yH+ + (x + y)e−

 
⇔ MnOOCxHy                                                            (6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Schematic of cyclic voltammetry for a MnO2 electrode cell in 0.1 M K2SO4 aqueous 

electrolyte showing the successive multiple surface redox reactions resulting in the pseudo-capacitive 

charge storage mechanism. The red (upper) part is related to the oxidation from Mn (iii) to Mn (iv) and 

the blue (lower) part refers to the reduction from Mn (iv) to Mn (iii). Adapted from ref. [6] 

Figure 1.4 shows a cyclic voltammogram of a MnO2 electrode in 0.1 M K2SO4 

aqueous electrolyte. The fast, reversible successive surface redox reactions determine 

the behaviour of the voltammogram, whose shape is similar to that of the EDLC. 

MnO2 microscale powders or films have a specific capacitance of 150 F g–1 in neutral 

aqueous electrolytes within a voltage window of less than 1 V. [6] Because there is no 

oxidation state available at less than 0 V, the interest in MnO2 materials for symmetric 

supercapacitor devices is somehow limited. Notwithstanding, MnO2 materials are still 
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suitable for a positive pseudo-capacitive electrode in hybrid systems. 

Furthermore, many conducting polymers, such as polyaniline, polythiophene, 

polypyrrole and their derivatives have been investigated as pseudo-capacitive 

materials for electrochemical capacitance applications. [32-34] Both have high 

gravimetric and volumetric pseudo-capacitance in various nonaqueous electrolytes at 

operating voltages up to 3 V. When used as in the form of bulk materials, conducting 

polymers often suffer from a limited stability during cycling. [35] For this reason, 

research efforts devoted to metal oxides and conducting polymers for supercapacitor 

applications are nowadays directed towards hybrid materials. 

1.2.4 The Evaluated Criteria of Supercapacitor Devices and the Progress of 

Supercapacitor Electrodes 

The electrochemical performance of supercapacitors is evaluated based on the 

following criteria: (i) a power density much higher than batteries with relatively high 

energy densities (higher than 10 Wh kg-1); (ii) an excellent cyclability (100 times 

higher than that of batteries); (iii) ultra-fast charge/discharge processes within several 

seconds; (iv) low self-discharging; (v) safe operation, and (vi) low cost. [9] 

Typically, a supercapacitor device is composed of two electrodes separated by an 

ion-permeable membrane separator in the electrolyte and its cell capacitance (C) is 

calculated as follows: [36] 

1

C 
=

1

C+
+

1

C−
                                                                                                                              (7)  

in which C+  and C−  are the specific capacitance of the positive and negative 

electrodes, respectively.  

Its energy density and power density can be calculated based on equations (8) and (9): 

[37] 

E =
CU2

2m
                                                            (8) 

P =
UI

2m
                                                             (9) 
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where C (F/g) is the specific capacitance of the supercapacitor device, U (V) is the 

potential window of discharge current, I (A) is the discharge current and m (g) is the 

total active material mass of positive and negative electrodes. Therefore, in order to 

increase energy density (E), it is necessary to enhance cell voltage (U) and the specific 

capacitance (C) of these electrodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 (I) Schematic illustration of supercapacitor maximum charging voltage, potential of zero 

voltage and electrode capacitive potential range for positive and negative electrode. (II) A. Potential 

window of various pseudocapacitive electrode materials in aqueous electrolyte B. Specific capacitance 

of selected anode and cathode materials. Adapted from ref. [36] 

The assembly of a supercapacitor device can be either symmetric or asymmetric. The 

symmetric supercapacitor consists of similar positive and negative electrodes and the 

capacitance (C) of the symmetric cell is C+/4, since C+ = C−, while the mass loading 

of the symmetric supercapacitor is twice that of the positive or negative electrodes. 

The asymmetric supercapacitors (ASCs) are composed of two distinct positive and 

negative electrodes separated by a porous membrane separator. The potential window 
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of ASCs is the overlay of the characteristic operating voltages of positive and negative 

electrodes. The positive and the negative electrode materials of ASCs can be either 

pseudo/EDLC or a pseudo/pseudo combination. Generally, the potential ranges of the 

positive and the negative electrodes are determined by the oxygen and the hydrogen 

evolution reactions, respectively. In the case of ASCs, it is essential to choose positive 

and negative materials which possess high hydrogen and oxygen evolution over 

potentials leading to a larger cell voltage (U) (Figure 1.5 I). The potential window of 

various positive and negative electrodes in aqueous electrolyte is displayed in Figure 

1.5 II (A). As the cell capacitance (C) is dependent on both positive and negative 

electrodes, the reported specific capacitance of the representative anode and the 

cathode electrodes is represented in Figure 1.5 II (B). It can be seen that the achieved 

specific capacitance of the negative electrodes is usually much less than that of the 

positive electrodes. Therefore, this paves the way for further research to develop a 

negative electrode to achieve high energy density supercapacitors. [38-39]  

Typical negative electrodes employed in supercapacitors are Fe2O3, Fe3O4, FeOOH, 

Bi2WO6, Bi2O3, MoO3, MoO2, WO3, VN, TiN etc.. [40-53] Among these negative 

electrodes, the α-Fe2O3 (hematite) based negative electrode for supercapacitors has 

attracted plenty of attention because of its high theoretical specific capacitance (3625 

F g-1), low price, thermal stability, abundance in nature and environmental friendliness. 

[54] Typically, the pseudocapacitive performance of Fe2O3 is attributed to the 

reversible oxidation/reduction reaction between Fe3+ and Fe2+. [55] Nevertheless, the 

electrochemical performance of hematite still suffers from its poor electrical 

conductivity (10-14 S cm-1), resulting in high charge transfer resistance between the 

electrolyte and the electrode. Another limitation of hematite is the capacitance decay 

due to its volume expansion during cycle stability testing. Thus, much effort has been 

devoted to increasing the number of active sites, reducing the diffusion length of the 

charge carriers, and minimizing the volume expansion by reducing the particle size. A 

detailed investigation on the pseudocapacitive performance of hematite-based 

supercapacitor electrodes will be presented in the third chapter of this dissertation. 
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1.3 Fundamental Concepts of Photoelectrochemical Water Splitting 

1.3.1 Fundamental Concepts of Photoelectrochemistry 

 

 

 

Figure 1.6 Left: Oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) for water 

splitting under acidic conditions, where E° is the theoretical reduction potential for both (H+/H2) and 

(O2/H2O) redox couples. Right: Photoelectrochemical cell for whole water splitting. (a) Schematic of a 

‘wired’-type tandem water splitting cell with incident solar illumination striking the photoanode and 

transmitting to the photocathode. (b) Working principle of the tandem cell for water splitting using a 

photoanode with bandgap energy Eg,1, and a photocathode with Eg,2 (where Eg,1 > Eg,2). Briefly, on 

absorption of a solar photon, an electron (e−) from the valence band (VB) is promoted to the conduction 

band (CB) leaving the corresponding electron hole (h+). The electric field in the depletion layer 

physically separates these charges. Photogenerated electrons in the CB of the photoanode travel 

through the external circuit to recombine with the holes in the VB of the photocathode. EF, Fermi 

energy; E(VRHE), electronic potential with respect to the reversible hydrogen electrode; ηR, 

overpotential for reduction; ηO, overpotential for oxidation. Adapted from ref. [56-57] 

The free energy change required for the conversion of 1 H2O molecule to H2 and 1/2 

O2 molecule under standard conditions is ∆G = 237.2 kJ mol-1. [56] According to 

Nernst's equation, it corresponds to ∆E° = 1.23 V/transferred electron. To drive this 

reaction under illumination with a semiconductor, the semiconductor must absorb 

sunlight with photon energies of > 1.23 eV (corresponding to wavelengths less than 

1000 nm) and transfer the solar energy into H2 and O2. The corresponding process 

must generate two electron-hole pairs/H2 molecular (2 × 1.23 eV = 2.46 eV) or four 

electron-hole pairs/O2 molecule (4 × 1.23 eV = 4.92 eV). Theoretically, a 

semiconductor with a band gap energy (Eg) large than 1.23 eV can drive the HER and 
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OER using electrons/holes generated under illumination (Figure 1.6), provided it has 

a conduction band edge energy (Ecb) and valence band edge energy (Evb) that straddles 

the electrochemical potentials of E° (H+/H2) and E° (O2/H2O). To drive these two 

reactions, photoinduced electrons or holes in the semiconductor bulk must travel to a 

semiconductor/electrolyte interfaces, and then react with electrolyte species directly at 

the semiconductor surface without recombination. The charge-transfer process at 

semiconductor/electrolyte interfaces results in losses because of the concentration and 

kinetic overpotentials for driving the HER and the OER. Therefore, the energy 

required for photoelectrochemical water splitting at a photoelectrode is usually 

reported as 1.6-2.4 eV/generated electron-hole pair. [58-59] Although it is possible to 

construct a PEC cell with one photoelectrode and another standard metallic (dark) 

electrode, developing a single photoelectrode that can produce sufficient photovoltage 

for OER and HER and also harvest a significant portion of the solar spectrum is still a 

huge challenge. As semiconductors can transmit photons with energy less than their 

Eg, a PEC cell can be constructed with two photoelectrodes. An example is a n-type 

photoanode and a p-type photocathode, in a tandem configuration that increases the 

photovoltage and the harvested light energy simultaneously, as shown in Figure 1.6. 

[60] The practical need for 1.6-2.4 eV to effectively drive water splitting motivates 

the use of semiconductor heterojunctions with different energy gaps, which will be 

discussed in the next section. The surface state presented at the semiconductor/ 

electrolyte interface, and how these surface states affect the energetics of 

photoelectrochemical water splitting, will be explored in section 1.3.5. 

1.3.2 Physics of Semiconductor Materials 

The motivation for research regarding the use of semiconductors for water splitting 

stems from the unique electronic and optical characteristics of semiconductors, such 

as the specified energy gap between their valence band and conduction band. The 

density of states distributions related to the valence and conduction bands are 

complicated energy functions (Figure 1.7 a). However, near the band edges they often 

approach to the simple parabolic forms shown in Figure 1.7 b. In this dissertation, we 
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will simplify the band diagram for semiconductors to the form shown in Figure 1.7 c. 

The critical energies are the energies of the conduction and valence band edges, EC 

and EV, which define the band gap energy. 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Top: (a) Density of states (DOS) for a typical semiconductor; (b) parabolic approximation 

near band edges; (c) simplified band diagram used in this dissertation. Bottom: Band diagrams intrinsic 

and doped semiconductors, showing the position of the Fermi energy EF. Adapted from ref. [61] 

Typically, the electron occupation probability for the energy level distributions of 

semiconductors is defined by the Fermi-Dirac function f (E): [61] 

f(E) =
1

1+exp (
E−EF
kBT

)
                                                                                                                (10)                                               

in which EF is the Fermi energy. For E > EF, the occupation probability falls rapidly to 

zero over an energy range of a few kBT, however, for E < EF, it increases rapidly to 1. 
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For E=EF, the occupation probability is 0.5. For a pure semiconductor material that 

has no doping impurities, electrons can be thermally excited across the forbidden gap, 

leaving holes in the valence band. The concentrations of electrons (n) and holes (p), 

which must be equal under these conditions, can be expressed in terms of the 

Fermi-Dirac probability function for the presence (f) or absence (1-f) of electrons: 

[61] 

n = ∫ Dc(E)f(E)dE
∞

Ec
                                                                                                            (11)        

p = ∫ Dv(E)[1 − f(E)]dE
Ev

−∞
                                                                                               (12)    

np = NcNv exp (−
Egap

kBT
)                                                                                                      (13)                          

in which DC and DV represent the densities of states distributions, respectively. And 

NC and NV are the effective densities of states in the conduction and valence band, 

respectively. The equilibrium concentrations of electrons and holes are related to the 

mass balance equation. When NC and NV are equal, it follows that the Fermi energy 

EF for an undoped semiconductor is situated at the mid-gap position because n=p. 

Generally, we are dealing with doped semiconductors, like n-type or p-type 

semiconductors. They contain donor (n-type doping) or acceptor (p-type doping) 

atoms (or vacancies) in the lattice, which can create electrons or holes. The ionization 

energies for these reactions are normally of the order of kBT. Thus, the free electron or 

hole concentrations at room temperature are directly determined by the doping level 

rather than by the excitation of electrons across the band gap. In this case, the EF is 

determined by ND or NA, and if n≪NC or p≪NV, where the Fermi Dirac function 

reduces to the Boltzmann function. 

n = Ncexp (−
Ec−Ef

kBT
); p = Nvexp (−

Ev−Ef

kBT
)                              (14) 

It is well established that different semiconductors have distinct energy band gaps, the 

corresponding valence band edge and conductance band edge, as displayed in Figure 

1.8 top. Constructing suitable heterojunctions with different semiconductors will 

enhance the charge separation efficiency. Herein, we will introduce the concepts of 
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three types of heterojunctions (Figure 1.8 bottom) to describe the various band 

alignments normally found in heterojunctions for photoelectrochemical water 

splitting. 

 

 

 

 

 

 

 

 

Figure 1.8 Top: bandgap structure of semiconductors for PEC water splitting applications. 

Contribution of metal cation and oxygen anion states to the conduction and valence bands. The 

bandgap energy (red for n-type, black for p-type) is shown with respect to the reversible hydrogen 

electrode and the water redox energy levels. Bottom: Band alignment in Type I, II, and III 

heterojunctions. [57, 62] 

Letter A corresponds to semiconductor A, and letter B corresponds to semiconductor 

B (both A and B semiconductors can be either n-type or p-type). A Type I 

heterojunction is composed of two different semiconductors, in which the 

conductance band (CB) of semiconductor B is higher than that of A and the valence 

band (VB) of B is lower than that of A. In this way, the holes and electrons will 

transfer and accumulate on semiconductor A. A type II junction enables the transfer of 

photoexcited electrons from B to A because of the more negative CB position of B. In 
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contrast, holes will travel in the opposite direction from semiconductor A to 

semiconductor B, resulting in efficient charge separation and enhanced catalytic 

performance. Finally, the last possible situation, Type III, is identical to Type II except 

for a broken gap where there is no overlapping of the band gaps of both combined 

semiconductors. [62-63] 

1.3.3 Semiconductor Materials for Photoanodes 

A photoanode enabling OER is usually an n-type semiconductor material, in which 

the band bending generated electric field drives the photoinduced holes to the surface. 

The photoanode material should have a band gap, suitable band-edge positions as well 

as electrical properties, such as doping and resistivity that enable efficient charge 

carrier collection. In addition, the photoanodes should be stable under water 

oxidization conditions. As a result of these requirements, metal oxides, in pure, mixed, 

or doped forms have been extensively investigated as potential photoanode materials. 

Normally, the electronic structure of these metal oxides is that the VB is composed of 

O 2p orbitals, and CB consists of orbitals of the metal elements. [56] It has been 

revealed that, especially in ionic crystals, the potential of the VB remains almost 

unchanged at 3.0 (0.5 V vs. NHE for most metal oxides, like TiO2, SrTiO3, WO3, 

Fe2O3 and ZnO (Figure 1.8). [64] Thus, metal ions derived from bulk matrix or 

dopant materials work together to tune the CB edges as well as the band gap. Among 

these photoanodes, hematite based photoanodes have been intensively investigated 

because of several promising properties, such as high natural abundance, low cost, 

and environmental friendliness. More importantly, in terms of its applications in 

photoelectrochemical water splitting, hematite possesses high photoelectrochemical 

stability, a narrow band gap (1.9-2.2 eV), and a theoretical maximum solar-to- 

hydrogen (STH) efficiency of 15.4%, corresponding to 12.5 mA cm−2 at Air-Mass 1.5 

Global solar illumination, which exceeds the STH benchmark efficiency of 10% 

required for practical applications. [65] In this dissertation, a systematic investigation 

of Fe2O3 based photoanodes for photoelectrochemical water splitting will be 

presented in chapters 4 and 5. 
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1.3.4 Electrocatalysts for OER and HER in Water Splitting 

 

 

 

 

Figure 1.9 Activity of Various Catalysts after 2h at 10 mAcm-2 electrochemical test. Adapted from ref. 

[66] 

Table 1.1 Representative electrocatalyst surface-modified hematite for PEC water 
splitting. 

Reference Materials Fabrication methods Photocurrent at 1.23 V vs RHE             

[70] Fe2O3/IrOx Photoelectrodeposition 0.66 mAcm-2; electrolyte: (pH = 1.01) 

[71] Fe2O3/Fe-Pt Plasma enhanced-CVD and sputtering 0.638 mAcm-2; electrolyte: (pH = 13.7) 

[72] Fe2O3/RuO2 Spraypyrolysis 0.15 mAcm-2; electrolyte: (pH = 13) 

[73]  Fe2O3/Ru(II) complex Self-assembly 0.12 mAcm-2; electrolyte: (pH = 3) 

[74] Fe2O3:Ti/Ni(OH)2 Two-step hydrothermal method 0.39 mAcm-2; electrolyte: (pH = 13.3) 

[75] Fe2O3/Ni(OH)2/IrO2 CBD and successive ion layer adsorption 1.7 mAcm-2; electrolyte: (pH = 13.6) 

[76] Fe2O3/NiOOH Photoelectrodeposition 0.625 mAcm-2; electrolyte: (pH = 13.6) 

[77] Fe2O3/Ni-Bi Photodeposition 0.55 mAcm-2; electrolyte: (pH = 13.6) 

[78] Fe2O3/Co3O4 Hydrothermal growth 1.20 mAcm-2; electrolyte: (pH = 13.6) 

[79] Fe2O3/Co-Pi Electrodeposition 0.60 mAcm-2; electrolyte: (pH = 13.6) 

As the interfacial OER kinetics of the photoanodes is determined to be rate limiting, 

an oxygen evolution catalyst integrated with photoanodes is supposed to reduce the 

required overpotential and ultimately enhance PEC water splitting performance. [69] 

Several water oxidation electrocatalysts have been utilized to modify the hematite 
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photoanode surface and the results are summarized in Table 1.1. 

On the other hand, among the HER electrocatalysts, two dimensional (2D) transition 

metal dichalcogenide materials (TMDs), like MoS2, MoTe2, PtSe2 etc. have drawn 

plenty of researcher’s attention due to its fascinating advantages such as low cost, 

earth abundance, and good stability. [80-81] Up to date, structural defects, such as 

edges, [82-86] doped heteroatoms, [87] defects [88] or basal planes [89-90] presented 

in the 2D materials have been intensively investigated for HER in water splitting and 

identified as the active sites. 

1.3.5 The Semiconductor/Electrolyte Interface and the Concept of Surface State 

A description of a semiconductor/electrolyte interface is usually similar to a 

semiconductor/metal interface (Figure 1.10). In this dissertation, our aim is not to 

provide an extended survey of the thermodynamics and kinetics of semiconductor- 

electrolyte interfaces. Instead, we just wish to focus on the electronic properties of 

photoelectrochemical interfaces of semiconductor/electrolyte that are important for 

understanding charge transfer reactions in water splitting devices. [61] 

 

 

 

 

 

 

 

Figure 1.10 Contact formation of a semiconductor-electrolyte interface including a well-defined 

one-electron transfer reversible outer sphere redox couple with its redox potential Ered/ox given by its 

work function ϕEl. (a) Before contact: both work functions contain a surface dipole potential drop of eχ. 

(b) after contact: as schematically shown as contributions of different dipolar or electrochemical double 

layers (semiconductor dipole, inner Helmholtz and outer Helmholtz). Subsequently, the original given 

difference in work function is divided into an extended space charge layer eVbb and double layer 
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potential drops. Adapted from ref. [61] 

At the surface of a semiconductor, the periodic crystal symmetry is broken and thus 

electronic states within the bandgap are produced, which are termed surface 

states/mid-gap states. The surface state derived residence at the surface of 

semiconductors can be intrinsic or extrinsic, when their existence relies on the 

environmental conditions of the semiconductors. In the field of semiconductor 

photoelectrochemistry, surface states play a vital role in the kinetics of interfacial 

reactions of illuminated semiconductor electrodes. Specifically, the importance of 

surface states for the kinetics of photoelectrochemical reactions involving holes has 

been highlighted in the system of III-V semiconductors and Fe2O3. [91-92]  

 

 

  

 

 

Figure 1.11 (a) Energy diagrams of a n-type semiconductor of thickness L where electrons and holes 

are generated at a rate G and recombine at a rate Ur. At the interface of length δL, hole transfer to the 

redox level Eredox can take place (b) directly from the valence band (kinetic constant kvb) and (c) 

indirectly from surface states at low bias and directly from the valence band at higher bias. In this latter 

model, we consider trapping of electrons and holes (βn and βp) and detrapping (εn,εp) and hole transfer 

from surface states (ks) at the energy level Ess, in competition with direct hole transfer. In these 

schemes Ec and Ev are the energies of the lower edge of the conduction band and the higher edge of the 

valence band, respectively. EFn and EFp are the quasi Fermi levels, Φn and Φp are the injection barriers 

of electrons and holes, Evac is the local vacuum level, ϕ is the local electrostatic potential and V is the 

applied voltage. [95] 
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Surface states can act as recombination centres for holes generated by light and 

surface recombination therefore competes intensively with charge transfer from the 

semiconductor to electrolyte. Under illumination, the valence band of a photoanode 

acquires an abundant excess of holes, which can be transferred to the electrolyte via a 

direct charge transfer mechanism to launch the solar fuel production reaction. 

However, with the presence of surface states, the localized bandgap states trap hole 

carriers and thus present another favourable pathway for indirect charge transfer and a 

new undesirable recombination pathway. [93-94] 

A simple kinetic model neglecting any electrostatic influence, such as like the 

presence of an electric field, is presented in Figure 1.11. This model helps to 

understand the effect of the surface state-assisted electron-hole recombination and 

indirect charge transfer processes on photoelectrochemical water splitting. At low bias 

potentials, direct holes transferring from the valence band can be neglected and only 

three processes occur at this interface: trapping/detrapping of electrons, 

trapping/detrapping of holes and charge transfer of holes. Hence, from this simple 

picture, it is clear that surface state-assisted recombination and hole transfer to the 

solution have hole trapping/detrapping as a common factor. [96] 

Specifically, the mechanism of photoelectrochemical oxygen evolution on hematite 

involves the 4-electron transfer/O2 molecule. It is well established that the OER 

reaction steps involve higher-valence state iron formation at the surface by hole 

capture. Equations (14-17) illustrate the complications arising from the fact that the 

oxidation of water is a 4-electron process, so that holes need to be ‘stored’ in 

intermediate states. The Fe(IV) and Fe(V) intermediates in this scheme can also act as 

electron acceptors, so that surface recombination reactions of the kind shown in 

equations (18-19) are likely to take place. The Fe(IV) and Fe(V) states can also be 

thought of as ‘surface-trapped holes’, which may have sufficient surface mobility to 

allow second order reactions of the type illustrated by the last step shown in equations 

(14-17). [97] 

hv → h+ + e−                                                      (14) 
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Fe(III)surf + h+ → Fe(IV)surf                                         (15) 

Fe(IV)surf + h+ → Fe(V)surf                                          (16) 

2Fe(V) + 2H2O → 2Fe(III) + O2 + 4H+                                (17) 

Fe(IV) + e− → Fe(III)                                               (18)  

Fe(V) + e− → Fe(IV)                                                (19) 

Impedance spectroscopy allows probing the density of surface states by monitoring 

the surface state chemical capacitance (Cμ
ss) as a function of the applied bias (electron 

Fermi level). In dark conditions, majority carriers are in equilibrium with the transport 

band (conduction band for an n-type material) and this capacitance is termed the 

equilibrium chemical capacitance of surface states (Cμeq
ss ) as [98] 

Cμeq
ss = Aq2Nss

∂fss

∂EFn
= A

q2Nss

kBT
fss(1 − fss),                                                                     (20)  

where, Nss is the density of the surface states, fss the fractional occupancy of the 

surface states, kB the Boltzmann constant, and EFn the electron Fermi level. In the 

presence of a wide distribution of surface states such as the Gaussian distribution, the 

surface state capacitance is related to the density of surface states (DOS), Nss (E), as 

[98] 

Cμeq
ss = AsqNss(EFn)                                                                                                            (21) 

It is well established that the Fermi level pinning results from surface states, in that 

changes in the surface brought about by deliberate surface chemistry will change the 

surface states and hence the photovoltage in solid-state and liquid-junction solar 

devices. [99] 

A great deal of attention has been paid to the modification of semiconductor- 

electrolyte interfaces by coating of additional electronic/chemical passivation layers 

to avoid Fermi level pinning derived from surface states. In summary, for 

semiconductors used for photoelectrochemical water splitting, there are a few general 

remarks to be made: 
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(i) Intrinsic surface states of semiconductors are derived from the loss of translational 

bulk crystal symmetry influenced by surface orientation, surface relaxation and 

reconstruction. 

(ii) The chemical bond formation/surface interaction with secondary phases results in 

extrinsic surface states, which modify the intrinsic surface states. 

(iii) Normally, the concentration of surface/interface states is usually very high, if they 

are active for Fermi level pinning, which may enhance surface carrier recombination 

depending on its energy positions. 
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In this chapter, the basic concepts of transmission electron microscopy (TEM) and 

(photo)electrochemical techniques are summarized. In the TEM part (section 2.1), the 

concepts of limited factors of spatial resolution, aberration correctors, scanning 

transmission electron microscopy (STEM), the related Electron energy loss 

spectroscopy (EELS), atomic modelling and image simulation will be firstly 

introduced. In the electrochemical techniques part (section 2.2), the concepts of cyclic 

voltammetry, electrochemical impedance spectrum (EIS), equivalent series electrical 

circuit and the interpretation of surface state with fitted EIS data will be presented. 

2.1 Fundamental Concepts in Transmission Electron Microscopy 

2.1.1 The Concept of Resolution 

Since the naked eye works only in the visible range of the electromagnetic spectrum, 

our ability to observe objects is limited by visible light wavelengths. Specifically, in 

optical microscopes, it is possible to magnify the observed objects by using different 

lenses; however, the maximum resolution is still harnessed by the wavelength of the 

light. The smallest resolvable distance between two points is defined as ‘resolution’ of 

the device. According to the classic Rayleigh criterion, the minimum distance that can 

be distinguished, δ, is given by: [1] 

δ =
0.61λ

μsinβ
≈ 0.61λ                                                                                                                  (1) 

in which, λ represents the radiation wavelength, μ is the refractive index of the 

viewing medium, and β is the collection semi-angle. 

According to Louis de Broglie’s equation, the wavelength of the electron is related to 

the corresponding energy: [1] 

λ =
1.22

√E
                                                            (2) 

in which, λ is in nm, while E is in electron volts (eV). Therefore, a higher resolution 

can be achieved by using spectral sources with high energies, equivalent to shorter 

wavelengths. By using electron beam energies in the range 40 to 300 keV we should 
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be able to achieve atomic resolution, at least theoretically, as displayed in Table 2.1. 

However, the presence of aberrations decreases the final resolution and the 

microscope performance. In this way, in 1960s, in order to achieve atomic resolution, 

a first approach used was designing ultra-high voltage microscopes. Ultrahigh voltage 

TEM (potentials ranging from 1 to 3 MeV) were produced in the 1960s but are not 

used nowadays because the utilization of ultrahigh voltage in these TEMs resulted in 

electron irradiation damage to most of the materials except in few exceptions as some 

ultra-hard materials. 

Table 2.1 Electron Properties as a Function of Accelerating Voltage. [1] 

Accelerating 

voltage (kV) 

Non-relativistic 

wavelength (nm) 

Relativistic 

wavelength (nm) 

Mass 

(× 𝑚0) 

Velocity 

(× 108 𝑚/𝑠) 

100 0.00386 0.00370 1.196 1.644 

120 0.00352 0.00335 1.235 1.759 

200 0.00273 0.00251 1.391 2.086 

300 0.00223 0.00197 1.587 2.330 

400 0.00193 0.00164 1.783 2.484 

1000 0.00122 0.00087 2.957 2.823 

Rayleigh criterion can give a rough estimation of the image resolution ability from an 

incoherent self-luminous source, which is not affected by any physical principles or 

factors. According to Abbe’s theory, a more rigorous definition of the resolution based 

on the radius of the Airy disk can be established: [1] 

r = 1.22
λ

β
                                                                                                                                 (3) 

where β is the lenses collection angle, λ is in nm, and r is the minimum resolvable 

spacing. The calculation needed to obtain the number 1.22 involves the use of Bessel 

functions because of the circular symmetry of the aperture. Based on equation (3), r 

increases with the decreasing of β, meaning that the resolution gets worse. This 

expression for the Airy disk diameter also confirms that r is proportional to λ. 

However, this determination is based on an ideal aplanatic lens, which does not exist 
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in practice, as shown in Figure 2. 1 Left. The spherical aberration (Cs) occurs when 

the lens field behaves differently for off-axis rays. For our electromagnetic lenses, the 

further off axis the electron is, the more strongly it is bent back towards the axis, as 

shown in Figure 2. 1 Right. As a result, a point object is imaged as a disc of finite size 

after crossing the lens, the radius (rsph), is proportional to the collection angle and Cs, 

as follows: [1] 

rsph = Csβ3                                                        (4) 

 

 

 

 

 

 

 

 

Figure 2.1 Left: The visible-light intensity produced by a 0.5-mm-diameter circular aperture and the 

observed Airy rings (inset). The width of the central intense region is 1.22λ/D. Right: Spherical 

aberration in the lens resulting in wavefronts from a point object P to be spherically distorted by 

bending the rays at the outside of the lens more than those close to the axis. The point is thus imaged as 

a disk with a minimum radius in the plane of least confusion and a larger disk at P’ in the 

Gaussian-image plane. The plane of least confusion is where the smallest image of the object is formed. 

Schematic intensity distributions at these two important planes are shown beside the ray diagram. 

Adapted from ref. [1]. 

Unfortunately, the objective lens bends lower energy electrons more strongly. As a 

result, electrons from a point in the object are once again blurred to form a disk in the 

Gaussian-image plane, which is derived from the chromatic aberration. The radius rchr 
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of this disk is defined as follows: [1] 

rchr = Cc

∆E

E0
β                                                                                                                          (5) 

where Cc represents the chromatic-aberration coefficient of the lens, ∆E represents 

the energy loss of the electrons, E0 represents the initial beam energy, and β 

represents the collection angle of the lens. Chromatic aberration could be almost 

completely ignored when it is compared to the spherical one. The exception is that if a 

Cs corrector exists after compensating for Cs, then Cc is the next most-persistent 

aberration that needs to be corrected. 

The distortion of an image induced by the lenses aberrations is mathematically 

represented by the Contrast Transfer Function (CTF), affected by spherical aberration 

(Cs), defocus (∆z), and astigmatism (Ca). For example, the phase-distortion function is 

described as follows: [1] 

χ = πΔfλu2 +
1

2
πCsλ3u4                                                                                                     (6) 

which will depend on the values of Cs (the lens quality), λ (the accelerating voltage), 

Δf (the defocus value used to form the image), and u (the spatial frequency). The 

phase signal transmitted to the real space is in the form of images, therefore, the 

information translated to the image is controlled by the CTF. 

In 1949, Scherzer noticed that the CTF could be optimized by balancing the effect of 

spherical aberration with a specific negative value of Δf. This value is well known as 

‘Scherzer defocus’, ΔfSch which occurs at 

ΔfSch = −1.2(Csλ)0.5                                                           (7) 

At this defocus, all the beams will have nearly a constant phase out to the ‘first 

crossover’ of the zero axis. This crossover point is defined as the instrumental 

resolution limit, which is the fundamental principle of the phase-contrast imaging in 

high resolution TEM. The resolution at the Scherzer defocus can be defined as 

follows: 
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rSch =0.66Cs

1

4λ
3

4 .                                                                (8) 

Therefore, the resolution is unquestionably limited by the lenses aberrations. Further 

details on TEM image formation and instrumentation can be found in reference. [1] 

2.1.2 Aberration Correctors 

The electromagnetic lenses used to direct the electrons inside the microscope column 

are intrinsically not perfect and somehow distort the image. The lowest order 

aberration, named defocus, is readily compensated by tuning the image to the 

corrected height of the optical axis. The correction of other aberrations can be 

achieved using dipoles, quadrupoles, hexapoles as well as octupoles etc., which 

combine in different ways to apply various magnetic fields perpendicular to the 

optical. It is worth noting that the electrons' travelling path inside the microscope 

column is helical, which is supervised by the magnetic field created by different 

lenses. When the electrons realize a non-uniform magnetic field as they spiral round 

the optic axis, astigmatism occurs. This occurs as a result of the fact that it is 

impossible to manufacture perfectly cylindrically symmetrical soft-iron polepieces 

and thus the lens cannot be precisely centred around the axis. Fortunately, astigmatism 

is readily corrected using stigmators, which are composed of octupoles. There are 

stigmators applied in both the condenser lenses and the objective lens. In short, 

spherical aberration, chromatic aberration and astigmatism are the three major defects 

presented in electromagnetic lenses, which need to be corrected. Additionally, there 

are several minor defects, such as barrel and pincushion distortion, field curvature, 

coma etc. The first system for compensating the spherical aberration of the objective 

lens was constructed and successfully implemented in a 200 kV microscope in 1998. 

[2] The objective lenses are indeed the most important lenses in microscopes because 

they form the TEM image. The aberration corrector for objective lenses is composed 

of two hexapoles and four lenses alternating in the following order: one hexapole/two 

dipoles/one hexapole/two dipoles. The point resolution in a 200 kV Philips CM200 

was improved from 0.24nm to 0.14nm, and the contrast delocalization was 
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substantially reduced. [3] 

 

 

 

 

Figure 2.2 Description of the coherent electron ronchigram (formed from amorphous material). a) An 

experimental ronchigram, formed inside the largest probe forming aperture. b) A simplified conceptual 

“map” of the ronchigram showing the location of the rings caused by Cs, and the presence of the 

shadow image inside the rings. In the real case the “blobs” in the center of the ronchigram flash 

randomly due to the small movements of the incident probe and specimen. Adapted from ref. [4]. 

To perform the experiments in aberration-corrected TEM, the parameters of the actual 

aberrations in the TEM system must be measured firstly. Typically, this is done by 

acquiring diffractograms in HRTEM mode or images of the electron probe in STEM 

mode at varying beam tilts, under- and over focus value. Specifically, in STEM mode, 

the defocus, two-fold astigmatism (A1) and coma (B2) can be initially corrected by 

observing the Ronchigram (Figure 2.2), which is defined as the shadow image of the 

species or as the convolution of the aperture function with the diffraction pattern of 

the species. 

 

 

 

 

 

 

Figure 2.3 Digital picture of FEI titan 50-300 pico at Ernst Ruska-Centre (ER-C) for Microscopy and 
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Spectroscopy with Electrons and the corresponding controlled TIA software and probe corrector. 

The precisely aberration evaluation and compensation are highly automatized and can 

be carried out using commercially available software, such as Probe corrector 

software (http://www.ceos-gmbh.de/English/index.html), [3] as displayed in Figure 

2.3. The collection of resulting diffractograms is known as Zemlin’s tableau. The 

evaluation of the resulted defocus and A1 as function of the illumination tilt allows 

the estimation of the rest of the aberrations, which can be compensated by the 

correction system automatically. 

2.1.3 TEM and STEM Modes 

 

 

 

 

 

 

 

 

 

Figure 2.4 Schematic showing the principle of reciprocity between HRTEM (indigo) and 

STEM (green). 

Electron transmission microscopes are versatile instruments, which can be used in 

different modes, including classic TEM and STEM modes. The fundamental principle 

for classifying the work modes of electron transmission microscopes is based on the 

illumination systems, such as, parallel illumination for convectional TEM and 

convergent illumination for STEM. It is worth mentioning that, based on the 



48 
 

helmholtz reciprocity theorem, Cowley confirmed that there is an equivalence 

relationship between TEM and BF-STEM. Specifically, the same intensity should be 

obtained by translating the source from A to P, if a point source-S placed at A results 

in an intensity I at the position P. In this case, the reciprocity is similar to that shown 

in the ray diagram of HRTEM and BF-STEM techniques in Figure 2.4, where the 

electron trajectory is the same but in an opposite direction. 

In TEM modes, the phase contrast image is composed of the interference of the 

elastically scattered electrons passing the samples, which results in the phase 

difference of the scattered electrons. The obtained interference patterns provide the 

lattice information rather than the direct atomic structure of the sample. It is very 

difficult to illustrate the interference patterns obtained in TEM mode because the 

phase contrast is influenced by various factors, such as sample thickness, crystalline 

orientation, focus and astigmatism, which may be resolved by crystalline modelling 

and simulation. 

In STEM mode, the electron beam is focused into a small probe, which can be 

scanned over the sample to induce multiple signals from it, such as incoherent 

elastically scattered electrons (high-angle annular dark-field: HAADF), incoherent 

inelastically scattered electrons (Electron energy loss spectroscopy: EELS, Energy 

filtered transmission electron microscopy: EFTEM) and coherent elastically scattered 

electrons (electron diffraction: ED, TEM, bright filed: BF) etc. Furthermore, STEM 

mode enables these techniques at atomic resolution by the utilization of the aberration 

correctors in electron transmission microscopes. 

2.1.4 HAADF and ABF Images 

The utilization of annular detectors in STEM is popular nowadays and the 

classification of these image techniques in STEM modes is based on the angle ranges 

for collecting the scattered electrons, as displayed in Figure 2.5. The collected 

scattered electrons in special angular ranges is related to the corresponding interaction 

of electrons with the sample, which provides different information depending on the 
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angular range. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 The various electron detectors in a STEM. Scintillator-PM detectors are invariably used for 

secondary electrons (SE) detection and semiconductor detectors for the backscattered electron (BSE). 

The on-axis and annular forward-scattered and high-angle dark field detectors may be either type, 

depending on the microscope. Adapted from ref. [1] 

HAADF images are based on the collection of high angle scattered electrons, in which 

thermal diffuse scattering (TDS) dominates. Specifically, a HAADF detector at the 

high angle scattering region will collect the electrons after a process similar to 

Rutherford scattering, which enables their incoherent interference for HAADF images. 

The most important advantage of HAADF images, named as Z-contrast images, is 

that the observed contrast is proportional to the atomic number of the analyzed 

samples. It is well established the dependence of Z contrast on the detector geometry. 

In addition, an analytical expression for the Z dependence on the image intensity can 
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be approximated by an exponential function of the form I (signal intensity) ∼ Zα, 

where α is smaller than 2 and in the range 1.6-1.9 for most of the cases. [5] The 

dependence of α with the inner collection angle θ is described by equation (9) (A and 

B are the fitting parameters): 

α = 2 − AeBθ                                                                                                                          (9) 

Therefore, HAADF images can be mathematically related to the convolution of the 

illuminating probe (P(r)), and an object function of the specimen, O(r) as 

Iincoher(r) = P(r)
2 ⨂O(r)                                                                                                      (10)  

Whereas, for HRTEM and BF images, the relationship between different scattered 

electrons interfering and the coherent intensity is expressed as 

Icoher = |P(r)⨂ϕ(r)|2                                                                                                        (11) 

in which φ(r) is the specimen transmission function. 

According to the Z contrast rule, it is difficult for a HAADF detector to detect the 

weak scattering signal from the lightest atoms if the samples also contain heavier 

atoms. Therefore, it is necessary to set a suitable angular range without the 

contribution from TDS to identify the light element visualization, which rely on phase 

contrast images rather than in amplitude contrast. The imaging mode obtain with such 

an angular range is named Annular Bright Field (ABF). [6] 

 

 

 

 

 

 

Figure 2.6 Top row: Left: atomic resolution HAADF image and its corresponding FFT spectrum 
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showing a hexagonal atomic ordering and indicating that the membrane crystallized in the hexagonal 

MoTe2 crystal phase, [P63/MMC]-space group 194, with lattice parameters of a＝b＝0.3521 nm, c＝

1.396 nm and α＝β＝90°, γ＝120° as visualized along the [001] direction. Right: HAADF STEM and 

temperature coloured atomic resolution HAADF images of the blue squared region showing the 

ordering of Mo and Te atoms. Bottom row: Left: atomic resolution ABF STEM image and its 

corresponding FFT spectrum showing a hexagonal atomic ordering and indicating that the membrane 

crystallized in the hexagonal MoTe2 crystal phase, [P63/MMC]-space group 194, with lattice 

parameters of a＝b＝0.3521 nm, c＝1.396 nm and α＝β＝90°, γ＝120° as visualized along the [001] 

direction. Right: ABF STEM and temperature coloured ABF STEM atomic resolution images of the 

green squared region showing the ordering of Mo and Te atoms. (The inset shows the atomic model of 

Mo and Te atoms, Mo atoms marked as indigo and Te atoms marked as yellow). 

As displayed in Figure 2.6, the atomic positions in the ABF STEM images present 

darker features on a bright background, which contrasts with the HAADF STEM 

images. The ABF STEM experiment uses an annular detector located at the adequate 

angular range by adjusting the camera length to get an 11-22 mrad angular range, 

which is dominated by the coherent interference of elastically scattered electrons, thus 

strongly enhancing the image intensity of the light elements. [7-8] Therefore, by 

controlling the utilization of different detectors as well as the collection angles, it is 

possible to precisely identify the atomic ordering in the samples. [9] The latest 

development of pixelated detectors allow the acquisition of the whole transmitted 

angular spectra and allows the selection of different angular ranges. [10] 

2.1.5 Electron Energy-Loss Spectrum (EELS) 

The detection of the inelastically scattered electrons after interactions with the sample 

is another valuable signal containing chemical information. The separation of the 

electrons based on the electron kinetic energy after crossing the specimen results in 

EELS. Typically, EELS is divided into two different regions, including the low-loss 

and the core-loss region in the spectrum. Energy losses in the low-loss region range 

from 0 eV to 40 eV, including elastically scattered electrons, unscattered electrons and 

electron-phonon interactions etc. A zero-loss peak located at the low-loss region 
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accounts for all elastic events, which is much stronger than any other peak in the 

spectrum. The core-loss region includes the contribution from the inner-shell 

excitations, ranging from 40 eV to several thousand eV. The EELS recorded in the 

core-loss region contains the ionization edges of the elements in the samples, which is 

characteristic of the excited elements. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Atomic resolution EELS chemical composition maps of MoTe2 supported onto the Lacey 

carbon-Cu grid. From left to right: atomic resolution HAADF STEM micrograph, individual Mo (red), 

Te (green), C (blue) maps and Mo-Te composite map. 

It is well known that EELS elemental mapping can be used for the identification of 

different elements, as displayed in Figure 2.7. If the energy resolution is high enough, 

plenty of useful information can be obtained from the fine shape of the edges. 

State-of-art microscopes that benefit from the application of monochromators and 

aberration correctors can also enable the determination of oxidation states, chemical 

HAADF Mo Te Mo+Te C 
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bonds as well as coordination geometry. [12-15] In addition, plasmonic, bandgap and 

even phononic analyses, which are based on the low-loss region of the EELS spectra, 

have drawn plenty of attention in materials science field recently. [16-18] 

2.1.6 Atomic Modelling and TEM/STEM Image Simulations via Rhodius, Eje-Z 

and STEM Cell 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Simulated HREM images of PBA-4 along the [100] projection as function of the specimen 
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thickness (t) from 50 Å to 500 Å and the defocus length of the objective lenses (Δf) from 0 to 100 Å. 

At each t and Δf, recognizable variation in the HRTEM images can be found in the PBA-4 ordered 

structures. Bottom: we show the corresponding crystal cell and crystal parameters. [23] 

The first step for TEM or HAADF STEM image simulation is to build the 

corresponding crystal model. Herein, the atomic models were created by using Eje-Z 

and Rhodius, [19] which were provided by Universidad de Cadiz. They are free 

on-line software, which enables the creation of heterojunction nanostructures with 

detailed facets. The methods of image simulation can be classified into Bloch wave 

formalism and multislice routines. The Bloch wave formalism takes the individual 

probe interaction with each atomic column into consideration. The multislice routines, 

instead, first slice the sample and accumulate the electron beam’s interactions with the 

different slices. Therefore, the projected potential from different slices can be 

illustrated by different approximations, such as the absorptive potential and the frozen 

lattice. In order to obtain realistic atomic resolution HAADF STEM simulated images 

with the TDS contribution, the thermal vibration of the lattice can be frozen by 

averaging random atomic displacement: in another words, different frozen lattice 

configurations can be averaged. 

The image simulations in this dissertation were calculated by using the STEM CELL 

software package, [20-21] which is a free software based on frozen phonon routines 

developed by V. Grillo. [22] By convolving the squared probe with the atomic 

potential, this software can be used to calculate simple image simulations, which 

qualitatively predict the experimental intensity, without accounting for the channelling 

effects. The software can also be used to count source size effects (S(r)), which are 

supposed to blur the image and are derived from the incoherent contribution during 

the formation of the probe. The source size effects are illustrated by a Gaussian 

function and the corresponding mathematical expression for the intensity is  

I(r) = P(r)
2 ⨂O(r)⨂S(r)                                                                                                        (12) 

Based on this equation, the software develops a Wiener filter, which can be used to 
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filter the experimental images to eliminate environmental noise and thus improve the 

acquired image quality. 

As aforementioned, it is very difficult to identify the real position of atoms based on 

the HRTEM image because HRTEM derives from the interference of the elastically 

scattered electrons, which makes HRTEM simulation necessary, as displayed in 

Figure 2.8. Although identification of the position of atoms is usually easy with 

HAADF STEM, image simulation is still necessary when dealing with more 

complicated samples. 

2.2 The Fundamental Concepts in Electrochemistry 

2.2.1. Cyclic Voltammetry 

 

 

 

 

 

 

Figure 2.9 Plots of current versus time and versus potential for the same data obtained in cyclic 

voltammetry, recorded (a) on a strip chart recorder and (b) on an X-Y recorder. Adapted from ref. 

[24] 

Linear potential sweep is a potentiostatic technique, in which potential is the only 

externally controlled parameter. The potential is changed at a constant rate: [24] 

v =
dE

dt
                                                                                                                                     (13) 

where the resulting current response is followed as a function of time. Typically, the 

current is plotted as a function of potential on an X-Y plotter. Cyclic voltammetry 

refers to the condition when the potential is swept forward and backward in a 



56 
 

potential window. In this case, the current measured at a particular potential in the 

anodic sweep can readily be compared with the current measured at the same 

potential in the cathodic sweep. Figure 2.9 presents the same data in the form of an i/t 

plot and an i/E plot, for comparison. Most of the literature data is presented in the 

later form.  

In cyclic voltammetry, the potential is set to change linearly with time in the specified 

potential window. Normally, the current response in the first cycle is slightly different 

from that in the second cycle, but the system settles down after 5-l0 cycles, and the 

current response is independent of the cycle number. It is usually named "steady-state 

voltammogram", which is based on the current changing periodically with potential 

and time. The term used here, means that the voltammogram is independent of time, 

which makes the experiment highly reproducible. Furthermore, the voltammograms 

are stable over long periods of time, sometimes in the range of hours.  

In this dissertation, the cyclic voltammetry was used for the calculation of the specific 

capacitance for supercapacitor applications, including the specific capacitance 

contribution from double-layer capacitance and faraday capacitance. For 

photochemical water splitting, the resulting steady state photocurrent response can be 

interpreted as  

j = qLG − qL(ks(f − f0)Nss + kcb(n − n0)                                                                    (14) 

in which, f is the steady occupation probability of surface states: 

f =
βnn+ksf0

ωt
                                                        (15) 

wt = βnn +∈n+ ks                                                                                                                (16) 

where q is the elementary charge, j is a faradic/resistive current response and includes 

the charge transfer from surface states. [25] It is worth noting that indirect electron 

transfer from surface states (second term in the right-hand side of Equation 14) is very 

similar to the direct electron transfer from the conduction band (third term in the 

right-hand side of Equation 14). Therefore, there is no way to distinguish between 

direct and indirect charge transfer from a single cyclic voltammetry measurement. 
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Figure 2.10. (a) Current density-voltage curves resulting from the PEC operation of a semiconductor 

photoanode. Dotted line is dark current density-voltage curve for the oxygen evolution reaction. 

Dashed line is the idealized curve under illumination. The solid line curve is a realistic curve including 

normal features of semiconductor/electrolyte junction as recombination of electrons and holes. (b) 

Representation of the energy diagram of a semiconductor/water interface at different voltages vs. RHE. 

The points 1, 2, 3 correspond to the different electrode potentials indicated in (a). Adapted from ref. 

[26] 

The operation of photoelectrodes under variation of voltage and light illumination is 

described in Figure 2.10. For a n-type photoelectrode, the concentration of minority 

carriers (holes) is rather small in the dark; hence, an anodic current only occurs at 

strong positive bias by hole injection from the substrate, Figure 2.10 a (point 1). The 

electron-hole pairs induced by light illumination lead to the separation of Fermi levels, 

Figure 2.10 b, and cause an anodic photocurrent as indicated in Figure 2.10 a. Ideally, 

the photocurrent is added to the dark current that consists of a separate oxidation 

reaction, as in the dashed line of Figure 2.10 a (point 3). However, strong 

recombination and slow charge transfer may delay the onset of photocurrent to more 
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anodic voltage than the flat band potential, as displayed by the dark line in Figure 

2.10 a (point 2). 

2.2.2 Electrochemical Impedance Spectroscopy 

As mentioned in the first chapter, the surface state plays a vital role in the 

interpretation of PEC performance and mechanism investigation of photoelectrodes. It 

is relatively easy to characterize the photocurrent response via cyclic voltammetry. To 

understand the effect of the competition between the surface state-mediated 

recombination and the indirect charge transfer processes on water oxidation, a simple 

kinetic model that neglects any electrostatic influence such as the presence of an 

electric field has been developed by J. Bisquert et al., as displayed in Figure 2.11a. 

[27-32]  

At low potential, direct holes that transfer from the valence band can be neglected and 

the three processes that occur at the semiconductor/electrolyte interface are trapping/ 

detrapping of electrons, trapping/detrapping of holes and charge transfer of holes. It is 

worth noting that the detrapping kinetic constant is indeed proportional to the trapping 

constant based on the detailed balance principle. [27] Hence, it is equivalent to refer 

to either trapping or detrapping kinetics indistinctly. 

 

 

 

 

 

 

 

 

 

Figure 2.11 (a) Scheme of the kinetics of the processes occurring at the semiconductor/electrolyte 

interface: generation of electrons and holes at a rate G, trapping of electrons from the conduction band 
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(kinetic constant βn) and detrapping (εn). Trapping of holes from the valence band (βp) and detrapping 

(εp). Charge transfer of holes from the surface states (ks) and from the valence band (kvb). (b) 

Equivalent circuit obtained from a small ac perturbation. 𝐶𝑜𝑢𝑡
𝑐𝑏  represents the semiconductor 

capacitance, 𝐶μp
𝑠𝑠  represents the traps chemical capacitance, 𝐶μp

𝑣𝑏 represents the valence band chemical 

capacitance, 𝑟tdn
𝑠𝑠  represents the trapping/detrapping resistance of electrons from the conduction band, 

𝑟tdp
𝑠𝑠   represents the trapping/detrapping resistance of holes from the valence band, 𝑟 ct

𝑠𝑠 represents the 

charge transfer resistance from the traps and 𝑟 ct
𝑣𝑏  represents holes transfer resistance from the valence 

band. Adopted from reference [26]. 

The model in Figure 2.11a has been employed for the quantitative calculation of 

impedance spectroscopy and equivalent circuit involving the direct and indirect 

charge transfer pathways. [27] The corresponding full equivalent circuit of this model 

is presented in Figure 2.11b, which illustrates the kinetics of electrons/holes surface 

state-assisted recombination as well as the charge transfer at the semiconductor 

/electrolyte interface in dynamic regime. This circuit is showing three chemical 

capacitances that are associated to the separate modes of carrier storage in the system: 

the conduction band, the valence band, and the surface states, as displayed in Figure 

2.12. 

 

 

 

 

 

 

Figure 2.12 Illustration of the impedance in the complex plane presenting three semicircles. The first 

semicircle at low frequency represents the valence band charge transfer, the second one represents the 
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surface states charge transfer, and the last one at higher frequencies represents the electrons 

trapping/detrapping. Adopted from reference [28]. 

The wide band gap semiconductors used for water splitting usually allow for the 

observation of a maximum of two semicircles rather than three in the complex plane. 

Thus, no more than two resistance and capacitance values can be extracted from the 

electrochemical impedance spectrum. The extraction of these components and their 

accurate physical interpretation relies on the suitable choice of an equivalent circuit. 

In the following section, the typical approaches useful for the analysis of the 

electrochemical impedance spectrum are presented.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 Main simplifications of the kinetic model of Figure 2.11 available in the literature for the 

interpretation of experimental data, the associated equivalent circuit obtained from a small ac 
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perturbation, and the corresponding complex plane electrochemical impedance spectra for (a) the direct 

hole transfer model, (b) the indirect hole transfer model, and (c) the reduced direct charge transfer 

model. In these circuits, 𝐶𝑜𝑢𝑡
𝑐𝑏  is the semiconductor capacitance, 𝐶μp

𝑠𝑠  is the surface state chemical 

capacitance, Rrec is the band to band recombination resistance, 𝑅𝑐𝑡
𝑣𝑏  is the hole transfer resistance from 

the valence band, 𝑅𝑡𝑑𝑛
𝑠𝑠  is the trapping/detrapping resistance of electrons from the conduction band, 

and 𝑅𝑐𝑡
𝑠𝑠 is the hole transfer resistance from the surface states. Adopted from reference [26]. 

Figure 2.13 shows different simplifications of the kinetic model and electrochemical 

impedance spectra of Figure 2.11 as well as the relevant resistances which can be 

extracted from the electrochemical impedance spectra. Figure 2.13a shows the kinetic 

model and electrochemical impedance spectra for the direct charge transfer 

mechanism without surface states. With this equivalent circuit, two capacitances and 

resistances can be extracted, which are assigned to the conduction and valence band 

carriers. Specifically, the capacitance located in the low frequency region is along 

with the hole storage in the valence band. Figure 2.13b shows the classical equivalent 

circuit for the trapping/detrapping as well as the charge transfer of the majority 

carriers, [33] which allows the extraction of these two resistances and two 

capacitances associated with the conduction band and surface states. In this equivalent 

circuit, the low frequency capacitance is assigned to the hole storage in surface states.  

J. Bisquert et al. employed the equivalent circuit in Figure 2.13b to model the indirect 

hole transfer for water oxidation with hematite. [34-36] It is worth noticing that the 

ratio between the electron trapping/detrapping resistance Rtdn
ss  and the charge transfer 

resistance from the surface states Rct
ss can be directly related to the ratio εn/ks: 

Rct
ss

Rtdn
ss =

εn+βnn

ks
                                                      (17) 

Finally, the simple Randles circuit in Figure 2.13c has been utilized to model the 

carrier dynamics of hematite photoanodes in the dark because only one arc was 

present in the measured Nyquist plots and there was no evidence of the presence of 

the surface states affecting the carrier dynamics of the system. [34-36] The detail 

illustration of the fundamental concept of EIS please referrers to references. [37-38] 
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Chapter 3   

 

Hematite-Polypyrrole Based Nanoflakes as Negative Electrodes 

for Asymmetric Supercapacitors 
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3.1 Introduction 

Supercapacitors, which bridge the gap between high energy batteries and high power 

dielectric capacitors, are regarded as important energy storage devices for high power 

supplies, electric and hybrid vehicles, and portable electronics. [1] Typically, the energy 

density (E, Wh kg-1) of supercapacitors depends on the cell potential (V) and specific 

capacitance (Csp, F g-1), E=0.5 CspV2. [2-6]. Due to their limited cell potential (e.g. the 

value of commercial MAWELL capacitors is ca. 0.7 V), [4] the energy density of 

conventional symmetrical supercapacitors is much lower than that of batteries. For this 

reason, asymmetrical supercapacitors (ASCs) with wider cell potential came into being. 

ASCs are basically composed of a battery-type faradaic positive electrode and a 

double-layer-type negative electrode. [5-7] To date, various metal oxides and 

conductive polymers have been extensively investigated as positive electrodes, [8-9] 

coupling with negative electrodes, such as carbon sheets, [10] activated carbon (AC) 

[11], carbon nanotubes (CNTs), [12] and graphene [13-14] for high-performance ASCs. 

Advances in this type of prototypes have yielded ASCs with good power density, 

whereas the low specific capacitance of carbon materials (maximum ca. 300 F g-1) still 

limits their energy density. [15-18] In order to improve the energy-density limit of 

ASCs, the exploration of alternative, state-of-the-art negative electrodes with higher 

specific capacitance than carbon materials is highly valuable and significant. 

Recently, some emerging transition metal oxides or sulphides, such as V2O5, [19] V3S4, 

[20] In2O3,[21] MoO3,[22] and Co9S8 [23] as negative electrodes for ASC applications 

have attracted the attention of numerous researcher groups worldwide. Among these 

materials, hematite (α-Fe2O3) is one of the most promising candidates because of its 

large theoretical specific capacitance (3265 F g-1), suitable working window, low cost, 

abundance, and environmentally-friendly characteristics. [9, 24] However, the practical 

implementation of negative electrodes based on Fe2O3 has been prevented due to its 

poor electrical conductivity (∼10-14 S/cm).[25] To tackle this obstacle and improve its 

electrochemical performance, much effort has have been made to construct 

nanostructured Fe2O3, such as oxygen-deficient nanorods, [9] nanoflowers, [25] 
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nanowires, [26] and nanoneedles, [27] etc. Other researchers have alternatively 

combined Fe2O3 with highly conductive materials including CNTs, [28] graphene 

[29-31] and poly (3, 4-ethylenedioxythiophene) (PEDOT) [6] taking advantage of the 

excellent conductivity of carbon or conductive polymer species. For example, X. H. Lu 

et al. fabricated a Ti-Fe2O3@PEDOT core-shell electrodes, which showed a high 

specific capacitance of 311.6 F g−1 at 1 mA cm−2 with superior cycling durability and 

more than 96% capacitance retention after 30,000 cycles.[6] Nonetheless, the obtained 

specific capacitance (∼9.5%) was still much lower than the theoretical specific 

capacitance expected for hematite. Additionally, an enhanced life cycle was obtained 

by sacrificing the energy density, [6] which was supposed to be improved by 

incorporating three-dimensional (3D) branched nanoarchitectures self-aligned on the 

substrate. [32]  

Compared with 0D nanoparticles, 1D nanowires and 2D nanosheets, 3D branched 

nanoarchitectures possess extraordinary advantages, including structural hierarchy, 

higher surface areas and direct electron and ion transport pathways. These 

nanomaterials therefore hold great promise as regards their functionality for application 

fields such as solar cells, water splitting, lithium-ion batteries, supercapacitors etc. 

[32-35] In spite of these merits, for supercapacitors application, controlling the size, 

dimension, and composition of the building blocks and maintaining their structure 

stability and good electrical conductivity during repeated cycles are still great 

challenges. [32] Recently, B. A. Lu et al. reported that nanoengineered honeycomb-like 

CoMoO4 (96.3% capacitance retention) was more stable than CoMoO4 with 

nanowire-like morphology (74.14% capacitance retention) or as nanosheet shape 

(84.69% capacitance retention) during continuous life cycling of 1000 times at 15.71 A 

g-1. [36] With this in mind, honeycomb-like matrices combing branched 

nanoarchitectures to form core-branch nanostructures may further boost their life cycle. 

In this regard, PPy species serving as a protective shell of metal oxides, such as layered 

double hydroxide, [16] MnO2, [37] and MoS2, [38] to form core-shell nanostructures 

have been evidenced to be a powerful tool for effectively improving the 
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electrochemical behaviour of positive electrodes. Furthermore, C. Debiemme-Chouvy 

et al.’s report on the fabrication of well-defined PPy nanowires on Au film through 

simple electropolymerization by controlling the weak-acidic and non-acidic anions 

content in the deposition electrolyte, sheds light on the construction of a highly 

conductive ordered branch structure on a backbone matrix. [39-40] However, research 

combining the merits of the stability of the honeycomb-like matrix (metal oxides) on 

ion transportation and the superiority of branch structure (conductive polymers) on 

electron transferring are still scarce. In the same way, there are also scarce reports 

elucidating the mechanisms underlying the formation and morphogenetic evolution of 

core-branch nanostructures to extract design principles that may enable conductive 

polymer formations on other metal oxides with similar capabilities. 

 

 

 

 

 

Schematic 3.1 Fabrication process of core-branch Fe2O3@PPy heterostructures (the insets show the 

digital photographs of MnO2, Fe2O3 and Fe2O3@PPy electrodes). 

In this chapter, we synthesized core-branch honeycomb-like Fe2O3 nanoflakes@PPy 

nanoleave arrays grown on a three-dimensional nickel foam (NF) scaffold, composed 

of one-dimensional (1-D) leaf-like PPy, 2-D mesoporous Fe2O3 nanoflakes, and 3-D 

macroporous NF, as displayed in Schematic 3.1. We then thoroughly investigated the 

formation mechanism of branched PPy nanoleaves. The as-prepared core-branch 

Fe2O3@PPy electrode showed a remarkably large specific capacitance of 1167.8 F g −1 

at 1 A g−1 with a good rate capability. 
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3.2 Experimental Section 

3.2.1 Synthesis of MnO2 Nanosheets on Nickel Foam 

The MnO2 nanosheets were synthesized by a cathode electrodeposition in a 

three-electrode system. [41-42] In this setup, NF (active area: 1.5 cm× 2 cm; thickness: 

1.8 mm, pore density: 110 ppi, Changsha Liyuan New Material) served as the working 

electrode, which was first cleaned by acetone and then deionized water. Platinum (Pt) 

plate and saturated calomel electrode (SCE) served as the counter and reference 

electrodes, respectively; and 0.02 M manganese acetate and 0.02 M sodium sulphate 

aqueous solution worked as the electrolyte. The electrodeposition of MnO2 nanoflakes 

on a NF substrate was carried out at a constant potential of -1.6 V for 150 s. The 

obtained sample was then rinsed in deionized water for several times and then dried at 

200 °C for 2 h. 

3.2.2 Synthesis of Honeycomb-like Fe2O3 Nanoflakes on NF 

The obtained MnO2 nanosheet sample was employed as a sacrificed template to 

synthesize the honeycomb-like Fe2O3 nanoflakes according to a reported method with 

slight modifications. [43] Details of the process are as follows: 21 mg of FeSO4·7H2O 

(Aladdin, 99.9 %) was dissolved in 30 mL of mixed ethylene glycol and deionized 

water (v/v = 1/7). After stirring for about 10 min, this translucent solution and the 

as-prepared MnO2 nanoflakes on NF were both transferred to a 50 mL Teflon-lined 

stainless steel autoclave, followed by heating at 120 oC for 0.5 h in an electric oven. 

After heating, the autoclave was cooled naturally to room temperature. The nickel foam 

with iron hydroxides were obtained from the following reaction during the 

hydrothermal process (equation 1 and 2), 

[Fe(H2O)6]2+ → [Fe(OH)(H2O)5]+ + H+                                                                        (1) 

2Fe2+ + MnO2 + 4H+ → 2Fe3+ + Mn2+ + 2H2O                                                          (2) 

[Fe(H2O)6]3+ → Fe(OH)3(s) + 3H+ + 3H2O                                                                  (3) 

The samples were then removed and rinsed thoroughly with absolute ethanol and dried 
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at room temperature (equation 3). The honeycomb-like α-Fe2O3 nanoflakes were 

obtained by annealing the prepared iron hydroxide product at 400 oC in air for 2 h with 

a heating rate of 2 oC min-1. 

3.2.3 Synthesis of PPy Nanoleaves Decorated Honeycomb-like Hematite 

Nanoflakes on NF 

The aforementioned honeycomb-like Fe2O3 nanoflakes on NF were then used as the 

working electrode for the deposition of PPy nanoleaves. The PPy species were 

deposited at a constant potential of 1.0 V vs. SCE in an aqueous medium consisting of 

80 mM pyrrole, 100 mM LiClO4, and 140 mM sodium dodecyl sulphate. [44] Finally, 

the obtained sample was washed with deionized water several times, and then dried at 

60 °C. The mass of PPy shell and core Fe2O3 species was determined by a 

high-precision microbalance with a sensitivity of 0.1 mg. 

3.2.4 Assembly of the ASC 

For the construction of the asymmetric supercapacitor device, MnO2 nanosheets and 

core-branch Fe2O3@PPy and pieces of commercial supercapacitor separator membrane 

(DR2012, thickness: 0.12 ± 0.01mm, Suzhou Beige New Materials & Technology Co. 

Ltd.) were used as the positive and negative electrodes and separator. The electrodes, 

0.5 M Na2SO4 and separator were enveloped in aluminium plastic bags. 

3.2.5 Characterization of Microstructural Properties  

The as-synthesized samples were characterized using an X-ray powder diffraction 

(XRD; Rigaku RU-300 diffractometer; monochromated Cu Kα1 radiation, λ = 1.540 

598 1 Å; 60.0 kV, 30.0 mA), field emission scanning electron microscopy (SEM, 5.0 kV, 

SU-8010, Hitai), transmission electron microscopy (TEM, 200kV, Tecnai F20, FEI), 

scanning transmission electron microscopy-electron energy loss spectroscopy 

(STEM-EELS, 200 kV under a high angle annular dark field (HAADF), Tecnai F20, 

FEI). Energy dispersive X-ray spectrometer (EDS), X-ray photoelectron spectroscopy 

(XPS, Escalab 250Xi) and Raman Spectrum (incident wavelength: 514 nm, 

InVia-RENISHAW). 
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3.2.6 Measurement of Electrochemical Properties  

The electrochemical performance of MnO2 nanosheets and core-branch Fe2O3@PPy 

electrodes and the corresponding asymmetric supercapacitor was characterized by  

cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical 

impedance spectroscopy (EIS, recorded at open circuit potential with amplitude of 5 

mV in the frequency range of 10-2-105 Hz) techniques on a CHI 760E electrochemical 

workstation at ambient temperature. All the measurements were carried out in a 0.5 M 

Na2SO4 aqueous solution. In the three-electrode system, a Pt plate of 2.0 cm × 2.0 cm 

and a SCE were applied as the counter and reference electrodes, respectively. The 

specific capacitance measured by chronopotentiometry was calculated according to the 

following equation: 

Cp = I ×
∆t

∆V × m
                                                                                                                   (4) 

where Csp (F g-1) is the specific capacitance of the electrode (Csp-e) or ASC (Csp-a), I (A) 

is the constant discharging current, Δt (s) is the discharging time, ΔV (V) is the voltage 

change excluding IR drop at a constant discharge current, and m (g) is the active 

material mass of a single electrode or the total active material mass of positive and 

negative electrodes.  

For the two-electrode configuration, energy (E, Wh kg-1) and power densities (P, kW 

kg-1) were calculated using the following equations: 

E =
Csp−d∆V2

2
, P =

∆VI

2m
                                                                                                        (5) 

where Csp-d (F g-1), is the specific capacitance of the asymmetric supercapacitor, ΔV (V) 

is the voltage change excluding IR drop at a constant discharge current, I (A) is the 

discharging current and m (g) is the total active material mass of positive and negative 

electrodes. 

3.3 Results and Discussion 

 



72 
 

3.3.1 Optimization of the Hydrothermal Reaction Time of Fe2O3 Samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 SEM images of Fe2O3 samples with different hydrothermal times: 15 min (A), 30 min (B), 

45min (C), 1 h (D), 75 min (E) and 2 h (F). 

Aliquots were drawn at different times to produce six additional Fe2O3 samples with 

different degrees of substitution reaction. SEM images showing the time evolution of 

the Fe2O3-nanoflakes are shown in Figure 3.1. At the very early stage of the reaction, 

quasi-flake structures were formed (Figure 3.1A) and during the first 30min, a 

progressive change of morphology and composition was observed. The MnO2 species 

completely transformed into Fe2O3 nanoflakes (Figure 3.1B). At this point, the element 

Mn was not observed in the sample, as proved by EDS in Figure 3.2. In the next 15 
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minutes of the reaction, the nanoflakes decomposed into nanoparticles (Figure 3.1C). 

At this stage of the reaction, nanoflake profiles could still be found but their content 

was minimal. As the hydrothermal reaction proceeded further, the nanoflakes evolved 

into dispersible nanoparticles (Figure 3.1D-F). Therefore, the 30 min reaction time 

was selected as the optimized hydrothermal time since it transformed the MnO2 

nanoflakes into Fe2O3 nanoflakes without damaging their honeycomb-like structure. 

[45] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 The EDS spectrum of MnO2 nanosheets and honeycomb-like Fe2O3-30 min nanoflakes. 

3.3.2 Optimization of PPy Deposition Charges in Core-Shell Fe2O3@PPy Samples 
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Figure 3.3 SEM images of core-branch Fe2O3 nanoflakes@PPy nanoleaves with different PPy 

deposition charges: 0.1 C (A), 0.3 C (B), 0.5 C (C) and 1.0 C (D). 

To optimize the structure of Fe2O3@PPy, a parallel experiment in terms of controlling 

the deposition of PPy was also conducted (Figure 3.3). As the electrochemical 

polymerization proceeded, the PPy nanoleaves grew into locally jammed structures, 

which not only blocked the electrolyte ion accessibility but also could deteriorate their 

electrochemical performance. As a proof-of-concept of the advantages of core-branch 

Fe2O3@PPy, CV and GCD rate capabilities and EIS were performed in a 

three-electrode electrochemical cell, as displayed in Figure 3.4. As can be observed, 

the CV curve of α-Fe2O3 has one pair of redox peaks, involving the Fe2+/Fe3+ redox 

couple and probably mediated by the Na+ ions in the neutral electrolyte. Previous 

studies show that when scanned to the negative potential direction, Fe3+ is reduced to 

Fe2+ with a peak at about -1.05 V vs. (Hg/HgO). [31] To avoid the appreciable H2 

evolution, in this work, the CV curves of all Fe2O3 based electrodes were cycled from 

-1.0 V to -0.2 V vs. SCE. Typically, Fe2+ is oxidized to Fe3+ when scanned in the 

positive direction, consistent with the oxidation peak observed at ca. -0.6 V vs. 
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SCE. in CV of the Fe2O3 nanoflakes electrode, as shown in Figure 3.4A. [31] With 

the increasing of PPy deposition, the CVs of Fe2O3@PPy electrodes exhibited a 

quasi-rectangular shape, indicating their reversible performance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 The electrochemical properties of Fe2O3 and core-branch Fe2O3@PPy with different PPy 

deposition charges: (A) CV curves at 10 mV s-1, (B) GCD at 1A g-1, (C) the relationship between 

specific capacitance and current density and (D) the Nyquist diagrams. 

When the PPy deposition reached 1.0 C, another pair of peaks appeared which can be 

assigned to doping/unhoping processes between PPy and Na+ for charge storage. And 

the redox peaks of Fe2O3 almost disappeared probably because of the shielding 

effectiveness of the over-deposited PPy species (Figure 3.3D). Among these 

core-branch electrodes, the Fe2O3@PPy electrode with 0.3C PPy deposition (donated 

as Fe2O3@PPy-0.3C electrode) possessed the largest integral area as well as the 

maximum current response per unit. Moreover, even at a scan rate of 500 mV 

s-1 (Figure 3.5), the CV profile still maintained a quasi-rectangular shape, revealing 

its good rate characteristics. Figure 3.4B reveals that the Fe2O3@PPy-0.3C 

electrode possessed the longest discharge time at a current density of 1 A g-1, which is 

mailto:Fe2O3@PPy-0.3C
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consistent with the aforementioned CV results. [46] According to Figure 3.4C, with 

the increment of PPy deposition charges, the specific capacitance of Fe2O3@PPy 

core-branch nanoflakes increased at the beginning to a maximum (1167.8 F g-1 at 1 A 

g-1) at 0.3 C PPy deposition, which is much higher than that of the pristine 

Fe2O3  nanoflakes electrode (312.5 F g-1 at 1 A g-1). These results further demonstrate 

the great advantages of the Fe2O3@PPy core-branch structure. Afterwards it decreased 

upon further increment of PPy deposition because the overloaded PPy (see the SEM 

in Figure 3.3 C and D of 0.5 C and 1.0 C PPy deposition) hindered the electrolyte 

ions from penetrating into the Fe2O3 nanoflakes’ pores.  

 

 

 

 

 

 

 

 

Figure 3.5 Electrochemical properties of the Fe2O3@PPy-0.3C at different scan rates (A) and 

relationship between specific capacitance and scan rates (B). 

Rate capability is also one of the most important factors in evaluating the power 

application of supercapacitors. Consequently, in this study, the GCD profiles of the 

pristine Fe2O3 and Fe2O3@PPy electrodes at different current densities were measured. 

From the inset of Figure 3.4C, the pristine Fe2O3 electrode shows a specific 

capacitance of 65.0 F g-1 at 10 A g-1. The Fe2O3@PPy-0.3C electrode, by contrast, still 

maintains a specific capacitance as high as 113.4 F g-1. [47] The enhanced capacitance 

and rate capability of the Fe2O3@PPy-0.3C electrode can be attributed to the 

improvement of the electrode’s electrical conductivity after coating with the 

optimized PPy nanoleaves. The fast ion diffusion kinetics and effective electron 

transfer rate in the Fe2O3@PPy nanoflakes electrodes are further confirmed by the 

EIS in Figure 3.4D. It is well established that the impedance at high frequency (100 

kHz) reflects the equivalent series resistance (ESR) in the electrode/electrolyte system, 
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which is related to the electrical conductivity of the electrode. [48-49] The ESR of 

pristine Fe2O3 and core-branch Fe2O3@PPy electrodes with 0.1, 0.3, 0.5 and 1.0 C 

PPy deposition charges is 1.65, 1.27, 1.14, 1.37 and 1.46 Ω, concurring the best 

conductivity of the core-branch Fe2O3@PPy-0.3C electrode. In addition, the 

semicircle of the Nyquist diagram corresponds to the faradaic reactions; its diameter 

represents the interfacial charge-transfer resistance (Rct), and the linear part 

corresponds to the Warburg impedance, which is described as a diffusive resistance of 

the electrolyte into the electrode pores. [50] The Rct of the Fe2O3@PPy-0.3C electrode 

is the lowest one among these electrodes and the highest slope at low frequency partly 

demonstrates its superior ion diffusion ability compared to the other electrodes. These 

results demonstrate that the combination of the high electrical conductivity pathways 

for charge transfer derived from the coating of PPy nanoleaves as well as the fast ion 

diffusion kinetics result from the honeycomb-like Fe2O3, is responsible for the 

excellent electrochemical performance of the Fe2O3@ PPy-0.3C electrodes. 

3.3.3 Investigation of PPy Growth Mechanism in Core-shell Fe2O3@PPy Samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Current versus time, I(t), of polarization pyrrole at 1.0 V vs. SCE in the aqueous medium of 

80 mM pyrrole, 100 mMLiClO4, and 140 mM sodium dodecyl sulphate. 

The I(t) curves shown in Figure 3.6 were obtained in the presence of ClO4
-1 and 
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dodecyl sulphate anions. As can be observed, with these two anions, first the anodic 

current is high and then it decreases rapidly up to a very low value (as shown in the 

inset of Figure 3.6). However, after that, the current slightly increases with 

prolonging the deposition time. The I(t) response curves of PPy electropolymerization 

in this case are similar to previously reported pyrrole (Py) deposited in weak-acidic 

and non-acidic anions, which results in the formation of well-defined PPy nanowires 

on Au films. [39-40]  

 

 

 

 

 

 

 

 

Schematic 3.2 Possible mechanism of the PPy nanoleaves formation on the Fe2O3 nanoflakes 

according to C. D. Chouvy’s report. [44] 

Thus, the deposition of branched PPy on Fe2O3 nanoflakes may follow a possible 

mechanism, as shown in Schematic 3.2: [44]  

The first stages (i and ii), represent the classical electrodeposition of a thin PPy film 

(leading to proton release and therefore to a decrease of ClO4
-1 anion concentration at 

the Fe2O3 nanoflakes/electrolyte interface).  

The second stage (iii), is very short and involves the oxidation of water leading in 

some places to the overoxidation of the polymer due to hydroxyl radicals, and in other 

places to the formation of O2 nanobubbles that protect the already synthesized 

polymer against the overoxidation of OH-1. Then, at the Fe2O3 nanoflakes/solution 

interface, the anion (ClO4
-1) concentration begins to increase due to the anion 

diffusion from the electrolyte bulk and polymer dedopage. 

The last step (iv), concerns the quick growth of the PPy nanowires at places where O2 

has evolved with the assistance of dodecyl sulfate anions. Finally, the growth process 
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results in PPy nanowires with cylindrical shaped Fe2O3 decorated nanoflakes. 

 

 

 

 

 

  

  

 

 

 

 

 

 

Figure 3.7 STEM-EELS chemical composition maps of core-branch Fe2O3@PPy obtained from the 

red-rectangle area shown in the STEM micrograph (A), simultaneously obtained HAADF STEM 

micrograph (B) and relative compositions (C) of Fe, O, C and N (The scale bar is the same for all 

composition maps, as in (B)). (D) The Schematic illustrates the formation mechanism of the PPy 

nanoleaves on Fe2O3 nanoflakes, Step (i): immersing Fe2O3 nanoflakes in the aqueous solution of 80 

mM pyrrole, 100 mM LiClO4, and 140 mM sodium dodecyl sulfate, Step (ii): Electrodeposition of an 

ultrathin PPy film on Fe2O3 nanoflakes when applied a high potential of 1.0V vs. SCE, Step (iii): 

Generation of OH- which overoxidizes PPy, Step (iv): Further electropolymerization growth of the PPy 

species. 

To precisely figure out the composition in the nanoleaves and nanoflakes of the 

core-branch Fe2O3@PPy-0.3C electrode and understanding the growth mechanism of 

PPy leaves, STEM-HAADF and STEM-EELS were employed, as displayed in Figure 

mailto:Fe2O3@PPy-0.3C
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3.7. Figures 3.7A and B are the HAADF STEM images of the core-branch 

Fe2O3@PPy, showing a general view and a magnified detail, respectively. The relative 

compositions of Fe, O, C and N elements in the nanoflake and nanoleave regions 

(Figure 3.7C) were mapped by means of EELS analysis using the Hartree-Slater 

model for signal quantification and power law for background removal. The elemental 

relative composition maps suggest a fairly homogeneous distribution of Fe and O 

throughout the nanoflakes. Specifically, the Fe and O elements in the nanoflake region 

have a relative composition of ∼35 ± 4 at% and 60 ± 5 at %, which is almost equal to 

the nominal compositions of the Fe2O3 phase (Fe: 40 %, O: 60 %); whilst these values 

in nanoleave regions are ∼20 ± 4 at % and 25 ± 5 at %, which is nearly equal to the 

nominal compositions of the FeO phase (Fe: O=1:1). These results reveal that the 

Fe2O3 content dominates the nanoflake region, while the FeO phase is mainly located 

in the nanoleave region. Meanwhile, the signals of C and N elements are relatively 

weak at the centre of the nanoflakes, indicating there is an extremely thin PPy film on 

the surface plane of the Fe2O3 nanoflakes. In addition, the elemental relative 

compositions of C and N in the nanoleave regimes are 25 ± 5 at%, and 45 ± 5 at%, 

respectively, indicating that the PPy species dominate the nanoleave region. The 

EELS map and relative composition analyses of the Fe2O3@PPy-0.3C 

electrode evidence that the Fe element penetrates in the form of FeO into the region 

where the PPy nanoleaves exist, as displayed in Figure 3.7. 

Based on these results, the formation process of the PPy nanoleaves on Fe2O3 

nanoflakes is proposed in Schematic 3.7D: 

Step (i): the obtained Fe2O3 nanoflakes are immersed in an aqueous solution of 80 

mM pyrrole, 100 mM LiClO4, and 140 mM sodium dodecyl sulfate (SDS). Due to the 

inducing covalent bonding between the Fe3+ and the partial negative charge of the N 

atom in the Py structure, dodecyl sulphate and ClO4
-1 ions, these anions are absorbed 

on the wall of the nanoflakes. Specifically, ClO4
-1 ions were close to the Fe2O3 

nanoflakes, whereas the dodecyl sulfate of SDS was relatively far away from the 

Fe2O3 nanoflakes because of its long alkyl chain structure. 
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Step (ii): Electrodeposition of an ultrathin PPy film on the Fe2O3 nanoflakes when a 

high potential of 1.0 V vs. SCE is applied. The oxidation of pyrrole (Py) leads to the 

formation of a thin polypyrrole film under its oxidized form on the surface of the 

Fe2O3 nanoflakes doped with anions (ClO4
-), according to the following reaction [39]:  

nPy + γnClO4
− → [(Py)n

(γn)+

, γnClO4
−] + 2(n − 1)H+ + ((2 + γ)n − 2)e−       (6)  

where γ stands for the doping level of the polymer, generally ranging from 0.25 to 

0.33. 

H2O → OH. + H+ + e−                                                                                                           (7) 

PPy(ClO4) + OH. → OPPy + HClO4 + ⋯                                                                         (8) 

2OH. → H2O2                                                                                                                                                                           (9) 

H2O2 → O2 + 2H+ + 2e−                                                                                                    (10) 

Fe2O3 + 6H+ → Fe3+ + H2O                                                                                             (11) 

Step (iii): Generation of OH. which overoxidizes PPy (OPPy) based on equations (7) 

and (8). Since hydroxyl radical can also react with itself, leading to H2O2 that is 

further oxidized to O2, the produced O2 nanobubbles will protect partial PPy species 

against the action of  OH., according to equations (9) and (10). Furthermore, the H+ 

byproduct around the interface of Fe2O3 and O2 bubbles makes the Fe2O3 on the 

surface of the nanoflake region into Fe3+ ion due to the localized low pH value, which 

can be up to 1 (equation 11). [40]  

𝑛Fe3+ + 2nPy → 2nH+ + PPy + nFe2+                                                                          (12) 

Step (iv): Further electropolymerization (equation 12) growth of the PPy species 

based on the template composed of O2 nanobubbles and dodecyl sulfate, finally 

leading to the formation of PPy nanowires. At the same time, the induced Fe3+ ions 

diffuse into the electrolyte and favorably bind with the nitrogen-containing groups on 

PPy nanoleaves via complexation and electrostatic interactions.[29] During the 

subsequent electrochemical growth stage of PPy nanowires, Fe3+ elements interact 
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with Py species inside the nanowire region, simultaneously forming a microcell for 

chemical polymerization (equations 12), which results in leaf-like PPy nanowires with 

conical shapes because of the Fe3+ gradient in the growth direction of the PPy 

nanowires. Then, the subsequent heat treatment in air enables the transformation of 

the doped Fe2+ in the PPy nanoleaves into FeO species. Indeed, the doping of the Fe 

element into the PPy regime through electrostatic interaction is analogous to the 

carbonization of iron ions adsorbed onto polyaniline nanosheet/graphene oxide hybrid 

material reported by Z.J. Fan et al. [29]  

3.3.4 The Structural and Electrochemical Characterization of Representative Mn 

O2, Fe2O3 and Fe2O3@PPy Nanoflake Samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 SEM images of MnO2 nanosheets (A-B), honeycomb-like Fe2O3 nanoflakes (C-D) and 
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optimized honeycomb-like Fe2O3 nanoflakes@PPy nanoleaves (E-F).  

As shown in Figure 3.8A and B, quasi-vertical MnO2 nanosheets were first grown on 

NF through a hydrogen bubble dynamic template induced by an externally applied 

voltage of -1.6 V. [41-42] The obtained MnO2 nanosheets worked as the sacrificed 

template for the subsequent growth of Fe2O3 species through hydrothermal methods. 

In Figure 3.8C, it is clear that the honeycomb-like Fe2O3 in the form of a seamless 

interconnected network comprised of ordered oriented nanoflakes almost replicated 

the morphology of MnO2 nanosheets without collapsing and cracking. High 

magnification SEM in Figure 3.8D reveals that the Fe2O3 nanoflakes are composed of 

numerous nanoparticles. The EDS in Figure 3.2 confirms that all MnO2 species in the 

nanosheets have been converted to Fe2O3 species. Additionally, the honeycomb-like 

Fe2O3 nanoflakes at various reaction stages were presented in the Figure 3.1 by 

setting the reaction time, demonstrating the importance of controlling the reaction 

time of the hydrothermal process. PPy species were successfully deposited onto the 

wall of the Fe2O3 nanoflakes by further electrochemical polymerization, as displayed 

in Figure 3.8E. The high magnification SEM image in Figure 3.8F confirms that the 

Fe2O3 nanoflakes were fully wrapped by PPy nanoleaves with a length of ca. 100 nm 

to form Fe2O3@PPy-0.3C core-branch arrays, which provides a large interfacial area 

for reaction, and numerous channels for a rapid diffusion of the electrolyte ions.  

The nanosheet structure of the MnO2 sample was further confirmed by TEM 

inspection as shown in Figure 3.9A. Figure 3.9B reveals that the interplanar spacing 

is ca. 0.235 nm, which is indexed to ε-MnO2 (JCPDS NO.12-0141). [41-42] The 

resultant Fe2O3 nanoflakes (Figure 3.9C) is made of a large variety of small 

nanoparticles with diameter from 2 nm to 6 nm, and thus presents a 

mesoporous structure in the plane of α-Fe2O3 (JCPDS NO. 33-0664). [6, 44-45] 

Moreover, PPy nanoleaves strongly coupled with mesoporous Fe2O3 nanoflakes 

forming a homogenous structure, as proved by Figure 3.9E. Additionally, there are no 

exposed Fe2O3 nanoparticles, further demonstrating that the mesoporous Fe2O3 

nanoflakes were well wrapped by the PPy nanoleaves (Figure 3.9F). 
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Figure 3.9 TEM images of MnO2 nanosheets (A-B), honeycomb-like Fe2O3 nanoflakes (C-D) and 

optimized honeycomb-like Fe2O3 nanoflakes@PPy nanoleaves (E-F). 

 

 

 

 

 

Figure 3.10 XRD patterns obtained on the MnO2 nanosheets, Fe2O3 honeycomb-like and optimized 

core-branch Fe2O3@PPy-0.3C: (A) general view, (B) enlarged view of the smoothed XRD pattern. 

(A) (B) 
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The crystal structure of MnO2, Fe2O3 and core-branch Fe2O3@PPy nanocomposite 

were monitored by XRD, as shown in Figure 3.10. Unfortunately, in Figure 3.10A, 

the structural information from the initial XRD pattern could not be obtained clearly 

because of the extremely tiny active material mass (mg scale) compared to the nickel 

foam substrate (g scale), in addition to the small particle size of Fe2O3 species, which 

led to a broadening effect on the diffraction peaks. Nevertheless, signals from 

the active materials could be observed in the enlarged view of the smoothed XRD 

pattern, but with much smaller peak intensities, as displayed in Figure 3.10B. 

There is a broad and weak peak around 23 degrees in the XRD pattern of 

MnO2 sample, which is assigned to ε-MnO2 (JCPDS NO.12-0141). Excluding 

the intense peaks of the substrate (Ni), the small diffraction peaks at 24.1°, 33.2°, 

35.6°, 40.8° of Fe2O3 and Fe2O3@PPy-0.3C samples can be indexed to (012), (104), 

(110) and (113) planes of hematite (JCPDS NO. 33-0664). Compared to the Fe2O3 

sample, a broad peak at 25°is observed for the Fe2O3@PPy sample, suggesting that 

the PPy was successfully incorporated into the Fe2O3 species; and the new emergent 

peaks confirm the presence of tiny FeO (JCPDS NO. 77-2355) species in the Fe2O3@ 

PPy sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Core level Mn 3s, Mn 2p, and O 1s XPS spectra collected for the MnO2 sample (A-C); Fe 
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3p, Fe 2p, and O 1s XPS spectra collected for Fe2O3 sample (D-F) and optimized Fe2O3 

@PPy sample (G-I). 

The Mn oxidation state can be determined from the binding energy width (ΔE) 

between the separated Mn 3s peaks caused by multiplet splitting. By reference to the 

ΔE data of 5.79 eV, 5.50 eV, 5.41 eV and 4.78 eV obtained from pristine samples 

of MnO, Mn3O4, Mn2O3 and MnO2, respectively, the binding energy (ΔE=4.9 eV) 

shown in Figure 3.11A suggests that valence of Mn in our sample is +4. Mn 2p3/2 

and Mn 2p1/2 peaks are located at 641.4 eV and 652.9 eV (Figure 3.11B), which are 

consistent with the reported values for MnO2. The band at 529.4 eV and 531.0 eV 

in Figure 3.11C can be assigned to the oxygen bond of Mn-O and Mn-OH, 

respectively. In addition, for Fe2O3 and optimized Fe2O3@PPy samples, the Fe 3p 

peak position for Fe3+ was found to be 55.7 eV in Figure 3.11D and G. The Fe 

2p3/2 and 2p1/2 peaks of both samples (Figure 3.11E and F) are centred at the 

binding energies of ∼711.0 and ∼724.5 eV, which are the typical peaks for 

Fe2O3 species. T. Yamashita et al. reported that the Fe oxidation state can be 

determined from the binding energy width (ΔE) between the Fe 2p3/2 peak and the 

corresponding satellite peak, and the ΔE data of genuine samples of Fe3O4, Fe2O3, 

FeSiO4 and Fe0.94O are N.A., 8.8 eV, 5.9eV and 6.0 eV, respectively. The satellite 

peaks for Fe 2p3/2 of Fe2O3 and Fe2O3@PPy samples were observed at 719.1 eV and 

718.4 eV in Figure 3.11E and H; and the binding energy difference between the Fe 

2p3/2 peak and the satellite peak are 8.4 eV and 7.4 eV, revealing that the deposition 

of PPy nanoleaves reduced part of Fe3+ of Fe2O3 species into Fe2+. Furthermore, the O 

1s spectrum in Figure 3.11F and I can be disassembled into two peaks centred at 

529.8 eV (Fe-O) and 531.3 eV (Fe-OH). Compared to the Fe2O3 sample, the small 

peak at 533 eV of the Fe2O3@PPy sample (Figure 3.11I) represents the C-O bonds 

from the PPy component. 

In Figure 3.12, the MnO2 nanosheets exhibit a typical peak at 638 cm-1 while pristine 

Fe2O3 nanoflakes show characteristic Raman peaks at ∼218, ∼286, ∼400, ∼478, 

∼596, ∼670 and ∼1300 cm−1. After PPy coating, these peaks decrease substantially in 
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intensity probably because of the shielding effect from the branch PPy species and 

some other new peaks appear at ∼1585 cm−1, ∼1414 cm−1, ∼1048 cm−1, ∼986 

cm−1 observed for v (C=C), v (C-N), β (C-H) and v (ring) of PPy species, indicating 

the successful coating of PPy on the Fe2O3 nanoflakes. But the main peak of the 

FeO species located at 652 cm-1 is not observed in the Raman spectrum, which is 

probably ascribed to the intrinsic tiny content as well as the shielding effect from the 

branch PPy species. In concordance with analysis of elemental relative composition of 

the well-retained Fe2O3@PPy core-branch region, the XRD (Figure 3.10), XPS 

(Figure 3.11) and Raman Spectra (Figure 3.12) of flaking debris unambiguously 

conclude the formation of a core-branch structure.  

 

 

 

 

 

 

 

 

Figure 3.12 Raman spectra obtained on the MnO2 nanosheets, Fe2O3 and optimized core-branch Fe2O3 

@PPy-0.3C nanoflakes. 

Since the electrochemical properties of optimized core-branch Fe2O3@PPy samples as 

a negative electrode were investigated and displayed in Figure 3.4, the 

electrochemical properties of the MnO2 positive electrodes 0.5 M Na2SO4 aqueous 

solution were further investigated by CV, GCD and EIS, as displayed in Figure 

3.13A-D. The mass ratio of negative electrode to positive electrode was calculated 

based on charge balance theory according to the electrochemical data shown 

in Figure 3.13E.  

mailto:Fe2O3@PPy-0.3C
mailto:Fe2O3@PPy-0.3C


88 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 The electrochemical properties of MnO2 nanosheets: (A) CV curves at different scan 

rates, (B) galvanostatic charge-discharge at different current densities, (C) the relationship between 

specific capacitance and current density and (D) the Nyquist diagrams. (E) The CV curves at 10 mV s-1 

of MnO2 nanosheets and core-branch Fe2O3@PPy. 

According to Figure 3.13E and the equation:  

Csp =
Q

∆V × m
                                                                                                                      (13) 

where Csp (F g-1) is the specific capacitance, Q (C) is the average charge during the 

charging and discharging process, ∆V (V) is the potential window, and m (g) is mass 

of active materials, the specific capacitance of MnO2 nanosheets and core-branch 
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Fe2O3@PPy at 10mV s-1 can be calculated as 256.7 F g-1and 296.7 F g-1, respectively. 

For an ASC, the charge balance should follow the relationship q+=q−, where q+ means 

that the charges were stored at the positive electrode while q− means that the charges 

were stored at the negative electrode. The stored charges are related to the specific 

capacitance (Csp), the potential window of the charge/discharge process (ΔV), and the 

mass of the electrode (m) as reported by  

q = Csp × ∆V × m                                                                                                               (14) 

In order to get q+=q−, the mass balancing follows the equation:    

m−

m+
=

Csp+×∆V+

Csp−×∆V−
                                                                                                                        (15)                                                                                                                        

On the basis of the specific capacitance values and potential windows of these 

positive and negative electrodes, in this ASC system, the theoretical mass ratio 

between negative/positive electrodes should be m−/m+=1.08. 

3.3.5 The Electrochemical Properties of Fabricated ASCs 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Electrochemical properties of bi-metal oxide ASC: (A) CV curves at different scan rates, 
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(B) the GCD curves at different current densities, (C) the Ragone plot, (D) the life cycle stability at a 

current density of 3 A g-1 (the schematic of the ASC device shown in the inset).  

To further testify the potential applications for energy storage devices, a bi-metal 

oxide ASC device was assembled (as shown in the inset of Figure 3.14D) based on 

the electrochemical results of Figure 3.13 with MnO2 nanosheets and the core-branch 

Fe2O3@PPy-0.3C electrodes as the positive electrode and negative electrode, 

respectively. The as-prepared bi-metal oxide ASC exhibits an ideal capacitive 

behaviour with approximately rectangular CV curves from 5 to 500 mV s-1 (Figure 

3.14A) within a potential window of 1.8 V, indicating its excellent power 

characteristics. [46] Furthermore, the GCD curves of the supercapacitor device at 

various current densities illustrated in Figure 3.14B maintain good symmetry even at 

a high current density of 30 A g-1, demonstrating its good rate capability.  

The corresponding calculated Ragone plot in Figure 3.14C reveals that the bi-metal 

oxide ASC delivers an energy density as high as 42.4 Wh kg-1 at a power density of 

268.8 W kg-1 and maintains 2.3 Wh kg-1 at an extremely high power density of 19140 

W kg-1, which exhibits superior performance over the Co3O4/PPy/MnO2//AC (34.3 

Wh kg-1 at 80.0 W kg-1) [51] and the MnO2 nanowire/ graphene//graphene (30.4 Wh 

kg-1 at 100 W kg-1), [52] reported elsewhere. The performance is also superior to 

graphitic hollow carbon spheres/MnO2//graphitic hollow carbon spheres (40.0 Wh 

kg-1 at 210 W kg-1), [53] Ni(OH)2/graphene//reduced Hummers’ graphene oxide (31 

Wh kg-1 at 420 W kg-1), [54] MnO2-graphene foam// CNT-graphene (31.8 Wh kg-1 at 

453.6 W kg-1) [55] and CoO/PPy//AC (43.5 Wh kg-1 at 87.5 W kg-1) [56] with 

graphene or AC as negative electrodes and is even higher than MnO2//γ-FeOOH 

bi-metal oxides ASC (37.4 Wh kg-1 at 388.5 W kg-1). [57] Furthermore, the 

supercapacitor possesses long-term stability over 3000 cycles at a current density of 3 

A g-1 as shown in Figure 3.14D. The specific capacitance of the device retains 37.4 F 

g-1 after 3000 cycles, corresponding to 97.1% of its initial specific capacitance (38.1 

Fg-1), higher than MnO2 nanowire/graphene// graphene (79% after 1000 cycles), [52] 

and iron/graphene sheets//Ni(OH)2/CNTs (78% after 2000 cycles). [29] 
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Figure 3.15 SEM images of optimized core-branch honeycomb-like Fe2O3 nanoflake@PPy nanoleaves 

electrode after 3000 times charge and discharge. 

In order to validate this result, we further performed SEM analysis of 

the core-branch Fe2O3@PPy-0.3C after 3000 cycles (Figure 3.15). It is clear that 

core-branch Fe2O3@PPy-0.3C still retains a honeycomb-like structure with randomly 

distributed PPy nanoleaves on the wall, revealing that the protective PPy shell could 

tolerate the volume expansion and contraction of the Fe2O3 backbone during the cycle 

test. 

 

 

 

 

Schematic 3.3 Schematic representation of the electrolyte ion and electron transportation path (A) and 

volume change (B) during cycle.  

The overall performances of the assembled supercapacitor using 3D core-branch 

Fe2O3@PPy-0.3C as a negative electrode is superior to those with 0D (nanoparticles), 

1D (nanotubes or nanorods), 2D (nanosheets), nanocomposites or core-shell structures 

as shown in Table 3.1. The better performance could be attributed to the following 

structure merits: (i) the formation of honeycomb-like Fe2O3 backbone provides a large 

contact area between the active material and the electrolyte (as shown on the left part 

of Schematic 3.3A), resulting in a more efficient transportation of the electrolyte ions 

(A) (B) 
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and a great increase in material utilization efficiency; (ii) the wrapped PPy branch has 

superior electrical conductivity compared to Fe2O3 species, which could work as 

“superhighways”, as illustrated in the right part of the Schematic 3.3A. This 

core-branch structure leads to the fact that electrons can transport more efficiently 

during charge-discharge processes, resulting in a large improvement in specific 

capacitance; (iii) the excellent cycling stability of the obtained supercapacitor device 

using core-branch Fe2O3@PPy as a negative electrode material could be due to the 

strong synergistic effect of honeycomb-like mesoporous Fe2O3 nanoflakes and PPy 

nanoleaves. Specifically, the mesoporous feature of honeycomb-like Fe2O3 nanoflakes 

[36] and the protective function of branched PPy nanoleaves prevent drastic volume 

variation of Fe2O3 and FeO nanoparticles during the electrolyte ions 

insertion/extraction process, [16, 37-38] which together improve the life cycle, as 

displayed in Schematic 3.3B. 

Table 3.1 the electrochemical performance comparison of iron oxides/hydroxides 

based electrodes. 

Reference 

no. 

Current density 

or scan rate 

Specific 

capacitance 

Material structure Cycle Life 

[6] 

[58] 

100 mV/s 

1.4 A/g 

163.6 mF/cm2 

257.8 F/g 

Ti-Doped Fe2O3@PEDOT nanorods 

amorphous Fe2O3 nanotubes 

96.1% (30 000 cycles) 

84% (5000 cycles) 

[57] 0.13 A/g 310.3 F/g γ-FeOOH nanosheet - 

[59] 0.5 A/g 116 F/g nanosized β-FeOOH 85% (2000 cycles) 

[60] 0.4 A/g 207.7 F/g Fe3O4 nanoparticles 100% (2000 cycles) 

[61] 1A/g 368 F/g Fe3O4 nanoparticles/graphene 109% (1000 cycles) 

[62] 0.5A/g 235 F/g mesoporous carbon/iron oxide 95 % (380 cycles) 

[63] 1A/g 226 F/g Fe2O3/graphene - 

[64] 0.5A/g 618 F/g  Fe2O3/N-rGO hydrogel  56.7% (5000 cycles) 

   [9]  10 mV/s 64.5 F/g oxygen-deficient hematite nanorods  95% (10 000 cycles) 

   [29] 2 mV/s 717F/g graphene-supported iron nanosheets 78% (2000 cycles) 

   [28]  5 mA/cm2 659.5 mF/cm2   graphite foam/carbon nanotube/Fe2O3   95.4 (5000 cycles) 

   [65] 1 mV/s 638 F/g     graphene/Fe2O3/polyaniline   92% (5000 cycles) 

   [66]  2 mA/cm2 504 F/g     Fe2O3 nanorods/graphene - 

[31] 0.5A/g 235F/g mesoporous Carbon/Fe2O3 nanoparticle 95% (380 cycles) 

This work    

[67] 

1A/g 1167.8 F/g core-branch Fe2O3@PPy 97.1% (3000 cycles) 
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3.4 Summary 

The rational assembly of unique branched heterostructures is one of the facile 

nanoengineering techniques to improve the electrochemical figure of merit of 

materials. By taking advantage of hydrogen bubble dynamic templates, hydrothermal 

methods and electrochemical polymerization, branched polypyrrole (PPy) nanoleaves 

decorated honeycomb-like hematite nanoflakes (core-branch Fe2O3@PPy) were 

fabricated. XRD, XPS, SEM, TEM and STEM in high angle annular dark field mode 

together with EELS were combined to elucidate the mechanisms underlying the 

formation and the morphogenetic evolution of core-branch Fe2O3@PPy 

heterostructures. Benefiting from the stability of honeycomb-like hematite 

nanoflakes and the high conductivity of PPy nanoleaves, the resultant core-branch 

Fe2O3@PPy exhibited an ultrahigh capacitance of 1159 F g-1 at 1A g-1 in 0.5 M 

Na2SO4 aqueous solution. Moreover, the assembled bi-metal oxide asymmetric 

supercapacitor (Fe2O3@PPy//MnO2) gave rise to a maximum energy density of 

42.8 Wh kg-1 and a maximum power density of 27 kW kg-1 with an excellent cycling 

performance of 97.1% retention after 3000 cycles at 3 A g-1. These performance 

features are superior to the previously reported iron oxide/hydroxide-based 

supercapacitors, offering an important guideline for the future design of advanced 

next-generation supercapacitors. 
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Chapter 4 

 

ITO/Hematite/Fe2TiO5/FeNiOOH Composite Nanowires as 

Photoanodes for Water Splitting in Alkaline Electrolyte 
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4.1 Introduction 

Hematite based photoanodes have been intensively investigated on account of several 

promising properties, such as low cost, environmentally-friendly and high natural 

abundancy, which makes it as a potential candidate for water splitting photoanodes. 

Moreover, in terms of its applications in PEC, hematite possesses high 

photo-chemical stability, a narrow bandgap (1.9-2.2 eV), and a theoretical maximum 

solar-to-hydrogen (STH) efficiency of 15.4 %, corresponding to 12.5 mA cm-2 at 

Air-Mass 1.5 Global solar illumination, which exceeds the STH benchmark efficiency 

of 10% required for practical applications. [1-2] However, its relatively low 

absorption coefficient, short excited-state lifetime (10-6 s), [3-4] poor oxygen 

evolution reaction kinetics, short hole diffusion length, and poor electrical 

conductivity leads to multiple electron-hole recombination pathways occurring in the 

bulk, interfaces, and surfaces, as well as significantly limits the photoelectrochemical 

(PEC) activity of hematite. [2] As a rapid charge transport and transfer between the 

back substrate, photoactive semiconductor, the catalyst and electrolyte is necessary 

for efficient STH performance, the electronic and structural properties of back 

substrate/semiconductor/catalyst/electrolyte interfaces play a vital role in PEC 

performance. [5-10] The electron-hole recombination at the interface of the back 

substrate and hematite is critical for the electron transport from bulk hematite to the 

current collector and thus affects the overall PEC performance. [2, 9, 11-14] For 

instance, Zheng et al. reported an integrated hematite, TiOx and FeOOH photoanode 

and obtained a photocurrent around 1.5 mA cm-2, which is still much lower than the 

theoretical value (12.5 mA cm-2) for hematite. [12] Even though this design 

simultaneously reduces charge recombination in the bulk and surface of hematite, the 

obtained photocurrent response suffers from intensive back electron-hole 

recombination between hematite nanowires and FTO substrate. This phenomenon is 

likely derived from the Sn loss in FTO substrate during the high temperature (1000 ℃) 

sintering treatment which leads to poor electron conductivity in the back contact. 

[13-14] Therefore, it is essential to optimize the back interface of the FTO substrate 
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and hematite. This may be accomplished by introducing a conductive buffer layer, 

such as an ITO underlayer between hematite matrix and the FTO substrate. Moreover, 

the energetic and electronic structure of hematite can be tuned by forming an 

advantageous heterojunction interface, which can reduce the charge recombination at 

the semiconductor junction interface and thus facilitates hole transport to the 

electrolyte for oxygen evolution reaction (OER). [10, 12] Recently, we prepared 

mesoporous hematite-Fe2TiO5 heterojunction film, with an optimized 10% TiO2 

doping, which possessed a 15-fold photocurrent increment (up to 1.3 mA cm-2 at 1.23 

V vs RHE). [10] Furthermore, iron-nickel oxide hydroxides (FeNiOOH) have 

attracted widespread attention as oxygen evolution catalysts (OEC) due to their 

unique structure and good OER activity in alkaline medium, whose OER activity can 

be adjusted according to film thickness. [15-17] Coupling FeNiOOH OEC on 

hematite photoanodes is supposed to effectively suppress the electron-hole pair 

recombination and accelerate reaction kinetics at the photoactive semiconductor/ 

electrolyte interface (SEI). [18-19] In light of this, it is thereby of high interest to 

design an integrated quaternary multilayer photoanode with a high electrical 

conductive underlayer (ITO layer, to protect against Sn loss from the FTO substrate), 

an advantageous heterojunction (Fe2O3/Fe2TiO5), [10] and an efficient OEC layer 

(FeNiOOH) to simultaneously reduce the interfacial, bulk and surface charge 

recombination as well as to enhance its PEC performance. 

On the other hand, the kinetic process of water oxidation at SEI [10, 20-22] and the 

identification of the active sites [23-25] for water splitting have drawn the attention of 

many researchers. L. M. Peter et al. proposed that OER in hematite involves 

high-valent iron states formed at the surface and employed photoelectrochemical 

impedance spectroscopy (PEIS) for the kinetic analysis of the multistep water 

oxidation reaction. [20] The water oxidation on hematite surface is a 4-electron 

process, which occurs following the equations (1-4), with the holes being ‘stored’ in 

the Fe(IV) and Fe(V) intermediate states. [20] 

hv → h+ + e−                                                                                                                            (1)                                                                                                   
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Fe(III) + h+ → Fe(IV)surf                                                                                                     (2)                                                                                        

Fe(IV)surf + h+ → Fe(V)surf                                                                                                                         (3)                                                                                  

2Fe(V)surf + 2H2O → 2Fe(III)surf + O2 + 4H+                                                             (4)     

T. Hamann et al. illustrated a general physical model and systematically discussed the 

suitable equivalent circuit for illustrating the electrochemical impedance spectroscopy 

(EIS) data for the hematite electrode, including surface states (SS) at the SEI where 

holes accumulate. [21] Most recently, T. Hamann et al. investigated the 

water-oxidation reaction on hematite via in-situ infrared spectroscopy; directly 

observing the existence of FeIV=O group (an intermediate in the PEC water oxidation 

reaction), which is the origin of the presence of hematite surface states. [26] Moreover, 

our previous investigation has proposed a charge transfer mechanism through hole 

trapping at surface state and its isoenergetic transfer to water for the hematite/Fe2TiO5 

composite system and demonstrated that the surface state density of hematite can be 

tuned by controlling the amount of TiO2. [10] In addition, it is well established that SS 

exist due to the lattice periodicity termination at the species’ surface, and the unpaired 

electrons in the dangling bonds of surface atoms interact with each other forming an 

electronic state with a narrow energy band (mid band) at the semiconductor band gap. 

[27-28] In this regard, we propose that, by integrating the hematite nanowires with an 

ITO underlayer, Fe2TiO5 and FeNiOOH coating layers step by step, the SS would be 

finely regulated because the chemical environment of FeIV=O present at SEI will vary 

slightly during the water oxidation process. [29-32] 

4.2 Experimental Section 

4.2.1 Chemicals and Materials 

All commercially available reagents and solvents were used as received without 

further purification unless otherwise indicated. All chemical reagents were purchased 

from Sigma-Aldrich. If not specified, all solutions were prepared with Milli-Q water 

(ca. 18.2 MΩ·cm resistivity). Fluorine-tin-oxide (FTO) coated glass substrate 

(735167-1EA, 7 Ω/sq) was purchased from Sigma-Aldrich. 
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4.2.2 Electrode Preparation 

FTO substrates were cut into small pieces with 1 cm × 3 cm area and washed by 

sonicating in a (1: 1: 1) mixture of acetone (Sigma-Aldrich, 99.9 %), isopropanol 

(Sigma-Aldrich, 99.9 %) and water. After rinsing the FTO substrates thoroughly with 

distilled water, the substrates were washed in ethanol (Fluka, 99.8%) and then dried in 

air at 300 °C for 1 h (heating rate: 8.5 °C min-1). A part of the substrates (ca. 1 cm × 2 

cm) was covered using a polymer tape (Kaptons® Foil, VWR International) prior to 

the following process. The uncoated part of the FTO was later employed as electric 

contact for the electrodes in the photo-electrochemical cell. 

Fe2O3 electrodes. A 200 ml Teflon-lined stainless-steel autoclave was filled with 60 

ml aqueous solution containing 0.15 M ferric chloride (FeCl3, 97%) and 1 M sodium 

nitrate (NaNO3, 99%) and 316 μL hydrochloric (HCl, wt 37%). Six pieces of washed 

FTO substrates were put into the autoclave and heated at 95 °C for 4 hours. A uniform 

layer of iron oxyhydroxides (FeOOH) nanowires was formed on the FTO substrate. 

The FeOOH-coated substrate was then washed with deionized water to remove any 

residual salt, and subsequently sintered in air at 550 °C (heating rate: 8.5 °C min-1) for 

2 hours. To further reduce the surface defective sites, the hematite nanowires were 

treated at 750 °C for additional 30 min and subsequently quenched in air within 1 min 

(post-quenched process). 

ITO/Fe2O3 electrodes. Different thickness (49 nm, 105 nm, 149 nm, 196 nm and 245 

nm) of indium doped tin dioxide (ITO, In2O3: SnO2= 90/10 wt %) were deposited 

onto the FTO substrate by DC-pulsed sputtering. After that, the ITO coated FTO 

substrates were subjected to the same hydrothermal and pre-sintering process for 

Fe2O3 electrode as described above to grow hematite nanowires on the surface of 

ITO/FTO substrates. For the post-quenched process of ITO/Fe2O3, a quenched 

condition at 750 °C for 30 min has been employed. 

ITO/Fe2O3/Fe2TiO5 electrodes. The obtained ITO/Fe2O3 samples after pre-sintering 

process were further subjected to TiO2 atomic layer deposition (ALD) process. The 
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ALD was performed in R200 Picosun Atomic Layer Deposition system at 150 °C 

with TiCl4 (Sigma-Aldrich, 99 %) and water as the precursors in an 8 mbar N2 flow 

atmosphere, reaching a growth rate of 0.27Å cycle-1. The typical pulse time for the 

TiCl4 and water was 0.1 s and the purge time was 10 s. The TiO2 thickness of 

ITO/Fe2O3/Fe2TiO5 electrode was controlled by changing the deposition cycle, i.e., 15 

cycles, 30 cycles, 50 cycles, 100 cycles and 150 cycles. After that, a varying quenched 

time slot (10 min, 30 min, 40 min and 80 min) at 750 °C has been tuned to optimize 

the sintering condition and transform the ALD TiO2 into Fe2TiO5. 

ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes. The optimized ITO/Fe2O3/Fe2TiO5 

electrodes were further coated with FeNiOOH via photo-electrodeposition. 

Photo-electrodeposition of FeNiOOH on the ITO/Fe2O3/Fe2TiO5 electrodes were 

carried out in a mixture solution containing 0.01 M FeSO4·7H2O (≥ 99 %) and 0.1 M 

NiSO4·6H2O (99 %). Prior to the photo-electrodeposition of FeNiOOH, the solution 

was purged with nitrogen gas for 30 min. A three-electrode cell was used, composed 

of an ITO/Fe2O3/Fe2TiO5 electrode (work electrode), a Pt wire (counter electrode), 

and a Ag/AgCl (3 M KCl, reference electrode). A 150 W AM 1.5 G solar simulator 

(Solar Light Co., 16S-300-002 v 4.0) with an incident light intensity set at 1 Sun (100 

mWcm-2) was used as the light source, and the light density was calibrated using a 

thermopile (Gentec-EO, XLPF12-3S-H2-DO) coupled with an optical power meter 

(Gentec-EO UNO). The light was illuminated through the glass side (back-side 

illumination) and the light intensity was 100 mW cm-2. For clarification, the FeOOH 

grown on the back side of the FTO glass during the hydrothermal process has been 

carefully removed for all samples by lens wiping paper before the sintering treatment. 

To facilitate the photoelectrodeposition, an external bias of ca. 0.25 V vs Ag/AgCl 

(3M KCl) was applied. During illumination, the holes generated in the valence band 

of Fe2O3 were used to oxidize Fe2+/Ni2+ ions to Fe3+/Ni3+ ions, which precipitate as 

FeNiOOH on the surface of the ITO/Fe2O3/Fe2TiO5 electrode (Fe2+/Ni2+(aq) + h+ + 

3OH− → FeNiOOH(s) + H2O). Various deposition charges (i.e., 5 mC, 10 mC, 15 mC 

and 20 mC) were deposited onto the surface of the ITO/Fe2O3/Fe2TiO5 nanowires by 
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controlling the deposition time.  

4.2.3 Optical, Structural and Morphological Characterization 

The grazing incidence X-ray diffraction (XRD) analyses were performed on a Bruker 

D4 X-ray powder diffractometer using the Cu Ka radiation (1.54184 Å) and a 1D 

Lynkeye detector, which is equipped with a Gobel mirror in the incident beam and 

equatorial Soller slits in the diffracted beam (51 incidence angle, 2° step-1). Optical 

properties of all electrodes were characterized by using a UV-vis spectrophotometer 

(Lambda 950, Perkin Elmer) equipped with an integrating sphere (150 mm diameter 

sphere covered with Spectralon as the reflecting material, Perkin Elmer). Absorbance 

(A) measurements were obtained from measured reflectance (R, %) and transmission 

(T, %), using a wavelength range of 350 to 800 nm and a step of 5 nm, respectively. 

The morphology of the films was characterized using a field emission gun scanning 

electron microscope (FE-SEM, Zeiss Series Auriga microscopy) equipped with an 

electron dispersive X-ray spectroscopy (EDX) detector. X-ray photoelectron 

spectroscopy (XPS) was performed with a Phoibos 150 analyser (SPECS GmbH, 

Berlin, Germany)) in ultra-high vacuum conditions (base pressure 4×10-10 mbar) with 

a monochromatic aluminium Kα X-ray source (1486.74 eV). The energy resolution as 

measured by the FWHM of the Ag 3d5/2 peak for a sputtered silver foil was 0.8 eV. 

All the samples for (S)TEM analyses were prepared by using a mechanical process. 

HRTEM and HAADF STEM images have been obtained by using a FEI Tecnai F20 

field emission gun microscope with a 0.19 nm point-to-point resolution at 200 kV 

equipped with an embedded Quantum Gatan Image Filter for EELS analyses. Images 

have been analysed by means of Gatan Digital Micrograph software. Atomic supercell 

modelling was performed by the Eje-Z, Rhodius and JMOL software packages with 

the corresponding crystal phase parameters for each species obtained from the 

Inorganic Crystal Structure Database (ICSD), [33] which were verified by HRTEM 

and STEM-EELS spectrum imaging (SI). 
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4.2.4 Photo-electrochemical Measurements 

Photocurrent (j, mA cm-2) vs. potential (E, V) curves were taken using an undivided 

three-electrode cell. The working, counter and reference electrodes were the 

composite hematite nanowires (1 cm2 geometric area), a Pt wire and a Ag/AgCl (3 M 

KCl) electrode (Metrohm, E=0.203 vs. NHE), respectively. The electrolyte was a 1 M 

NaOH solution (pH=13.6). The electrolyte was purged with N2 during the 

experiments. CV was taken using a computer-controlled potentiostat (VMP3, 

BioLogic Science Instruments). Potential was scanned from -0.45 V vs. Ag/AgCl to 

0.85 V vs. Ag/AgCl, with a scan rate of 20 mV s-1. The photocurrent density is 

referred to the geometric area. All potentials were corrected at 80% for the ohmic 

drop, which was determined using the automatic current interrupt (CI) method 

implemented by the potentiostat, [15] and are converted and reported with respect to 

the reversible hydrogen electrode (RHE): E (V vs. RHE) = E (V vs. Ag/AgCl) + 

0.0592×pH + 0.203. Light illumination was performed using a 150 W AM 1.5G solar 

simulator (Solar Light Co., 16S-300-002 v 4.0) with an incident light intensity set at 1 

Sun (100 mW cm-2), as measured using a thermopile (Gentec-EO, XLPF12-3S- 

H2-DO) coupled with an optical power meter (Gentec-EO UNO). In the PEC 

characterization, the light came from the front side (electrode-electrolyte interface, 

front side illumination). PEIS data were acquired with an alternate current (AC) 

perturbation of 5 mV in amplitude and a 100 mHz to 1 MHz frequency range, both in 

the dark and under illumination, and under selected direct current (DC) potentiostatic 

conditions (-0.45 to 0.85 V vs. Ag/AgCl). Nyquist plots (imaginary vs. real 

components of impedance, ZIm vs. ZRe) were fitted to the corresponding equivalent 

circuits using the Z-fit software package (BioLogic Associates). Fitted capacitances 

and resistances are referred to the electrode geometric area (1 cm × 1cm). Error bars 

stem from the goodness of the EIS data fittings. 

4.2.5 Incident Photon to Current Efficiency (IPCE) 

IPCE were characterized using a xenon light source (Abet 150 W Xenon Lamp) 

coupled with a monochromator (Oriel Cornerstone 260 1/4 m monochromator). 
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The wavelength was scanned from 350 to 800 nm (step: 10 nm step-1) keeping 

the voltage fixed at 1.23 V vs. RHE. To calculate IPCE, the following relation 

was used: 

IPCE (%) = (1240/λ) × (I/Jlight) × 100                               (5) 

Where I is the photocurrent density (mA cm-2) obtained using a potentiostat 

(mentioned earlier) recording the i-t curve at 1.23 V vs. RHE, λ is the incident 

light wavelength (nm) from monochromatic, and Jlight (mW cm-2) is the power 

density of monochromatic light at a specific wavelength. A source meter 

(Keithley Instruments Inc., model no. 2400) coupled with the standard Silicon 

Photodiode (Thorlabs, S120VC) was used to measure the power density of 

monochromatic light. 

4.3 Result and Discussion 

4.3.1 Structure of the Pristine Hematite Electrode 
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Figure 4.1 Top row: SEM images of FeOOH nanowires on FTO substrate. Bottom row: SEM images 

of FeOOH nanowires on FTO substrate after sintering at 550 ℃ for 2h. 

As shown in Figure 4.1, a uniform layer of iron oxyhydroxide (FeOOH) nanowires 

was formed on the FTO substrate. The FeOOH-coated substrate was then washed with 

deionized water to remove any residual salt, and subsequently sintered in air at 550 °C 

(heating rate: 8.5 °C min-1) for 2 hours. During this pre-sintering process, the FeOOH 

nanowires were converted into hematite nanowires without deterioration of the 

nanowire structure, as shown in the bottom of Figure 4.1. Further modifications or 

treatments, such as post-sintering and ALD TiO2 deposition, are based on this sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Top row: Low magnification TEM images of a nanowire from the Fe2O3 electrode. Left: 

low magnification TEM micrograph showing the nanowire morphology of the Fe2O3 electrode; Right: 
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several TEM images showing the detailed structure of the Fe2O3 nanowire. Bottom rows: EELS 

chemical composition maps obtained from the red rectangled area of the ADF-STEM micrograph of a 

nanowire extracted from the Fe2O3 electrode. Individual Fe (red), O (green), Sn (blue) maps and their 

composites. (The inset of the ADF-STEM micrograph shows the 3D atomic model for a Fe2O3 

electrode nanowire). 

As displayed in top rows of Figure 4.2, the low magnification TEM images from the 

Fe2O3 electrode indicate that the nanowires structure is prevalent in the Fe2O3 

electrode. Moreover, the STEM-EELS mapping of Fe2O3 electrode in the bottom rows 

of Figure 4.2 reveals that Sn diffuses from the FTO substrate into the hematite 

nanowires matrix. 

4.3.2 Optimization of the ITO Thickness in the ITO/Fe2O3 Electrodes 
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Figure 4.3 SEM images of the pristine FTO substrate, ITO-105 nm, ITO-245 nm electrodes. 

With the ITO sputtering time increase, the ITO layer presents the formation of an 

increasing density of tiny crystalline nanoparticles supported onto the big nano-grains 

of the FTO substrate, as shown in Figure 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Top rows: SEM images of the pristine ITO-105 nm-Fe2O3 and ITO-245 nm-Fe2O3 

electrodes. Bottom rows: Left: CV curves of the ITO/Fe2O3 electrodes with different ITO thickness 

sintering on 750 °C for 30min under illumination; Right: the photocurrent density at 1.23 V vs. RHE 

related to the ITO thickness (the error bar stemmed from the standard deviation of statistic data 

collected at least on three repeated electrodes). 

As displayed in Figure 4.4, with the increment of ITO deposition thickness from 0 
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nm to 105 nm, the photocurrent at 1.23 V vs. RHE gradually increases to 1.05 mA 

cm-2. In stark contrast, the corresponding photocurrent at 1.23 V vs. RHE decreases 

intensively upon further extending ITO deposition thickness to 245 nm. This intensive 

reduction of photocurrent might be attributed to the deteriorated nanowire structure of 

hematite because of the exorbitantly doped Sn from the thick ITO matrix, which is 

evidenced by the randomly inclined hematite nanowires of ITO-245nm-Fe2O3 

electrode as shown in the top rows of Figure 4.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 HRTEM, power spectrum (FFT) and frequency filtered HRTEM images obtained on a 

nanowire extracted from the optimized ITO/Fe2O3 electrode. Top rows: left: low magnification TEM 

micrograph showing the morphology of a small Fe2O3 nanowire directly grown onto the ITO matrix; 
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Right: detailed crystal structure of different regions on the small nanowire. Bottom rows: left column: 

power spectrum of the red squared area indicating its single crystal structure corresponding to trigonal 

Fe2O3, [R3-CH]-Space group 167, also known as hematite, with lattice parameters of a = b = 0.50342 

nm, c = 1.37483 nm, and α = β = 90° and γ = 120° as visualized along the [42-1] direction; and the 

frequency filtered HRTEM image of the red squared area. Middle column: HRTEM and temperature 

colored HRTEM of the blue squared area showing the ordered structure of hematite. Right column: 

HRTEM of the green squared area and the corresponding power spectrum indicating that the species 

can be assigned to Trigonal In2O3, [R3-CH]-space group 167, with lattice parameters of a = b = 0.5438 

nm, c = 1.4474 nm, and α = β = 90° and γ =120° as visualized along [42-1] direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 HRTEM, power spectrum and frequency filtered HRTEM images corresponding to the 

nanowire-like structures extracted from the optimized ITO/Fe2O3 electrode. Top rows: left: low 

magnification TEM micrograph showing the distribution of several nanowires; Right: the magnified 

TEM images of these nanowires. Middle rows: left: HRTEM obtained on the red squared area; Middle: 
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detailed structure obtained on the blue squared area and its corresponding power spectrum indicating 

its hematite single crystal structure as visualized along the [110] direction; Right: frequency filtered 

HRTEM image of the green squared area. Bottom rows: left: HRTEM micrograph corresponding to the 

orange squared area; Middle: detail of the structure in the yellow squared area and the corresponding 

power spectrum indicating its hematite single crystal structure as visualized along the [110] direction; 

Right: atomic frequency filtered HRTEM image of the purple squared area.  

From Figures 4.5 and 4.6, we observe that the bulk matrix crystallizes in the trigonal 

In2O3 phase, while the small Fe2O3 nanowires are directly grown on top of it. It is 

noteworthy that the Fe2O3 nanowires grown with an ITO underlayer present a single 

crystal hematite phase, as confirmed by the power spectra obtained on the HRTEM 

images displayed in Figures 4.5 and 4.6. The improved crystal quality of the Fe2O3 

nanowires may be derived from the epitaxial relationship between the Fe2O3 and 

In2O3 phases since they belong to the same Space group-167 [R3-CH] and crystal 

constants with mismatches of about 7.4 % and 5.0% for a and c lattice parameters, 

respectively. Besides, Figure 4.6 indicates that even the nanowire structure shows a 

slightly curved-shape, the nanowires crystal orientation does not vary at different 

regions. Furthermore, the STEM-EELS SI (Figure 4.7) was employed to identify the 

spatial distribution of ITO and Fe2O3 species in the ITO/Fe2O3 electrode, which is 

consistent with the results obtained via HRTEM. 
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Figure 4.7 EELS chemical composition maps obtained from the red rectangled area on the ADF-STEM 

micrograph in the nanowire-like structure extracted from the optimized ITO/Fe2O3 electrode. 

Individual Fe (red), O (green), Sn (blue) and In (purple) maps and their composites. (The inset of the 

ADF-STEM micrograph shows the 3D atomic model for the ITO/Fe2O3 electrode nanowire-like 

structure). 

4.3.3 The Optimization of the Sintering Conditions and ALD TiO2 

Thickness of ITO/Fe2O3/Fe2TiO5 Electrodes 

 

 

 

 

 

Figure 4.8 Left: CV curves of the ITO/Fe2O3/Fe2TiO5-30 cycles electrodes with different sintering time 

on 750 °C under illumination; Right: the photocurrent density at 1.23 V vs. RHE related to the sintering 

time (the error bar stemmed from the standard deviation of statistic data collected at least on three 

repeated electrodes). 

 

 

 

 

 

 

Figure 4.9 SEM images of the ITO/Fe2O3/Fe2TiO5-30 cycles electrodes with different sintering time at 

750 ℃, e.g. 10 min, 30 min, 40 min and 80 min. 

To reduce the surface defects, enhance the Sn doping and retain the nanostructure 

texturing of hematite nanowires at the same time, an optimization of the sintering time 
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for the ITO/Fe2O3/Fe2TiO5-30 cycles electrode has been performed, as shown in 

Figures 4.8 and 4.9. Figure 4.9 reveals how the sintering time substantially affects 

the morphology of the Fe2O3/Fe2TiO5 nanowires. When the sintering time exceeds 30 

min at 750 ℃, the Fe2O3/Fe2TiO5 nanowires initiate the deformation and finally 

evolve into a film-like structure, which somehow reduce the surface area exposure to 

the electrolyte. The monitoring of the PEC performance in Figure 4.8 indicates that 

the highest photocurrent response of the ITO/Fe2O3/Fe2TiO5-30 cycles electrode can 

be obtained with a 30 min sintering process at 750 ℃. 

 

 

 

 

 

Figure 4.10 Left: CV curves of the ITO/Fe2O3/Fe2TiO5 electrodes with different ALD TiO2 cycles 

(thickness) sintering at 750 ℃ for 30 min under illumination; Right: the photocurrent density at 1.23 V 

vs. RHE related to the ALD TiO2 cycles (the error bar stemmed from the standard deviation of statistic 

data collected at least on three repeated electrodes). 

 

 

 

 

 

 

 

 

Figure 4.11 SEM images of the ITO/Fe2O3/Fe2TiO5 electrodes with different ALD cycles (TiO2 
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thickness), e.g. 15 cycles, 30 cycles, 50 cycles, 100 cycles and 150 cycles. 

Figure 4.10 and 4.11 correlate the photocurrent response of the ITO/Fe2O3/Fe2TiO5 

electrodes with the ALD TiO2 deposition cycles. Figure 4.10 shows that the 

photocurrent of the ITO/Fe2O3/Fe2TiO5 electrodes varies with the increment of the 

ALD TiO2 deposition cycles. At 30 ALD TiO2 deposition cycles, the 

ITO/Fe2O3/Fe2TiO5 electrode possesses the highest photocurrent, with a value of 1.56 

mA cm-2, indicating a suitable coating of the Fe2TiO5 onto the ITO/Fe2O3 electrode, 

without residual TiO2 on the surface of the ITO/Fe2O3/Fe2TiO5 electrode and the 

formation of a deleterious heterojunction like the Fe2O3/Fe2TiO5/TiO2, as confirmed 

by the HRTEM and STEM-EELS SI results in Figures 4.12 and 4.13. 

 

 

 

 

 

Figure 4.12 HRTEM and RGB colored frequency filtered HRTEM images (structural mapping) of the 

optimized ITO/Fe2O3/Fe2TiO5 electrode. left: low magnification TEM image showing a Fe2O3/Fe2TiO5 

composite nanowire directly grown on the ITO matrix; Middle: detail of the structure at the red squared 

area; Right: corresponding power spectrum indicating that it is composed of hematite and 

pseudobrookite visualized along [42-1] and [001] directions, respectively; RGB colored structural 

maps of hematite, pseudobrookite and their composites, indicating the homogenous coating of 

pseudobrookite on the surface of the hematite nanowires. 

 

 

 
 
 

Figure 4.13 EELS chemical composition maps obtained from the red rectangled area in the 
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ADF-STEM micrograph in the nanowire-like structure extracted from the optimized 

ITO/Fe2O3/Fe2TiO5 electrode. Individual Fe (red), O (green), Sn (blue), In (purple) and Ti (indigo) 

maps and their composites. (The inset in the ADF-STEM micrograph shows the 3D atomic model for 

ITO/Fe2O3/Fe2TiO5 electrode nanowire-like structure). 

4.3.4 Optimization of the FeNiOOH Deposition Charge in the ITO/Fe2O3/ 

Fe2TiO5/FeNiOOH Electrodes 

 

 

 

 

 

 

 

 
 

Figure 4.14 SEM images of the ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes with different FeNiOOH 

deposition charge, e.g. 0 mC, 5mC, 10 mC, 15 mC and 20 mC. 

 

 

 
 
 
 
 
 

Figure 4.15 Left: CV curves of the ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes with different FeNiOOH 

deposition charge under illumination; Right: the photocurrent density at 1.23 V vs. RHE related to the 

FeNiOOH deposition charge (the error bar stemmed from the standard deviation of statistic data 

collected at least on three repeated electrodes). 
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Figure 4.16 Several TEM images showing the distribution of the FeNiOOH nanodots on the surface of 

the Fe2O3/Fe2TiO5 composite nanowires in the optimized ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode. 

It is well established that the OER activity of the FeNiOOH can be adjusted according 

to the OEC film thickness. In our case, the electrodeposition charges of FeNiOOH 

onto the ITO/Fe2O3/Fe2TiO5 electrodes have been optimized, as displayed in Figures 

4.14 and 4.15. With 10 mC decorations of FeNiOOH nanodots, the photocurrent of 

the ITO/Fe2O3/Fe2TiO5 electrode can be further enhanced to 2.2 mA cm-2. It reveals 

that coupling the FeNiOOH on the ITO/Fe2O3/Fe2TiO5 electrode effectively 

suppresses the electron-hole pair recombination and accelerates the reaction kinetics 

at the SEI. The HRTEM and STEM-EELS SI maps in Figures 4.16 and 4.17 further 

demonstrated that the FeNiOOH species are successfully deposited onto the 

nanowires surface, presenting a nanodot-like structure. 
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Figure 4.17 EELS chemical composition maps obtained from the red rectangled area in the 

ADF-STEM micrograph in the nanowire-like structure extracted from the optimized 

ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode. Individual Fe (red), O (green), Sn (blue), Ti (indigo) and Ni 

(yellow) maps and their composites. (The inset of the ADF-STEM micrograph shows the 3D atomic 

model for the ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode composite nanowire-like structure). 

4.3.5 Optimization of the Sintering Conditions in the Fe2O3/Fe2TiO5 

Electrodes 

 

 
 
 
 
 
 

 

Figure 4.18 SEM images of the Fe2O3/Fe2TiO5-30 cycles electrodes with different sintering time at 

750 ℃, e.g. 10 min, 30min, 1 h and 2 h. 

 

 

 

 
 
 
 
 

Figure 4.19 Left: CV curves of the Fe2O3/Fe2TiO5-30 cycles electrodes with different sintering 

conditions under illumination; Right: photocurrent density at 1.23 V vs. RHE related to the sintering 

conditions (the error bar stemmed from the standard deviation of statistic data collected at least on 

three repeated electrodes). 

As a proof of the necessity of an ITO underlayer between FTO substrate and Fe2O3/ 
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Fe2TiO5 nanowires, a Fe2O3/Fe2TiO5-30 cycles electrode was also fabricated and the 

sintering condition optimized, as presented in Figures 4.18 and 4.19. According to 

Figure 4.19, the optimization sintering condition for the Fe2O3/Fe2TiO5-30 cycles 

electrode is 750 ℃ for 30 min, while the corresponding photocurrent is 0.81 mA cm-2, 

which is much lower than the 1.56 mA cm-2 obtained for the ITO/Fe2O3/Fe2TiO5-30 

cycles electrode. This latest result further confirms the beneficial function of the ITO 

underlayer. 

4.3.6 Systematically Structural, PEC Performance Comparison of Optimized 

Fe2O3, ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5 and ITO/Fe2O3/Fe2TiO5/FeNiOOH 

Electrodes 

Based on the wealth of reported band gap information for In2O3, hematite, Fe2TiO5 

and FeNiOOH, [10, 34] a type II band alignment composed of multiple 

ITO/Fe2O3/Fe2TiO5/FeNiOOH interfaces can be constructed via gradual incorporation 

of ITO, Fe2TiO5 and FeNiOOH layers in hematite nanowires. [27, 35] As illustrated in 

Schematic 4.1, upon light illumination, the pristine Fe2O3 electrode suffers from a 

large recombination rate that yields a low photo-current, as holes are sluggishly 

transferred to water. For ITO/Fe2O3 electrode, since both In2O3 and hematite are 

n-type semiconductors with different work functions, a heterojunction with a potential 

barrier will form at their interface. In2O3 (main ingredient of ITO) has a lower work 

function compared to hematite, thus the electrons in the Fermi level (Ef) of In2O3 will 

migrate to Ef of Fe2O3 until their Ef equalized. [34] At the equilibrium state, an 

electron depletion layer (marked as double layer charge between hematite and In2O3) 

will be generated at the heterojunction interface and thus a built-in electron field will 

be formed, which will accelerate the separation of photo-generated charge carriers and 

reduce the recombination rate and thus result in enhanced photocurrent. [27, 36] Since 

Fe2TiO5 and hematite’s relative conduction band (CB) and valence band (VB) edge 

positions enable a cascade of charge migration, holes are transferred from Fe2O3 to 

Fe2TiO5 and conversely electrons are transferred from Fe2TiO5 to Fe2O3 in a conveyor 

belt fashion. [10] 
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Upon coating of ultrathin Fe2TiO5 onto ITO/Fe2O3 nanowires, the hematite nanowires 

can accommodate the ultrathin pseudobrookite phase shell at the surface, forming the 

advantageous Fe2O3/Fe2TiO5 heterojunction. The heterojunctions in the ITO/Fe2O3/ 

Fe2TiO5 electrode reduce the grain boundary recombination by preventing charge 

accumulation in the nanowires and at the interfaces, thus it is expected to further 

enhance the photocurrent response. Finally, there is consensus that, coupling 

FeNiOOH on photoanodes effectively suppresses the charge recombination and 

accelerates reaction kinetics at the SEI. [37-43] The deposition of FeNiOOH onto the 

ITO/Fe2O3/Fe2TiO5 nanowires should further increase the surface work function, 

resulting in a remarkable enhancement of the barrier height and built-in electric field 

for the migration of photogenerated holes to the electrode surface. [37-39] With this in 

mind, an ITO/Fe2O3/Fe2TiO5/FeNiOOH heterojunction nanowire was designed and 

fabricated via a combination of sputtering, hydrothermal, ALD and photo- 

electrochemical deposition techniques, as displayed in Schematic 4.2. 

 

 

 

 

 

 

 

 

Schematic 4.1 Top: Thermodynamic scheme for the charge transfer processes at 1.23 V vs. RHE of 

SEI under illumination for Fe2O3, ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH 

electrodes. The black arrows indicate the bandgap of In2O3 (ITO matrix), hematite and Fe2TiO5. The 

dark blue arrow refers to the hole transfer process at the heterojunction interfaces. The purple arrow 

refers to the electron transfer process present at the heterojunction interfaces. For simplicity, interfacial 
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charge transfer is considered to occur through the EV and/or EC states directly, without the intervention 

of interfacial SS. In all photoanodes, 4 electron-hole couples per visible active semiconductor are 

depicted. In2O3 (main ingredient of ITO matrix): green; Fe2O3: red; Fe2TiO5: indigo; FeNiOOH: yellow. 

Bottom: the atomic supercell models illustrate the interfaces existing at In2O3 (ITO matrix), hematite, 

Fe2TiO5 and FeNiOOH species in the integrated electrodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 High resolution XPS spectra of Fe 2p, Ti 2p, Ni 2p, O 1s, In 3d and Sn 3d from the Fe2O3, 

ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes. 

The surface electronic states and composition of each electrode were analysed by XPS 

and all binding energies were corrected for samples charging effect regarding the C 1s 
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line at 284.6 eV. Figure 4.20 presents the Sn 3d, O 1s, Fe 2p, In 3d, Ti 2p and Ni 2p 

core level XPS scans at higher resolution over smaller energy windows. The Fe 2p1/2 

and 2p3/2 peaks at the binding energies of 710.39 eV and 724.00 eV confirm the 

presence of Fe in these four electrodes. Additionally, two satellite peaks of the Fe 2p 

main line are at approximately 8.1-8.5 eV lower energy than the main line, indicating 

the presence of Fe3+ species. [10, 44] A positive shift of the Fe peaks after the 

sputtering of ITO under layer reflects a decrease in the electron density of the Fe2O3 

due to electron transfer from Fe2O3 to ITO layer. Conversely, a negative shift of the Fe 

peak is detected after the deposition of Fe2TiO5 and FeNiOOH layers. These shifts can 

be ascribed to the surface binding interaction between ITO, Fe2O3, Fe2TiO5 and 

FeNiOOH, which induces an electron transfer in the integrated photoanode following 

the order: FeNiOOH → Fe2TiO5 → Fe2O3→ITO as depicted in Schematic 4.1. [45] 

The Sn 3d3/2 and Sn 3d5/2 peaks at 494.80 eV and 486.26 eV with splitting energy of 

8.54 eV are consistent with reported values of Sn4+. [34, 46] Furthermore, the In 2p1/2 

and 2p3/2 core level XPS spectrum has two weak, broad peaks around 451.60 and 

444.76 eV, in good agreement with In2O3. [34] Comparing with the strong intensity of 

Sn 3d peaks, the relative weak intensity of In 2p peaks means that the formation of 

In3+ ions is closer to the substrate, indicating that Sn doping dominates the Fe2O3 

nanowires rather than In doping. The Ti 2p1/2 and 2p3/2 peaks at 463.26 and 457.27 eV 

reveal the successful coating of Fe2TiO5 for ITO/Fe2O3/Fe2TiO5 and 

ITO/Fe2O3/Fe2TiO5/ FeNiOOH electrodes. [10] Coinciding with the observed shift of 

the Fe 2p peaks, after the FeNiOOH deposition, the Ti peaks shift to a negative 

binding energy direction, again imply electron transfers from the FeNiOOH to the 

Fe2TiO5 layer. Moreover, the presence of Ni in FeNiOOH was also investigated. The 

weak Ni 2p1/2 and 2p3/2 core level XPS peaks located at 872.60 eV and 854.86 eV and 

their associated satellite peaks at 862.14 eV and 879.40 eV are observed in the 

ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode, confirming the presence of FeNiOOH. [45] 

The O 1s XPS spectrum of ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode is composed by 

three peaks. The low binding energy at 529.41 eV and the higher binding energy 
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component at 531.05 eV are attributed to the coordination of oxygen bounded to iron 

atoms from the Fe2O3 moiety and surface absorbed OH groups, respectively. [47] The 

shift behaviour of these two O 1s peaks of Fe2O3 is in accordance with shifts observed 

for the Fe 2p and Ti 2p peaks. Whereas, the 531.00 eV O1s peak can be assigned to 

the OOH bonding likely to the FeNiOOH species. [45] The consistent shifts in the 

binding energy observed in the XPS data for these electrodes indicate charge transfer 

processes that benefit electron-hole separation, further supporting the 

well-constructed multiple ITO/hematite/Fe2TiO5/ FeNiOOH heterojunction with type 

II band alignment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 Top: Schematic 4.2. Atomic supercell model illustration of the synthetic procedure for 
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ITO/Fe2O3/Fe2TiO5/FeNiOOH integrated photoanodes. Bottom: SEM images (top view) of Fe2O3 (A, 

B), ITO/Fe2O3 (C, D), ITO/Fe2O3/Fe2TiO5 (E, F), and ITO/Fe2O3/Fe2TiO5/FeNiOOH (G, H) electrodes. 

The morphology and crystal phase evolution of these electrodes were monitored by 

SEM, EDS, XRD, TEM and STEM-EELS maps. Vertically aligned Fe2O3 nanowires 

were grown on a FTO or 105 nm ITO coated FTO substrate via a previously reported 

hydrothermal method. [48] The Fe2O3 nanowires have a diameter range from 50 to 

100 nm (Figures 4.21A-D). Subsequently, an ultrathin TiO2 layer was coated onto the 

ITO/Fe2O3 nanowires by ALD (30 cycles). The surface TiO2 was subsequently 

transformed into Fe2TiO5 through a post-quenching process in atmosphere at 750 ℃ 

for 30 min. As displayed in Figures 4.21E and F, the Fe2TiO5 coating onto ITO/Fe2O3 

is homogeneous with no change in the nanowires configuration. Interestingly, the 

ITO/Fe2O3/Fe2TiO5 nanowires appear to be straighter than the ITO/Fe2O3 nanowires, 

this is likely due to the confinement effect from the ultrathin Fe2TiO5 layer (This 

phenomenon is similar to the function of SiO2 in the fabrication of mesoporous Fe2O3 

reported by K. Sivula et al). [49] When 10 mC FeNiOOH were further photo- 

electrodeposited onto the ITO/Fe2O3/Fe2TiO5 nanowires, no visible nanostructure 

could be observed on the nanowires surface (Figures 4.21G and H), indicating its 

ultrathin configuration. The crystal phase and elemental information were 

characterized by EDS (Figure 4.22) and XRD (Figure 4.23), confirming the presence 

of In2O3, hematite, pseudobrookite and FeNiOOH in the corresponding electrodes. 
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Figure 4.22 EDS obtained on the Fe2O3 (A), ITO/Fe2O3 (B), ITO/Fe2O3/Fe2TiO5 (C), and 

ITO/Fe2O3/Fe2TiO5/FeNiOOH (D) electrodes. 

Characteristic XRD peaks of Fe2O3 (JCPDS no. 33-0664) and SnO2 (JCPDS no. 

41-1445, mainly derived from FTO substrate) can be observed in the four electrodes 

shown in Figure 4.23A. The XRD pattern of the ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and 

ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes exhibit the diffraction peaks assigned to 

In2O3 (JCPDS no. 22-0336) from the initial sputtered ITO underlayer. The diffraction 

peaks related to the pseudobrookite (Fe2TiO5, JCPDS no. 41-1432) phase of 

ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes are very weak, 

which is attributed to the Fe2TiO5 ultrathin coating shell (30 ALD cycles, estimated ca. 

0.81 nm). Besides, there is a weak broad peak located at 11°, which can be assigned to 

the FeNiOOH, indicating its poor crystalline structure.  

 

 

 

 

 

 

Figure 4.23 (A): Grazing incidence XRD patterns of the Fe2O3, ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and 

ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes. (B): Absorptance of the Fe2O3, ITO/Fe2O3, ITO/Fe2O3 

/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes; this plot was obtained from transmittance 

(T, %) and total reflectance (R, %) measurements on these electrodes by UV-Vis spectrum. 

UV-vis absorptance spectra are obtained to account for the photo-activity of the Fe2O3, 

ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes, as 

shown in Figure 4.23B. All photoanodes exhibit an overall high absorption in the 

visible region (wavelength＜580 nm) with a relative steep absorption edge at 

approximately 580 nm.  
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Figure 4.24. 1*1*1 unit crystal model of hematite, In2O3, Fe2TiO5 and FeNiOOH based on the crystal 

data in ICSD for the identification of the crystal phase. 

To identify each crystal phases via HRTEM and probe the spatial distribution of these 

components in the integrated electrodes, we created crystal models based on the 

single crystal data in the Inorganic Crystal Structure Database (ICSD), as displayed in 

Figure 4.24. With these crystal models, the diffraction patterns visualized from 

different zone axis of each phase can be simulated. The simulated diffraction pattern 

is compared with the power spectrum (FFT) obtained on the atomic resolution 

HRTEM experimental images for the identification of the crystal phases in the 

composite electrodes.  

Figure 4.2 shows low magnification TEM images of the Fe2O3 electrode with 

nanowire-like morphology, while its HRTEM and detailed atomic structure are 

displayed in Figure 4.25 A. The corresponding temperature coloured power spectrum 

(Figure 4.25 A right) indicates that the structure corresponds to the trigonal Fe2O3, 

[R3-CH]-Space group 167, also known as hematite, with lattice parameters of a = b = 

0.50342 nm, c = 1.37483 nm, and α = β = 90° and γ = 120° as visualized along the 

[21-2] direction. The HRTEM and atomic structure detail of the ITO/Fe2O3 electrode 

in Figure 4. 25B demonstrate that the modification of FTO substrate with 105 nm 

ITO underlayer does not alter the crystal phase of the Fe2O3 nanowires. The 

temperature coloured power spectrum (right of Figure 4.25 B) obtained on the 

ITO/Fe2O3 electrodes indicates that the nanowires retain their single crystal hematite 

nature as visualized along the [110] direction. This is further supported by Figures 4.5 

and 4.6.  

Hematite In2O3 Fe2TiO
5 

FeNiOO
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Figure 4.25. HRTEM, power spectrum and RGB coloured phase (frequency) filtered structural images 

of the Fe2O3 (A), ITO/Fe2O3 (B), ITO/Fe2O3/Fe2TiO5 (C) and ITO/Fe2O3/Fe2TiO5/FeNiOOH (D) 
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electrodes.  

Figure 4.25 C (left) shows a HRTEM image of the edge region of a single 

ITO/Fe2O3/Fe2TiO5 nanowire extracted from the ITO/Fe2O3/Fe2TiO5 electrode 

nanowire array. The corresponding power spectrum (Figure 4.25 C right) shows that 

the nanowire is composed of a hematite core (Fe2O3) and a Fe2TiO5 shell 

([BBMM]-Space group 63, with lattice parameters of a= 0.9793 nm, b= 0.9979 nm, 

c= 0.3732 nm, and α= β= γ=90°), as visualized along the [42-1] and [001] directions, 

respectively. RGB coloured phase filtered images corresponding to the selected area 

of ITO/Fe2O3/Fe2TiO5 electrode in Figure 4.25 C are exhibited on the right. Figures 

4.12 and 4.13 clearly confirm the homogenous coating of the Fe2TiO5 layer on the 

surface of the Fe2O3 nanowires. Moreover, the atomic density profile in the inset of 

the left HRTEM image in Figure 4.25 C, reveals that the thickness of the Fe2TiO5 

shell is 0.78 ± 0.02 nm thick, in agreement with the estimated 0.81 nm from the ALD 

process. Figure 4.25 D displays a HRTEM image (left) of the electrode after the 

deposition of FeNiOOH to form the quaternary ITO/Fe2O3/Fe2TiO5/FeNiOOH 

structure. The presence of hematite and pseudobrookite phases was identified by their 

power spectrum (Figure 4.25 D middle). It is noteworthy that the crystal diffraction 

spots of FeNiOOH, while visible, are weak showing few crystallites (low 

magnification TEM images are displayed in Figure 4.16), consistent with the XRD 

results indicating that it is primarily amorphous.[45, 50-53] Moreover, the 

corresponding RGB phase filtered image (Figure 4.25 D right) illustrates the 

localized presence of hematite (nanowire core), pseudobrookite (shell) and FeNiOOH 

nanodot (surface crystallite in blue, showing a 0.256 nm plane distance corresponding 

to its (021) plane). [53-56] 

The chemical composition of the interfaces in the ITO/Fe2O3/Fe2TiO5/FeNiOOH 

electrodes, were investigated by EELS SI using the K edge for O, M edges for In and 

Sn, and the L edges for Fe, Ti and Ni. The STEM-EELS composition maps of Fe2O3 

(Figure 4.2), ITO/Fe2O3 (Figure 4.7) and ITO/Fe2O3/Fe2TiO5 (Figure 4.13) electrodes 

are included in the aforementioned composite electrode optimization part. 
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Figure 4.26 EELS chemical composition maps obtained from the green rectangled area on the 

ADF-STEM micrograph selected on one of the nanowires extracted from the ITO/Fe2O3/Fe2TiO5/ 

FeNiOOH electrode sample. Individual Fe (red), O (green), Sn (blue), In (purple), Ti (indigo) and Ni 

(yellow) maps and their RGB composite. 

As displayed in the STEM image of Figure 4.26, the Fe2O3/Fe2TiO5/FeNiOOH 

composite nanowire (green squared region) is grown directly onto the ITO matrix 

(brighter bottom region). The individual Fe, Sn and Fe+Sn RGB composite EELS 

maps in Figure 4.26 show that the Sn from ITO matrix diffuses into the hematite 

nanowires, revealing an intensive Sn doping throughout the ITO/Fe2O3/Fe2TiO5/ 

FeNiOOH electrode as compared to weak Sn signal detected in the nanowires 

corresponding to the Fe2O3 electrode (Figure 4.2). By contrast, In, in the form of 

In2O3, is only present in the bottom region of the electrode corresponding to the ITO 

under layer, as supported by the individual In and O EELS mappings shown in Figure 

4.26 and the HRTEM results in Figure 4.5. Together with the STEM-EELS maps 

obtained in the ITO/Fe2O3 electrode (Figure 4.7) and the ITO/ Fe2O3/Fe2TiO5 

In+Fe+Ti In+Fe+Ti+ 

Ni 

Sn Fe O ADF 

Fe+Sn Fe+Ti 

Ti 

Ni In+Fe 

In STEM 
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electrode (Figure 4.13), these data demonstrate that there is almost no In doping into 

the Fe2O3 nanowires upon the sputtering of the ITO underlayer, which is consistent 

with the XPS result. The Fe, Ti and Fe+Ti RGB composite EELS elemental maps 

obtained on the ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode (Figure 4.26) show a 

complete coverage of the ultrathin Fe2TiO5 shell over the Fe2O3 nanowires. The 

individual Fe, Ni and O EELS elemental maps illustrate the presence of 

discontinuously distributed FeNiOOH species decorating the nanowires surface, in 

good agreement with the nanodot-like FeNiOOH structure observed in Figures 4.25 

D, 4.16 and 4.17. RGB composite EELS elemental maps of In+Fe, In+Fe+Ti and 

In+Fe+Ti+Ni together illustrate the successful construction of the quaternary 

ITO/Fe2O3/Fe2TiO5/FeNiOOH heterojunction nanowires via the step-wise 

nanoengineered incorporation of ITO, Fe2O3, Fe2TiO5 and FeNiOOH. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27 (A) Cyclic voltammetry (the inset shows its magnified plot), (B) chopped light 

photocurrent-potential curves, (C) IPCE and (D) photoelectrochemical stability test operated at 1.23 V 

vs RHE for the Fe2O3, ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes. 
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All polarization potentials reported here are relative to the reversible hydrogen electrode (RHE), and 

current densities are per geometric area. 

The optimum conditions for the integration of ITO/Fe2O3/Fe2TiO5/FeNiOOH 

electrodes and the different synthesis parameters (including ITO thickness, TiO2 

cycles, post-quench sintering conditions and FeNiOOH deposition charge) were 

examined in sections 4.3.1-4.3.4. For comparison, the PEC performance measured for 

the optimized four representative photoanodes is displayed in Figure 4.27. CVs of 

pristine Fe2O3 nanowires (Figure 4.27 A) show a relatively low photo-response over 

the whole potential window with a photocurrent density of 0.205 mA cm-2 at 1.23 V 

vs RHE, thermodynamic potential for OER. Upon introduction of the ITO underlayer, 

the photocurrent density increases to 1.05 mA cm-2 at 1.23V vs RHE. The onset 

potential of ITO/Fe2O3 still remains at 0.85 V, which is the same as that of the pristine 

Fe2O3 electrode. Besides, the CV curve of Fe2O3 and ITO/Fe2O3 electrodes at high 

potential region (over 1.7 V) exhibits the same trend, indicating the presence of 

similar Fe2O3|electrolyte interface. [15] In contrast, the ITO/Fe2O3/Fe2TiO5 electrode 

exhibits an anodic shift in the onset potential to 1.0 V vs RHE, along with an increase 

in the photocurrent density to 1.56 mA cm-2 at 1.23 V vs RHE. The positive shift in 

the onset potential upon coating Fe2TiO5 onto the hematite nanowires is consistent 

with the results reported by J. Zhong et al. [54] While, the CV curve of 

ITO/Fe2O3/Fe2TiO5 electrodes at high potential region (over 1.7 V) is somehow 

suppressed compared with that of Fe2O3 and ITO/Fe2O3 electrodes, illustrating its SEI 

variation. Despite some improvement, the PEC performance for the ITO/Fe2O3/ 

Fe2TiO5 nanowires remains unsatisfactory, likely caused by the slow water oxidation 

kinetics. [55] Thus, an optimized OEC, 10 mC FeNiOOH was deposited on the 

surface of the ITO/Fe2O3/Fe2TiO5 nanowires. In the case of ITO/Fe2O3/Fe2TiO5 

/FeNiOOH electrode, a cathodic shift in onset potential for OER to 0.95 V is observed 

relative to the ITO/Fe2O3/Fe2TiO5 electrode. Its photocurrent density of 2.2 mA cm-2 

at 1.23 V vs. RHE represents the highest value among these four photoanodes. The 

tremendous increment of the photocurrent at high potential region (over 1.6 V, 
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dominated by the dark current response from OEC) implies the successfully 

combination of the merits of the photocatalytic activity of ITO/Fe2O3/Fe2TiO5 and the 

electrocatalytic activity of FeNiOOH. [15] Besides, there is a photocurrent plateau for 

all electrodes, which is derived from the transition of hole acceptor from OH- to water 

in the electrolyte according to the report of J.C. Zhao et al. [22] Furthermore, transient 

photocurrent measurements, based on the CVs under chopped light illumination, were 

performed for each photoanode. As shown in Figure 4.27 B, all electrodes exhibit a 

prompt and reproducible photocurrent response with respect to the irradiation signal 

ON-OFF cycles. The current density of these electrodes under illumination follows an 

ascending order as: Fe2O3 < ITO/Fe2O3 < ITO/Fe2O3/Fe2TiO5 < ITO/ Fe2O3/Fe2TiO5/ 

FeNiOOH photoanodes. This is in high accordance with the CV results and further 

demonstrates the enhancement in PEC performance provided by the addition of ITO, 

Fe2TiO5 and FeNiOOH to the hematite nanowires. 

The incident photon-to-current conversion efficiency (IPCE) was measured to 

understand the relationship between the photocatalytic activity and light absorption. 

All samples exhibit photocatalytic activity in the visible light region (Figure 4.27 C). 

Maximum IPCEs obtained at 350 nm, for Fe2O3, ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and 

ITO/Fe2O3/Fe2TiO5/FeNiOOH photoanodes are 2.1%, 14.8%, 18.6%, and 28.7%, 

respectively. The large enhancement of IPCE for the ITO/Fe2O3/Fe2TiO5/FeNiOOH 

nanowires further supports the integrated coupling effect of ITO, Fe2TiO5 and 

FeNiOOH to the PEC performance. Additionally, the IPCE curves for all of these 

electrodes correlate with the UV-Vis absorption spectrum of Fe2O3 presented in 

Figure 4.23 B, indicating that the Fe2O3 indeed acts as the sole visible light 

responsive semiconductor material. Thus, the enhanced PEC performance is 

preliminary attributed to a synergistic effect between ITO, Fe2O3, Fe2TiO5 and 

FeNiOOH rather than the primitively tandem function of each semiconductor material. 

The photoelectrochemical stability is operated by chronomperometric response at a 

constant applied working potential of 1.23 V vs RHE, as shown in Figure 4.27 D. The 

photocurrent of Fe2O3 slightly decreases from 0.205 mA cm–2 to 0.17 mA cm–2 over 
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the course of the 2h experiment. In contrast, no photocurrent degradation was 

observed for the ITO/Fe2O3/ Fe2TiO5/FeNiOOH electrode during the stability test and 

maintained a photocurrent of 2.2 mA cm-2 throughout, indicating its excellent 

stability. 

4.3.7 Mechanism Investigation of Optimized Fe2O3, ITO/Fe2O3, ITO/Fe2O3/ 

Fe2TiO5 and ITO/Fe2O3/Fe2TiO5/FeNiOOH Electrodes via PEIS  

All the above results illustrate that the incorporation of ITO, Fe2TiO5 and FeNiOOH 

largely improve the PEC performance of the hematite nanowires photoanode. Given 

that a physical model of the illuminated SEI for SS-mediated, indirect hole transfer 

has been well established and occurs in two consecutive steps: (i) hole trapping by SS, 

and (ii) hole transfer from SS to water molecules at the SEI. [10, 23-24]  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28 Nyquist (Imaginary vs. Real component of impedance) plots under light illumination of 

the Fe2O3, ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes at -0.35, -0.3, 

-0.25, -0.2, -0.15, -0.10, -0.05, 0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 and 0.35 V vs. Ag/AgCl reference 

electrode. (Electrolyte: 1 M NaOH. AC amplitude: 5 mV. Frequency range: 100 mHz - 1MHz.) 
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Figure 4.29 Nyquist (Imaginary vs. Real component of impedance) plots in the dark of the Fe2O3, 

ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes at -0.45, -0.4, -0.35, -0.3, 

-0.25, -0.2, -0.15, -0.10, -0.05, 0.00 and 0.05 V vs Ag/AgCl reference electrode. (Electrolyte: 1 M 

NaOH. AC amplitude: 5 mV. Frequency range: 100 mHz - 1MHz.) 

To gain further insight into the mechanism of this interfacial coupling effect, primary 

PEIS (Figures 4.28-4.29) has been employed to identify the functions of the ITO, 

Fe2O3, Fe2TiO5 and FeNiOOH in the integrated ITO/Fe2O3/Fe2TiO5/FeNiOOH 

electrodes. PEIS measurements were performed at potentials, ranging from 0.65 V vs. 

RHE (before the onset of photocurrent) to 1.36 V vs RHE (before the light-flux 

limited photocurrent region) because the effect of SS is more prevalent when 

unaffected by the light-flux limited and dark oxygen evolution factors. [10] The 

obtained PEIS data was fitted based on the equivalent circuit displayed in the 

Schematic 4.3A. 
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Schematic 4.3 A: Equivalent circuit (EC) for the charge transfer process of hematite composite under 

illumination, the hematite composite/electrolyte interface is mediated by surface states. Rs, resistance 

associated with the electric contacts of the electrode, electrolyte, etc.  Rtrapping, resistance associated 

with charge trapping at surface states. Cbulk, capacitance associated with charge accumulation in the 

bulk. Rct, trap, resistance associated with the charge transfer process from surface states. Ctrap, 

capacitance associated with charge accumulation on the surface states. B: simple Randles circuit for the 

charge transfer process of hematite composite under dark. Rs, resistance associated with the electric 

contacts of the electrode, electrolyte, etc. In this case, the Cct,trap and Rct are eliminated because there is 

no surface states mediated process under dark. 

(A) 

(B) 
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Typically, the Rs, series resistance includes the resistance at the interface between the 

FTO substrate, or ITO underlayer, and Fe2O3 nanowires. [9, 20] A substantial 

reduction in Rs is observed from ca. 70 Ω cm-2 for the pristine Fe2O3 electrode to ca. 

35 Ω cm-2 for composite Fe2O3 electrodes modified with the ITO underlayer, as 

displayed in Figure 4.30 A. These results mean that the ITO underlayer is able to 

efficiently improve the back electrical contact and facilitate the electron transport 

from Fe2O3 to the FTO substrate. This improvement is attributed to the enhanced Sn 

doping in hematite nanowires [13-14] and the epitaxial relationship between the 

Fe2O3 and In2O3 phases, as demonstrated by the HRTEM and STEM-EELS maps 

results.  

 

 

 

 

 

 

 

 

 

 

Figure 4.30 Equivalent circuit parameters obtained from fitting IS data for the optimized Fe2O3, 

ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes in contact with 1M 

NaOH electrolytes under 1 sun illumination. Rs (A), Rtrap (B), Rct,trap (C) and Ctrap (D) as a function of 

the applied potential. Rs, resistance associated with the electric contacts of the electrode, electrolyte, etc. 

Rtrapping, resistance associated with charge trapping at surface states. Rct, trap, resistance associated with 

the charge transfer process from surface states. Ctrap, capacitance associated with charge accumulation 

on the surface states. 



138 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.31 Cbulk of the optimized Fe2O3, ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/ 

FeNiOOH electrodes as a function of the applied potential obtained from fitting EIS data in contact 

with 1M NaOH electrolytes under 1 sun illumination. Error bars stem from the goodness of the EIS 

data fittings. 

However, the capacitance associated with charge accumulation in the bulk (Cbulk, 

Figure 4.31) was measured to be on the same order of magnitude for these electrodes 

with the exception of an abrupt peak at ca. 0.9 V for ITO/Fe2O3/Fe2TiO5, and 

ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes. It may be due to the addition of the 

ultrathin Fe2TiO5 shell, which slightly changes the electronic state of the 

electrodes.[36] Figure 4.30 B shows the lowest value of the Rtrapping for the 

ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode as compared to the Fe2O3, ITO/Fe2O3 and 

ITO/Fe2O3/Fe2TiO5 electrodes at the potential window (0.9 V to 1.36 V).[10] This is 

consistent with the correlation of a dip in the Rct,trap and a peak in the Ctrap profile 

resulting in more efficient charge transfer kinetics during PEC.[56] Previous works by 

Hamann and coworkers,[21, 57-58] suggest that a large Ctrap and a low Rct,trap would 

eventually render larger photocurrents, provided that the charge is transferred from SS 

to electrolyte. As shown in Figure 4.30 C, for each of these four electrodes, a gradual 
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decrease in Rct,trap is observed as the applied potential increases implying an increment 

of the associated photocurrent response. Notably, the ITO/Fe2O3/Fe2TiO5/FeNiOOH 

photoanode possess a relative minimum Rct,trap from 0.9 V to 1.25 V, in line with the 

larger photocurrent variation at this region dominated by SS (Figure 4.27 A). The 

Rct,trap at 1.25 V for ITO/Fe2O3/Fe2TiO5/FeNiOOH photoanode is ca. 34 times lower 

than that of the pristine Fe2O3 nanowires, further evidencing its best photocurrent 

response. While, the Cbulk (Figure 4.31) and Ctrap (Figure 4.30 D) show opposite 

tendencies. With the potential increase, the Cbulk decreases, whereas the Ctrap increases, 

implying a larger percentage of charge located on SS; similarly, a relative optimum 

value (Ctrap/Cbulk at 1.23 V vs RHE) is observed in the ITO/Fe2O3/Fe2TiO5/FeNiOOH 

electrode. 

 

 

 

 

 

 

 

 

Figure 4.32 Mott-Schottky plots (C-2 vs. E) of the Fe2O3, ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and 

ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes. Each point was obtained upon fitting the corresponding 

Nyquist plot at each potential in the dark to a classic Randles circuit (i.e. resistance and capacitance in 

parallel). Linear fittings (obtained in the 0.55-1.05 V vs. RHE potential range) are also depicted on 

each case. Electrolyte: 1 M NaOH. AC amplitude: 5 mV.  Frequency range:  100 mHz - 1 MHz. 

In order to gain further information on the bulk of composite hematite nanowires, 

impedance measurements were performed in the dark to derive the corresponding 

Mott-Schottky plots. Upon fitting the Nyquist plots to a Randles circuit (Schematic 
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4.3B), the potential-dependent capacitances were plotted following the Mott-Schottky 

model (C-2 vs. E). When this model holds, equation (6) is used to fit the plots: 

 1

 C2
=

2

eεεrND
(E − Efb −

kT

e
)                                                                                                (6)                                                                      

where ND is the charge donor density (cm-3), Efb is the flat band potential (V),  ε is 

the vacuum permittivity (8.85×10-12 F m-1), εr is the relative dielectric constant of 

hematite (εr= 32), k is the Boltzmann constant (1.38 × 10-23 J K-1) and T is the 

absolute  temperature (K). 

Table 4.1 Flat band potential values (Efb), bulk donor densities (Nd) and total surface 

state density (Nss) of the Fe2O3, ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/ 

Fe2TiO5/FeNiOOH electrodes. Efb and ND values were respectively estimated from 

the x-intercepts (at C-2 = 0) and slopes of the Mott-Schottky plots. 

Samples Nd/cm-3 Efb/V vs. RHE Nss/cm-2 

Fe2O3 4.60E+18 0.465 9.53E+14 

ITO/Fe2O3 2.75E+19 0.353 1.54E+15 

ITO/Fe2O3/Fe2TiO5 5.80E+19 0.475 2.17E+15 

ITO/Fe2O3/Fe2TiO5/FeNiOOH 6.89E+19 0.468 1.23E+16 

Figure 4.32 and Table 4.1 reveal that the bulk donor density for the ITO/Fe2O3 

electrode (2.75E+19 cm-3) is 6 times higher than that for the pristine Fe2O3 electrode 

(4.60E+18 cm-3). This effect is derived from the enhanced Sn doping in the hematite 

nanowires that results from the addition of the ITO underlayer and is in good 

agreement with the significantly improved photocurrent response of the ITO/Fe2O3 

electrode.[13-14] With the coating of the Fe2TiO5 onto the ITO/Fe2O3 electrode, the 

bulk donor density is further improved to 5.80E+19 cm-3, indicating that there may be 

a small amount of Ti doping in the Fe2O3 nanowires and thus additional photocurrent 

enhancement (1.56 mA cm-2) observed for the ITO/Fe2O3/Fe2TiO5 electrode.[10] 

The general behaviour of the integrated multi-layer nanowires has been interpreted 
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and phenomenologically correlated with the SS; a deeper investigation of the 

photo-induced processes (i.e. charge generation and the subsequent transport to and 

transfer from the interfaces) is required to elucidate the interfacial charge transfer 

mechanism. In order to highlight the role of SS in the interfacial charge transfer 

process, we calculated the values for the density of surface states (DOSS) from the 

Ctrap using equation (7): [10, 21] 

NSS (E) = Ctrap (E)/q                                                   (7) 

Where NSS (E) is the DOSS (cm-2 eV-1) as a function of the applied potential and q is 

the electron charge (1.602×10-19 C). As shown in Figure 4.33, it is possible to observe 

the SS energy distribution located below the photocurrent onset with its Fermi level 

pinned at SS. [21] 

 

 

 

 

 

 

 

 

 

 

Figure 4.33 (A): Density of surface states (DOSS) as a function of the applied potential on the Fe2O3, 

ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes. Error bars stem from 

the goodness of the EIS data fittings. (B): CV curves scanned in dark at 20 mV s-1 immediately after 

holding the electrode potential at 1.85V vs. RHE. for 1 min under illumination of Fe2O3, ITO/Fe2O3, 

ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes. (The inset shows its magnified plot). 
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(C): Total surface state density (NSS), donor density (Nd), and their ratio (NSS/Nd) for Fe2O3, ITO/Fe2O3, 

ITO/Fe2O3/Fe2TiO5, and ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes. Nd was estimated from the slopes of 

the Mott-Schottky plots in the dark, whereas NSS was obtained from integration of DOSS profiles 

(Figure 4.33 A). A colour bar with a unit of µm is plotted at right Y axis for NSS/Nd. (D): Ratio of the 

charge transfer rate constant (kct) and the sum of kct and trapping rate constant (ktrapping) at different 

potential. 

Our previous report [10] has demonstrated that there is a direct correlation between 

the percentage of available filled surface states (larger DOSS) near the 

thermodynamic potential for OER, and the observed photocurrent response at 1.23 V 

vs. RHE due to the required isoenergetic hole transfer process at the SEI. [21, 59] As 

displayed in Figure 4.33 A, the Nss of the four photoanodes follows the order: Fe2O3

＜ITO/Fe2O3＜ITO/Fe2O3/Fe2TiO5＜ITO/Fe2O3/Fe2TiO5/FeNiOOH across the entire 

SS dominated region (0.9 V to 1.36 V). The extended SS distribution from 0.65 V to 

1.36 V in Fe2O3 and ITO/Fe2O3 electrodes probably spans inside the CB and triggers a 

deleterious Fermi level pinning at SS, which could be responsible for their relatively 

low photocurrent response. Moreover, the potential of the DOSS peak for the 

photoanodes shifts to more positive values, e.g., 0.9 V, 0.95 V, 1.25 V for the Fe2O3, 

ITO/Fe2O3, ITO/Fe2O3/Fe2TiO5 electrodes, respectively. Interestingly, the DOSS 

curve for the ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode displays two peaks located at ca. 

1.1 V and 1.3 V. This peak splitting phenomenon displayed by the ITO/Fe2O3/ 

Fe2TiO5/FeNiOOH photoanode was further investigated by obtaining the CV curves 

scanned in the cathodic direction in dark at 20 mV s-1 of these electrodes immediately 

after holding the electrode potential at 1.85 V vs. RHE. for 1 min under illumination 

to photoelectrochemically oxidize the surface states. [26, 29, 60] As displayed in 

Figure 4.33 B, for the ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode, two cathodic peaks 

appear at around 1.05 V and 1.35 V, which is relatively consistent with the DOSS 

peaks position for the ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode. Besides, T. Hamann et 

al. has quantitatively correlated the Ctrap measured by both cyclic voltammetry and 

impedance spectroscopy with the absorption peak at 572 nm via operando UV-vis 
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experiments, corresponding to the formation of Fe (IV) intermediate. [29] The 

splitting of one Ctrap peak into two Ctrap peaks were also observed upon ultra-thin ALD 

aluminium layer onto the hematite film, which is derived from the insufficient 

covering of aluminium overlayer and partial exposure of the hematite film.[29] 

Moreover, H. Irie et al. conducted preliminary in-situ UV-Vis absorption spectra of 

FeNiOOH; and the incorporation of Fe into the NiOOH was found to induce an 

increase in absorption peak similar to that observed for hematite electrode, 

demonstrating the formation of an Fe(IV) intermediate in the FeNiOOH during the 

electrochemical test. [30] In our case, the DOSS peak splitting performance of the 

ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode can be attributed to the incomplete coverage 

of FeNiOOH nanodots on the nanowire surface in a manner consistent with the 

aluminium coated hematite reported by T. Hamann et al. [29] The peak located at 1.1 

V vs RHE likely arises from FeIV=O surface intermediates on partially exposed 

Fe2TiO5 coating, [31] as the same DOSS peak is observed for the ITO/Fe2O3/Fe2TiO5 

electrode. The DOSS peak located at 1.3 V can then be assigned to the FeIV=O 

intermediates localized on the discontinuously distributed FeNiOOH nanodots. [30] In 

brief, the atomic level of Fe2TiO5 and FeNiOOH nanodots coatings can regulate the 

surface state density and energy level of hematite nanowires, which is probably 

attributed to the chemical environment variation of FeIV=O intermediates. After all, 

the identification of OER active sites in the integrated hematite photoanode and 

further insights about the evolution of FeIV=O intermediates in these electrodes will 

need in-situ TEM experiments, [61-62] which is beyond the scope of this work. 

A combined comparison of the Nss, Nd and NSS/Nd ratio is presented in Figure 4.33 C 

and Table 4.1. A large NSS/Nd ratio does not ensure a good photoactivity because the 

number of donors in the hematite nanowires may not be high enough to endue the 

nanowires with good conductivity. This is demonstrated by the pristine Fe2O3 

electrode which displays a high NSS/Nd ratio but poor PEC performance. In stark 

contrast, ITO/Fe2O3 and ITO/Fe2O3/Fe2TiO5 electrodes display a relatively low 

NSS/Nd ratio which possess enough donors in the nanowires to provide good 
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conductivity, but a lack of surface reactive sites still limit the PEC performance of 

these electrodes. In the case of the ITO/Fe2O3/Fe2TiO5/FeNiOOH electrode, a 

relatively high NSS/Nd ratio corresponds to an scenario in which Nss and Nd are both 

numerous enough to give a larger photocurrent response. In addition, the charge 

transfer efficiency at the SEI is estimated through (equation (8)): [10, 20] 

Transfer efficiency(%) =
kct

kct+ktrapping
=

Rtrapping

Rct,trap+Rtrapping 
                                          (8)                                           

Where kct and ktrapping are the charge transfer and trapping rate constants, respectively. 

The charge transfer efficiency obtained from the PEIS data is shown in Figure 4.33 D. 

The abnormally high transfer efficiency (TE) in the low applied potential region 

(before the onset potential) might be due to deviations of the charge transfer kinetic 

models at the region, where the effect of SS is less prevalent.[10, 63] In essence, 

although the application of ITO underlayer provides an additional Sn doping amount, 

it does not affect the rate of surface electron-hole recombination at Fe2O3|electrolyte 

interface, evidenced by the same trend of TE values in the Fe2O3 and ITO/Fe2O3 

electrodes. In both cases, significant surface electron-hole recombination is expected. 

The surface electron-hole recombination in the ITO/Fe2O3/Fe2TiO5 and ITO/Fe2O3/ 

Fe2TiO5/FeNiOOH electrodes has been suppressed; and in the case of the ITO/Fe2O3 

/Fe2TiO5/FeNiOOH electrode, over 80 % of the holes are being transferred into the 

electrolyte at 1.23V vs RHE. The calculated TE values of these electrodes also agree 

well with the steady-state current-voltage relationship (Figure 4.27 A). Our result 

here highlights the effectiveness of the atomic level Fe2TiO5 and FeNiOOH nanodots 

coating on regulating the surface state density and energy level of hematite nanowires 

as well as reducing the surface electron-hole recombination rate to speed up its water 

oxidation rate.  

Table 4.2 Photoelectrochemical performance comparison of hematite-based 

electrodes. 

Reference 

no. 

Materials Fabrication methods Photocurrent at 

1.23 V vs RHE                           
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(mA/cm2) 

[10] Fe2O3/Fe2TiO5 Sol-gel 1.35 

[64] 

[65] 

Fe2O3/molecular Ir catalyst 

Fe2O3/NiOx 

Hydrothermal, soaking reaction 

Hydrothermal, photoelectrodeposition 

0.66 

0.6 

[66] Fe2O3/Fe-Pi Hydrothermal, furnace heating 0.8 

[67] Fe2O3/TiO2 Hydrothermal, CBD 1.3 

[68] Fe2O3/graphene Hydrothermal, CBD 0.5 

[69] Fe2O3 Hydrothermal 0.8 

[70] 

[8] 

C/Co3O4-Fe2O3 

Fe2O3/TiO2 

Hydrothermal, electrodeposition 

Thermal oxidation, lithography 

1.48 

0.45 

[71] 

[72] 

[73] 

Mesoporous Fe2O3 

Fe2O3 film 

Fe2O3/FeOOH 

Chemical etching 

Spray pyrolysis 

PLD, photodeposition 

0.61 

0.65 

0.85 

[74] TiO2/Fe2O3/Ni(OH)2 ALD, hydrothermal, dipping 0.3 

[12] Fe2O3/TiOx/FeOOH Hydrothermal, electrodeposition 1.5 

[75] Co-Nx|P doped 

carbon/graphene/Fe2O3 

Hydrothermal, chemical bath 2.15 

[76] Acid etched Fe2O3 Chemical etching 1.0 

[77] Fe2O3/FeOOH Hydrothermal, chemical bath 1.21 

[78] Fe2O3/TiO2 PE-CVD, ALD 1.8 

[79] Fe2O3/ZrO2/Co-Pi Hydrothermal, ALD, photo-electrodeposition 1.87 

[80] Fe2O3/IrOx Hydrothermal, Soaking 0.7 

[81] Fe2O3 Electrodeposition 1.0 

[56] Fe2O3/Fe2TiO5 Hydrothermal 1.4 

[82] Fe2O3/cobalt phosphate Reactive ballistic and photo depositions 2.0 

[83] Fe2O3/NiOx Hydrothermal, photodeposition 0.6 

[84] Fe2O3/SiO2/Sn doping Hydrothermal, Chemical bath      2.0 

Our work 

[85] 

ITO/Fe2O3/Fe2TiO5/FeNiOOH Sputtering, Hydrothermal, ALD, photoelectrodeposition 2.20 
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4.4 Summary 

In summary, an electrode composed of ITO/Fe2O3/Fe2TiO5/FeNiOOH nanowires with 

a quaternary multilayer heterostructure has been successfully integrated by a stepwise 

deposition of ITO underlayer, ultrathin Fe2TiO5 and FeNiOOH nanodots onto Fe2O3 

nanowires. The resulting quaternary multilayer nanowires exhibit significantly 

enhanced PEC performance, such as a large photocurrent (2.2 mA cm-2), which is 

even higher than the photocurrent response of recently reported state-of-the-art Fe2O3 

composite photoanodes (Table 4.2). A deep and careful investigation into the 

mechanism responsible for the enhanced PEC performance has been conducted. These 

studies show that: (i) the ITO underlayer is used as a high quality electrical back 

contact to reduce the back-contact interface charge recombination and as a Sn doping 

source for tuning the donor density, (ii) the atomic level Fe2TiO5 coating, serves as the 

surface state density and energy level modulation layer and effectively suppresses the 

charge recombination at the semiconductor junction interface, (iii) the FeNiOOH 

nanodots, increase the surface active sites, and thus accelerate the OER kinetics at the 

SEI. The interfacial coupling effect between the ITO underlayer, the ultrathin Fe2TiO5 

and the FeNiOOH nanodots in the ITO/Fe2O3/Fe2TiO5/FeNiOOH photoanodes 

simultaneously enhances the charge separation and water oxidation efficiency, and 

suggests a path forward to design improved integrated photoanodes. 
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Chapter 5   

 

Hematite/Fe2TiO5/CoFe Prussian Blue Analogues Composite 

Nanowires as Photoanodes for Water Splitting in Acidic 

Electrolyte 
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5.1 Introduction 

PEC water splitting devices, using earth abundant semiconductor electrodes, long 

considered to be the ‘‘Holy Grail’’ of the solar energy conversion and storage 

revolution, have offered the promise of solar-to-fuel conversion through artificial 

photosynthesis. [1-4] However, carrying out the constituent oxidation (photoanodes) 

and reduction (photocathodes) half-reactions of PEC water splitting efficiently at a 

reasonable cost has not been substantially addressed. [5] Given that the proton 

exchange membranes enabling efficiently separation of the photoanodes and 

photocathodes and the water reduction are much easier to be carried out in acidic 

electrolytes, the development of efficient OECs functionalized photoanodes in acidic 

electrolytes deserves special attention. [6-8] There is, indeed, a dearth of low-cost 

alternative OECs that are active and stable in acidic conditions rather than the 

state-of-the-art ruthenium and iridium based OECs. [9] Accordingly, plenty of 

researchers have hitherto devoted their efforts to the development of affordable 

effective OECs, which could survive in acid electrolytes, including cobalt-containing 

polyoxometalates (Co-POMs), [9] Ti-stabilized MnO2, [10] W1-xIrxO3-δ, [11] 

NixMn1−xSb1.6–1.8Oy, [12] and CoFe PBA. [13-14] Recently, we have reported a highly 

active phase of hetero-bimetallic cyanide-bridged CoFe Prussian Blue Analogues 

(CoFe PBA) electrocatalysts based on chemical etching process, which is able to 

promote water oxidation under neutral, basic (pH < 13) and acidic conditions (pH > 1). 

[13] 

On the other hand, OECs functionalized photoanodes are composed of two 

complementary parts: the light absorber semiconductors and the OECs. Since the 

inappropriate combination of OECs with semiconductor light absorbers limits the 

development of efficient photoanodes in acidic electrolytes, it is necessary to consider 

the light absorption of the semiconductors and the OECs’ catalytic function, 

simultaneously. [6] Up to date, there are few reports about the smart integration of the 

hematite matrix with Ir based OECs as photoanodes for PEC water splitting. [6, 15-17] 

For instance, D.W. Wang et al. utilized monolayer molecular Ir OECs onto hematite 
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for solar water splitting, showing a 0.66 mA cm-2 photocurrent response at 1.23 V vs. 

RHE in a pH = 1.01 electrolyte. [6] Further investigation about the charge transfer 

kinetics of molecular and heterogeneous oxide Ir-based OECs functionalized hematite 

photoanodes unravels that the catalyst mechanisms by which the molecular Ir and 

IrOx OECs enhance the PEC performance of hematite electrodes are fundamentally 

distinct. [16] Recently, C.H. Cui et al. combined atomically dispersed hybrid Ir-Ni 

sites with hematite photoanodes, only obtaining ca. 0.7 mA cm-2 at 1.23 V vs. RHE in 

1M NaOH electrolyte. [17] Nevertheless, even coupling with noble Ir-based OECs, 

the photocurrent response of the hematite composite photoanodes is still much lower 

than the theoretical value (12.5 mA cm-2) of hematite. [18] In addition, the 

mechanisms of charge transfer across the semiconductor/electrolyte interfaces (SEI) 

in acidic electrolytes are still ambiguous. [19] Herein, we show the fabrication of type 

II Fe2O3/Fe2TiO5 heterostructured nanowires decorated with CoFe PBA OECs for 

PEC water splitting in acidic electrolyte via hydrothermal, atomic layer deposition 

(ALD) and chemical bath, as displayed in Figure 5.5A. Moreover, an unambiguous 

correlation between surface states, charge transfer kinetics and PEC performance has 

been established via PEIS. 

5.2 Experimental Section 

5.2.1 Chemicals and Materials 

All commercially available reagents and solvents were used as received without 

further purification unless otherwise indicated. All chemical reagents were purchased 

from Sigma-Aldrich. If not specified, all solutions were prepared with Milli-Q water 

(ca. 18.2 MΩ·cm resistivity). Fluorine-tin-oxide (FTO) coated glass substrate 

(735167-1EA, 7 Ω/sq) was purchased from Sigma-Aldrich. 

5.2.2 Electrode Preparation 

FTO substrates were cut into small pieces with 1 cm × 3 cm area and washed by 

sonicating in a (1: 1: 1) mixture of acetone (Sigma-Aldrich, 99.9%), isopropanol 

(Sigma-Aldrich, 99.9%) and water. After rinsing the FTO substrates thoroughly with 
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distilled water, the FTO substrates were washed in ethanol (Fluka, 99.8%) and then 

dried in air at 300 °C for 1 h (heating rate: 8.5 °C min-1). Part of the FTO substrates 

(ca. 1 cm × 2 cm) was covered using a polymer tape (Kaptons® Foil, VWR 

International) prior to the following process. The uncoated part of the FTO was later 

employed as electric contact for the electrodes in the photoelectrochemical cell. 

Fe2O3 electrodes: Hematite nanowires were prepared according to our previous 

procedure. [20] Typically, a 200 ml Teflon-lined stainless-steel autoclave was filled 

with 60 ml aqueous mixture solution of 0.15 M ferric chloride (FeCl3, 97%), 1 M 

sodium nitrate (NaNO3, 99%) and 316 μL hydrochloric (HCl, wt 37%). 6 pieces of 

FTO substrates were put into the autoclave and heated at 95 °C for 4 hours. A uniform 

layer of iron oxyhydroxide (FeOOH) nanowires was grown onto the FTO substrate. 

After that, the FeOOH-coated substrate was washed with deionized water to remove 

any residual salt, and subsequently pre-sintered in air at 550 °C (heating rate: 8.5 °C 

min-1) for 2 hours to transfer FeOOH nanowires into hematite nanowires. To further 

reduce the surface defective sites, the obtained hematite nanowires were treated at 

750 °C in air for additional 30 min and subsequently quenched in air within 1 min. 

Fe2O3/Fe2TiO5 electrodes: The obtained hematite samples after pre-sintering process 

(550 °C for 2h) were further subjected to TiO2 atomic layer deposition (ALD) process. 

[21] The TiO2 ALD was performed in R200 Picosun Atomic Layer Deposition system 

at 150°C with TiCl4 (Sigma-Aldrich, 99%) and water as the precursors in an 8 mbar 

N2 flow atmosphere, reaching a growth rate of 0.27Å cycle-1. The pulse time for the 

TiCl4 and water was 0.1 s and the purge time was 10 s. The TiO2 thickness onto the 

Fe2O3 nanowires was controlled by changing the ALD deposition cycle. In this case, 

the optimized TiO2 was 30 cycles according to our previous report. [20, see also 

Chapter 4] After that, a quenched process at 750 °C for 30 min was performed to 

transform the surface ALD TiO2 into Fe2TiO5. 

Fe2O3/Fe2TiO5/CoFe PBA electrodes: The obtained Fe2O3/Fe2TiO5 electrodes were 

further coated with CoFe PBA via chemical bath. [13] Chemical bath deposition of 

CoFe PBA on the Fe2O3/Fe2TiO5 electrodes were carried out according to the 
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following procedure: First, Co(NO3)2 ∙6H2O (700 mg) and K3Fe(CN)6 (350 mg) 

powder were dissolved in 40 mL of Milli-Q water under vigorous stirring. After that, 

one piece of the Fe2O3/Fe2TiO5 electrodes was immersed in a 5 mL glass vial with 4 

mL freshly prepared mixture solution containing Co(NO3)2∙6H2O + K3Fe(CN)6. The 

glass vial was sealed and then heated at 60 °C for different reaction times in the oven. 

Finally, the obtained samples were rinsed with Milli-Q water to remove any 

impurities and were dried in the oven at 60 °C overnight. 

5.2.3 Structural and Morphological Characterization 

The grazing incidence X-ray diffraction (XRD) analyses were performed on a Bruker 

D4 X-ray powder diffractometer using the Cu Ka radiation (1.54184 Å) and a 1D 

Lynkeye detector, which is equipped with a Gobel mirror in the incident beam and 

equatorial Soller slits in the diffracted beam (51 incidence angle, 2° step-1). The 

morphology of the films was characterized using a field emission gun scanning 

electron microscope (FE-SEM, Zeiss Series Auriga microscopy) equipped with an 

electron dispersive X-ray spectroscopy (EDX) detector. X-ray photoelectron 

spectroscopy (XPS) was performed with a Phoibos 150 analyser (SPECS GmbH, 

Berlin, Germany)) in ultra-high vacuum conditions (base pressure 4×10-10 mbar) with 

a monochromatic aluminium Kα X-ray source (1486.74 eV). The energy resolution as 

measured by the FWHM of the Ag 3d5/2 peak for a sputtered silver foil was 0.8 eV. 

All the samples for HRTEM and ADF-STEM were prepared by using a mechanical 

process. [1] HRTEM and ADF-STEM images have been obtained by using a FEI 

Tecnai F20 field emission gun microscope with a 0.19 nm point-to-point resolution at 

200 kV equipped with an embedded Quantum Gatan Image Filter for EELS analyses. 

High resolution HAADF, EELS-STEM analyses were conducted in a FEI Titan 

80-300 STEM at 300 kV and Titan G3 50-300 PICO at 80kV in Ernst Ruska-Centre 

Juelich. [22-23] Images have been analyzed by means of Gatan Digital Micrograph 

software. Atomic supercell modelling was performed by the Eje-Z, Rhodius and 

JMOL software packages with the corresponding crystal phase parameters of each 

species obtained from ICSD, which were verified by HRTEM and STEM-EELS 
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mapping. [24-26] Specifically, to further identify the crystal phases via HRTEM, 

HAADF and probe the spatial distribution of these components in the integrated 

electrodes, we created crystal models based on the single crystal data found in the 

Inorganic Crystal Structure Database (ICSD). With these crystal models, the 

diffraction patterns visualized from different zone axes of each phase could be 

simulated. Then, the simulated diffraction pattern was compared with the power 

spectrum (FFT) obtained on the atomic resolution HRTEM and HAADF experimental 

images for the identification of the crystal phases in the composite electrodes. 

5.2.4 Photo-electrochemical Measurements 

Photocurrent (j, mA cm-2) vs. potential (E, V) curves were taken using an undivided 

three-electrode cell. The working, counter and reference electrodes were the 

composite hematite nanowires (1 cm2 geometric area), a Pt wire and a Ag/AgCl (3M 

KCl) electrode (Metrohm, E = 0.203 vs. NHE), respectively. The electrolyte was a 1 

M NaNO3 + 1M HNO3 solution (pH = 1.01). The electrolyte was purged with N2 

during the experiments. CV was taken using a computer-controlled potentiostat 

(VMP3, BioLogic Science Instruments). Potential was scanned from 0.30 V vs. 

Ag/AgCl to 1.60 V vs. Ag/AgCl, with a scan rate of 20 mV s-1. The photocurrent 

density is referred to the geometric area. All potentials were corrected at 80% for the 

ohmic drop, which was determined using the automatic current interrupt (CI) method 

implemented by the potentiostat, [13] and are converted with respect to the reversible 

hydrogen electrode (RHE): E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.0592×pH + 0.203. 

Light illumination was performed using a 150 W AM 1.5G solar simulator (Solar 

Light Co., 16S-300-002 v 4.0) with an incident light intensity set at 1 Sun (100 mW 

cm-2), as measured using a thermopile (Gentec-EO, XLPF12-3S-H2-DO) coupled 

with an optical power meter (Gentec-EO UNO). In the PEC characterization, the light 

came from the front side (electrode-electrolyte interface, front side illumination). 

PEIS data were acquired with an alternate current (AC) perturbation of 5 mV in 

amplitude and a 100 mHz to 1 MHz frequency range, both in the dark and under 

illumination, and under selected direct current (DC) potentiostatic conditions (0.30 to 
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1.60 V vs Ag/AgCl). Nyquist plots (imaginary vs. real components of impedance, ZIm 

vs. ZRe) were fitted to the corresponding equivalent circuits using Z-fit (BioLogic 

Associates). Fitted capacitances and resistances are referred to the electrode geometric 

area (1 cm × 1cm). Error bars stem from the goodness of the EIS data fittings. 

5.3 Result and Discussion 

5.3.1 Pristine CoFe PBA for OER Processed by Chemical Etching Characterized 

by SEM and TEM 

 

 

 

 

 

 

 

 

Figure 5.1 SEM images and EDX data of CoOx nano arrays. 

Before the investigation of CoFe PBA combing with hematite based nanowires as 

photoanodes for water splitting, we investigated the structure and the electrochemical 

properties of the pristine CoFe PBA for OER processed by chemical etching. Firstly, 

CoOx films were grown on FTO glass substrates via a hydrothermal process. [13] 

Specifically, 77.5 mg Co(NO3)2•6H2O and 80.8 mg CO(NH2)2 were dissolved in 10 

mL MilliQ water and then transferred into a 20 mL Teflon-lined autoclave with two 

pieces of FTO substrates immersed into the reaction solution. The autoclave was 

maintained at 120 °C for 10 h and then cooled down to room temperature in air. After 

the reaction, the samples were rinsed with MilliQ water several times. As shown in 

Figure 5.1, the CoOx films present at the surface of FTO substrate with nanowires or 

Element Weight% Atomic% 

C K 3.62 7.69 

O K 47.83 76.26 

Si K 1.80 1.63 

Co K 21.06 9.12 

Sn L 23.00 4.94 

Pt M 2.70 0.35 

Totals 100.00  
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nanoflakes arrays morphology. The corresponding EDX data demonstrated the Co 

and O content in the nanowires and nanoflakes. 

 

 

 

 

 

 

 

Figure 5.2 SEM images and corresponding EDX data of CoFe PBA on FTO substrate. 

The obtained CoOx nano arrays were then subjected to a chemical etching process 

with K3Fe(CN)6 aqueous solution. [13] All electrodes were immersed in 20 mL 

concentrated H2SO4 solution (pH = 1) for at least 3 hours to remove any remaining 

traces of CoOx. The obtained CoFe PBA electrodes exhibit nanocube morphology, as 

displayed in Figure 5.2. The presence of C, N, Fe and Co is confirmed in this sample 

by EDX. 

 

 

 

 

 

 

Figure 5.3 EELS chemical composition maps obtained from the red rectangle area of the STEM-ADF 

micrograph. Individual C (red), N (yellow), Co (green), Fe (blue) elemental maps and their composites. 

N 

Fe+Co+C+N Fe+Co+N 

Fe+Co Fe 

Co 

ADF 

STEM 

C 

Element Weight% Atomic%  

C K 33.83 68.19  

O K 4.21 6.38  

K K 14.98 9.28  

Fe K 13.21 5.73  

Co K 19.12 7.85  

Sn L 9.42 1.92  

Pt M 5.23 0.65  

Totals 100.00   
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The extra C signal on the right side of the map area is derived from the carbon support (we used holey 

carbon grids). 

The spatial elemental distribution of C, N, Fe and Co in CoFe PBA samples were 

investigated via nanoscale STEM EELS SI maps. We used K-edges for O, C and N 

and L-edges for Co and Fe maps during the EELS studies. As shown in Figure 5.3, 

the C, N, Fe and Co elements are homogenously distributed through the nanocubes 

matrix, indicating the pure CoFe PBA presented in the nanocubes. 
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Figure 5.4 Top rows: HRTEM micrograph of the CoFe PBA sample showing a general view of the 

nanocube structure, the corresponding power spectrum indicates that the cubes crystallize as Cubic 

CoFe Prussian blue, [FM-3M]-Space group 225, with lattice parameters corresponding to a = 1.02794 

nm, b = 1.02794 nm and c = 1.02794 nm as visualized along the [100] direction. Middle rows: atomic 

resolution TEM of the red rectangled area on the top left image. The periodic structure of as-prepared 

CoFe PBA is extracted by frequency filtering (Inset in the yellow rectangle area: the Co and Fe atomic 

positions correspond to the dark spots in the HRTEM image, indicated with orange stars in the center 

of the Co-Fe cubic lattices. The bright spots could correspond to the Wyckoff site 8 of the Fm3m space 

group). Bottom rows: The TEM intensity profile obtained along the (002)/left and (020)/right planes on 

the indigo and green squared regions in the left middle row HRTEM image, respectively.  

A direct TEM observation of the local atomic structure is critical for understanding 

the relationship between microstructure and electrocatalysis performance. [27] 

However, the coordination polymers in CoFe PBA are especially susceptible to 

electron beam damage, even at very short exposure times, which makes difficult to 

reach stable atomic-level TEM observation of the Fe and Co atom arrays within the 

CoFe lattice. [13] Itoi and Talham succeeded in exploring ionic liquid to stabilize 

CoFe PBA nanoparticles for electron microscopy for the first time and gave spatial 

information on the local microstructure at the atomic level. [27] In the present case, 

the CoFe PBA sample processed by chemical etching was submitted to a 15 minutes 

electron beam shower at 200 kV to remove possible organic impurities and water 

molecules at room temperature. After this process, high resolution TEM images could 

still be obtained without degradation and the fringes associated with the cubic 

structure were clearly observed.  

Figure 5.4 display HRTEM images and a general power spectrum image of 

as-prepared CoFe PBA at room temperature. A coherent shepherd-check pattern is 

related to the alternating Co atom and Fe atom arrays. The corresponding power 

spectrum image indicates that the nanocubes crystallize as Cubic CoFe Prussian blue, 

[FM-3M]-Space group 225, with lattice parameters corresponding to a = 1.02794 nm, 

b = 1.02794 nm and c = 1.02794 nm as visualized along the [100] direction. The 
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bottom images in Figure 5.4 show the HRTEM intensity profiles obtained along 

as-prepared (002) and (020) planes. The inhomogeneous peak densities can further be 

related to the presence of vacancies, as expected in these non-stoichiometric 

compounds. [27] 

 

 

 

 

 

 

 

 

Figure 5.5 The experimental HRTEM, temperature coloured HRTEM images and power spectra of the 

indigo squared area are displayed in the first two rows. Simulated HRTEM images of different PBAs in 

the [100] projection at the optimized experimental conditions: specimen thickness (t) and defocus (Δf): 

PBA-1 (t = 200 Å, Δf = 60 Å), PBA-2 (t = 400 Å, Δf = 60 Å), PBA-3 (t = 400 Å, Δf = 60 Å), PBA-4 (t 

= 500 Å, Δf = 0 Å) are displayed in the bottom panel, with their corresponding coloured temperature 

HRTEM image and power spectrum. 

Furthermore, we compared the simulated HRTEM, temperature colored HRTEM 

images and power spectrum of different PBA-1 {K0.34Co(Fe(CN)6)0.75(H2O)3.6- 

[F4-3M]-216}, PBA-2 {Co3(Fe(CN)6)2 (H2O)-[F4-3M] -216}, PBA-3 {Co(Fe(CN)6) 

0.667(H2O)3.333-[F4-3M]-216} and PBA-4 {Co4 (Fe(CN)6)2.67(H2O)15.33-[FM3-M]-225} 

crystal models with that of the experimental result, to temporarily assign the obtained 

CoFe PBA sample to PBA-4 {Co4 (Fe(CN)6)2.67(H2O)15.33-[FM3-M]-225}, as 

displayed in Figure 5.5. [13] The detail electrochemical experiment about the 

obtained pristine CoFe PBA processed by chemical etching for OER is presented in 

PBA-1 PBA-2 

PBA-3 PBA-4 

Experimental  
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reference [13], demonstrating that CoFe PBA as a electrocatalyst is able to promote 

water oxidation under neutral, basic (pH < 13) and acidic conditions (pH > 1). 

5.3.2 Optimization of the Chemical Bath Reaction Time in Fe2O3/CoFe 

PBA Electrodes 

The pristine hematite nanowires were subjected to a chemical bath in a glass 

vial with 4 mL freshly prepared mixture solution containing Co(NO3)2∙6H2O + 

K3Fe(CN)6. The glass vial was sealed and then heated at 60 °C for different 

reaction times in the oven. Finally, the obtained samples were rinsed with 

Milli-Q water to remove any impurities and were dried in the oven at 60 °C 

overnight. The chemical bath reaction time was under control to tune the thickness of 

the CoFe PBA on the surface of the hematite nanowires since the overloading of CoFe 

PBA OEC is supposed to reduce the light absorption of the hematite. As shown in 

Figure 5.6, with the extending of the chemical bath reaction time, the CoFe 

PBA gradually grew onto the surface of the nanowires, finally presenting a 

nanoparticle-shape decoration on their surface. 

 

 

 

 

 

 

 

 

Figure 5.6 SEM images of the Fe2O3/CoFe PBA electrodes with different chemical bath reaction time, 

e.g. 1 h, 2 h, 3 h, 4 h, 6 h and 20 h. 
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Figure 5.7 (A): CV curves of the Fe2O3/CoFe PBA electrodes with chemical bath reaction time; (B): 

the photocurrent density at 1.23 V vs. RHE related to the reaction time (the error bar stemmed from the 

standard deviation of the statistical data collected at least for three repeated electrodes). 

Figure 5.7 display the CV curves of the Fe2O3/CoFe PBA electrodes with chemical 

bath reaction time the photocurrent density at 1.23 V vs. RHE related to the reaction 

time. As shown in Figure 5.7 A, the onset potential of Fe2O3/CoFe PBA-1 h, 

Fe2O3/CoFe PBA-2 h, Fe2O3/CoFe PBA-2.5 h, Fe2O3/CoFe PBA-3 h, Fe2O3/CoFe 

PBA-4 h and Fe2O3/CoFe PBA-6 h electrodes are lower than that of pristine Fe2O3 

electrode. While the onset potential of Fe2O3/CoFe PBA-20 h is much higher than that 

pristine Fe2O3 electrode, which is probably due to the overloading of the CoFe PBA 

on the surface of hematite nanowires. Figure 5.7 B reveals that Fe2O3/CoFe PBA-2h 

electrodes possess the highest photocurrent response (0.62 mA cm-2) at 1.23 V vs. 

RHE., indicating that the optimized chemical batch reaction time for the CoFe PBA 

coating in the case of hematite nanowires is 2h. 

5.3.3 Optimization of the Chemical Bath Reaction Time in Fe2O3/Fe2TiO5/ 

CoFe PBA Electrodes 

The Fe2O3/Fe2TiO5 composite nanowires were subjected to a chemical bath in a 

glass vial with 4 mL freshly prepared mixture solution containing Co(NO3)2∙ 

6H2O+K3Fe(CN)6. The glass vial was sealed and then heated at 60 °C for 

different reaction times in the oven. Finally, the obtained samples were rinsed 

with Milli-Q water to remove any impurities and were dried in the oven at 

60 °C overnight. The chemical bath reaction time was under control to tune the 

thickness of the CoFe PBA on the surface of the Fe2O3/Fe2TiO5 composite 
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nanowires since the overloading of CoFe PBA OECs is supposed to reduce the light 

absorption of the Fe2O3/Fe2TiO5 composite nanowires. As shown in Figure 5.8, 

with the extending of the chemical bath reaction time, the CoFe PBA gradually 

grew onto the surface of the nanowires, finally presenting crowded 

nanoparticles decorating their surface. 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 SEM images of the Fe2O3/Fe2TiO5/CoFe PBA electrodes with different chemical bath 

reaction times, e.g. 1 h, 2 h, 3 h, 4 h, 6 h and 20 h. 

 

 

 

 

Figure 5.9 (A): CV curves of the Fe2O3/Fe2TiO5/CoFe PBA electrodes with chemical bath reaction 

time; (B): the photocurrent density at 1.23 V vs. RHE related to the reaction time (the error bar 

stemmed from the standard deviation of the statistical data collected at least for three repeated 

electrodes). 
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Figure 5.9A displays the CV curves of the Fe2O3/Fe2TiO5/CoFe PBA electrodes, 

while Figure 5.9B shows the photocurrent density at 1.23 V vs. RHE related to the 

chemical bath reaction time. As shown in Figure 5.9A, the onset potential of 

Fe2O3/CoFe PBA-2 h is lower than that of the Fe2O3/Fe2TiO5 electrode. While the 

onset potential of Fe2O3/CoFe PBA-1 h, Fe2O3/CoFe PBA-2 h, Fe2O3/CoFe PBA-3 h, 

Fe2O3/CoFe PBA-4 h and Fe2O3/CoFe PBA-6 h, Fe2O3/CoFe PBA-9 h, Fe2O3/CoFe 

PBA-15 h and Fe2O3/CoFe PBA-20 h electrodes is much higher than that of the 

Fe2O3/Fe2TiO5 electrode. Figure 5.9B reveals that Fe2O3/Fe2TiO5/CoFe-2h electrodes 

possess the highest photocurrent response (1.25 mA cm-2) at 1.23 V vs. RHE, 

indicating that the optimized chemical bath reaction time for coating CoFe PBA in the 

case of Fe2O3/Fe2TiO5 composite nanowires is 2 h. 

5.3.4 Comparison between Structure and PEC Performance in Optimized Fe2O3, 

Fe2O3/Fe2TiO5 and Fe2O3/Fe2TiO5/CoFe PBA Electrodes 
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Figure 5.10 (A): Top rows: Thermodynamic scheme for the charge transfer processes at 1.23 V vs. 

RHE of SEI under illumination for the Fe2O3, Fe2O3/Fe2TiO5, and Fe2O3/Fe2TiO5/CoFe PBA electrodes. 

The black arrows indicate the bandgap of hematite and Fe2TiO5. The dark blue and purple arrows refer 

to the hole and electron transfer processes at the multi-interfaces, respectively. For simplicity, 

interfacial charge transfer is considered to occur through the EV (valence band) and/or EC (conduction 

band) states directly, without the intervention of interfacial surface state. In all photoanodes, 4 

electron-hole couples per visible active semiconductor are depicted. Fe2O3: red; Fe2TiO5: indigo; CoFe 

PBA: brown. Middle rows: 3D atomic supercell models illustrating the synthesis procedure for the 

Fe2O3/Fe2TiO5/CoFe PBA photoanodes growth. SEM images of Fe2O3 (B), Fe2O3/Fe2TiO5 (C), and 

Fe2O3/Fe2TiO5/CoFe PBA (D) electrodes. Bottom rows: EDS obtained on the Fe2O3 (E), 

Fe2O3/Fe2TiO5 (F), and Fe2O3/Fe2TiO5/CoFe PBA (G) electrodes. 

Vertically aligned Fe2O3 nanowires were firstly grown on a FTO substrate via the 

hydrothermal method, [20] the diameter of which ranges from 50 to 100 nm (Figure 

5.10 B). Then, an ultrathin TiO2 layer was coated onto the Fe2O3 nanowires by 30 

ALD cycles. The surface coated TiO2 was subsequently transformed into Fe2TiO5 

through a post-quenching process in ambient atmosphere at 750 ºC for 30 min. As 

displayed in Figure 5.10 C, the Fe2O3/Fe2TiO5 heterostructured nanowires are 

homogeneous without changing the nanowire-like architecture. Subsequently, the 

obtained Fe2O3/Fe2TiO5 composite nanowires were subjected to a chemical bath for 

2h in the presence of CoFe PBA precursor at 60 ºC to produce the 

Fe2O3/Fe2TiO5/CoFe PBA heterostructured nanowires. Its SEM displayed in Figure 

5.10 D reveals that tiny CoFe PBA nanoparticles were successfully grown onto the 

nanowires surface. It is important to point out that the diameter of these nanowires is 

almost not changed compared to that of the Fe2O3/Fe2TiO5 nanowires, indicating the 

ultrathin structure of the CoFe PBA shell. The elemental composition of the sample 

was primarily analysed via EDX in SEM in Figures 5.10 E-G, confirming the 

presence of hematite, Fe2TiO5 and CoFe PBA species in the corresponding electrodes. 
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Figure 5.11 Grazing incidence XRD patterns of the Fe2O3, Fe2O3/Fe2TiO5, and Fe2O3/Fe2TiO5/CoFe 

PBA electrodes. 

Characteristic XRD peaks of Fe2O3 (JCPDS no. 33-0664) and SnO2 (JCPDS no. 

41-1445, derived from FTO substrate) can be clearly observed in these electrodes 

shown in Figure 5.11. The diffraction peaks related to the pseudobrookite (Fe2TiO5, 

JCPDS no. 41-1432) phase of Fe2O3/Fe2TiO5, and Fe2O3/Fe2TiO5/CoFe PBA 

electrodes are very weak, which is attributed to the ultrathin Fe2TiO5 coating shell (30 

ALD cycles, estimated ca. 0.81 nm). There is a sharp peak located at 44° in 

Fe2O3/Fe2TiO5/CoFe PBA electrode, which can be assigned to the CoFe PBA, [13]  

revealing that the mass loading of CoFe PBA is higher than Fe2TiO5. In addition, the 

reduced peaks intensity of SnO2, hematite and Fe2TiO5 phases in Fe2O3/Fe2TiO5/CoFe 

PBA electrode are probably attributed to the shielding effect from the coated CoFe 

PBA species. 
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Figure 5.12 High resolution XPS spectra of C 1s, O 1s, Sn 3d, Ti 2p, Co 2p, Fe 2p and N 1s of the 

Fe2O3, Fe2O3/CoFe PBA, Fe2O3/Fe2TiO5, and Fe2O3/Fe2TiO5/CoFe PBA electrodes. 

The surface electronic states and composition of these three representative electrodes 

were analysed by XPS and all binding energies were corrected for sample charging 

effects regarding the C 1s line at 284.6 eV. Figure 5.12 presents the C 1s, O 1s, Sn 3d, 

Ti 2p, Co 2p, Fe 2p, and N 1s core level XPS scans at higher resolution over smaller 

energy windows. The Fe 2p1/2 and 2p3/2 peaks at the binding energies of 710.39 eV 

and 724.00 eV confirm the presence of the Fe element in these four electrodes. 

Additionally, two satellite peaks of the Fe 2p main line are present at approximately 

8.1-8.5 eV lower energy than the main line, indicating the presence of Fe3+ species. 

[28-29] The Sn 3d3/2 and Sn 3d5/2 peaks at 494.80 and 486.26 eV with a splitting 

energy of 8.54 eV are consistent with reported values of Sn4+, indicating the diffusing 

of Sn elements from FTO substrate into nanowires due to the sintering treatment. 

[30-31] The Ti 2p1/2 and 2p3/2 peaks at 463.26 and 457.27 eV reveal the successful 
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coating of Fe2TiO5 for Fe2O3/Fe2TiO5 and Fe2O3/Fe2TiO5/CoFe PBA electrodes. [28] 

The presence of Co 2p and N 1s peaks in Fe2O3/Fe2TiO5/CoFe PBA electrodes, 

confirms the successful coating of CoFe PBA onto the Fe2O3/Fe2TiO5 nanowires 

surface. [32-33] The O 1s XPS spectrum of the Fe2O3 electrode has one peak, while 

that of Fe2O3/Fe2TiO5 and Fe2O3/Fe2TiO5/ CoFe PBA electrodes are composed of two 

peaks. The low binding energy at 529.45 eV is attributed to the coordination of the 

oxygen bound to iron atoms from the Fe2O3 or Fe2TiO5 moiety. [34] Whereas, the 

higher binding energy component at 532 eV O1s peak in Fe2O3/Fe2TiO5 and 

Fe2O3/Fe2TiO5/CoFe PBA electrodes can be assigned to surface absorbed OH groups 

and the OOH bonding presence in CoFe PBA, respectively. [35]  
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Figure 5.13 Top row: (Left) HAADF image showing the atomic ordering at the edge region of the 

Fe2O3 electrode. (Middle) the corresponding colored power spectrum (FFT) indicates that the 

nanowires crystallize in the hematite phase, as visualized along the [2-21] direction. (Right) atomic 

resolution HAADF image of the green squared region showing the Fe ordering, while O atoms are 

almost not visible in HAADF mode due to their weak Z-contrast. Middle row: (Left) HAADF image 

showing the atomic ordering at the edge region of the Fe2O3/Fe2TiO5 electrode. (Middle) the 

corresponding colored power spectrum indicates that the nanowires matrix is composed of hematite as 

visualized along the [2-21] direction. (Right) atomic resolution HAADF image of the blue squared 

region showing the ordering of Fe from hematite. The Fe2TiO5 shell is shown as a blurred ultrathin 

shell (ca. 1nm) on the surface of the hematite matrix since the height of the hematite-core and Fe2TiO5 

shell are different. (The inset shows the atomic model of the Fe and O atoms visualized from [2-21] 

direction, Fe atoms are marked in red and O atoms are marked in green). Bottom row: (A): low 

magnification bright field TEM images showing the general morphology of the Fe2O3/Fe2TiO5/CoFe 

PBA nanowires. (B): HRTEM detail showing the yellow squared interface area in (A). (C): Magnified 

HRTEM detail of the nanoparticle and (D): corresponding power spectrum indicating that the 

nanoparticle attached to the nanowire matrix crystallized in the cubic Co4(Fe(CN)6)2.67(H2O)15.33 crystal 

structure (named as CoFe PBA), with [FM-3M]-Space group 225, and lattice parameters of a = b = c = 

1.02794 nm. The nanoparticle is visualized along the [1-11] direction. (E): Left: HRTEM image of the 

nanowire edge region squared in purple in (C). The white dotted line is marking an amorphous CoFe 

PBA region. (F): Corresponding power spectrum (FFT) indicating that the nanowire heterostructure is 

mainly composed of hematite and pseudobrookite visualized along the [-441] and [001] directions, 

respectively. (G): Frequency filtered structural map of the hematite (red) and pseudobrookite (green), 

showing their atomic stacking sequence.  

The HAADF images obtained on the Fe2O3 and Fe2O3/Fe2TiO5 electrodes in top and 

middle rows of Figure 5.13 show the atomic ordering of the hematite matrix, while 

the Fe2TiO5 species in the Fe2O3/Fe2TiO5 electrode are shown as a blurred ultrathin 

shell on the surface of the hematite nanowires. Figure 5.13A display general TEM 

images of the Fe2O3/Fe2TiO5/CoFe PBA nanowire. The crystal structure assigned to 

CoFe PBA species is mainly derived from the nanoparticles attached to the composite 
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nanowire matrix according to Figures 5.13 B-D. The hematite and pseudobrookite 

phases dominate the nanowires matrix, as identified by the HRTEM and their 

corresponding power spectra in Figures 5.13 E-F. Moreover, the corresponding 

frequency filtered image (Figure 5.13 G) illustrates the localized presence of a core 

hematite nanowire and an ultrathin pseudobrookite shell. Besides, Figure 5.14 

indicates that the fine CoFe PBA shell on the nanowires surface tend to be an 

amorphous structure, whereas, the biggish CoFe PBA nanoparticles present clearly 

lattice fringes denoting a good crystallinity, as displayed in Figure 5.13 C.  

 

 

 

 

 

 

 

 

 

 

Figure 5.14 Low magnification TEM showing the nanodots-like CoFe PBA decorating the composite 

Fe2O3/Fe2TiO5 nanowires surface in the Fe2O3/Fe2TiO5/CoFe PBA electrode. 

It is noteworthy to mention that in addition to the CoFe PBA nanoparticles, there is 

also a tiny C, N, O, Co and Fe signal surrounding the nanowires matrix based on the 

STEM-EELS maps shown in Figure 5.15. The latest EELS results reveal the presence 

of an ultrathin CoFe PBA shell on the surface of the Fe2O3/Fe2TiO5 nanowires, which 

is consistent with the ultrathin amorphous region observed in Figure 5.13 E. 
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Figure 5.15 EELS chemical composition maps obtained from the blue rectangled area of the 

ADF-STEM micrograph of a nanowire extracted from the Fe2O3/Fe2TiO5/CoFe PBA electrode. 

Individual Fe (red), C (green), Sn (blue), N (purple), Ti (indigo) and Co (yellow) maps and their 

composites. 

The PEC performance measured for these photoanodes is displayed in Figure 5.16. 

CVs under dark in Figure 5.16A reveals that the onset potential of hematite 

nanowires shows a positive shift with the addition of ultrathin Fe2TiO5 shell, 

coinciding with our previous report. [20] However, that of Fe2O3/Fe2TiO5 nanowires 

is reduced with the addition of CoFe PBA, indicating the catalytic effect from CoFe 

PBA OECs. The CVs under illumination of pristine Fe2O3 nanowires (Figure 5.16B 

and the inset of Figure 5.16A) show a relatively low photocurrent response over the 

whole potential window with a photocurrent density of 0.12 mA cm-2 at 1.23 V vs 

RHE, thermodynamic potential for oxygen evolution reaction (OER). Upon 

introduction of the Fe2TiO5, the photocurrent density increases to 0.90 mA cm-2 at 

1.23 V vs. RHE. The Fe2O3/Fe2TiO5/CoFe PBA electrode possesses a lower onset 

potential than the Fe2O3 and the Fe2O3/Fe2TiO5 electrodes. The optimized Fe2O3/ 

Fe2TiO5/CoFe PBA electrode exhibits a photocurrent of 1.25 mA cm-2 at 1.23 V vs. 

Fe+Ti+Co 
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RHE after chemical bath reaction at 60 ºC for 2 h, which is much higher than that of 

the Fe2O3 and Fe2O3/Fe2TiO5 electrodes. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16 (A) Cyclic voltammetry under dark (the inset shows the statistical photocurrent response at 

1.23 V vs RHE. based on at least three repeated electrodes), (B) Cyclic voltammetry under illumination, 

(C) chopped light photocurrent-potential curves, and (D) photoelectrochemical stability test operated at 

1.23 V vs. RHE for the Fe2O3, Fe2O3/Fe2TiO5, and Fe2O3/Fe2TiO5/CoFe PBA electrodes. All 

polarization potentials reported here are relative to the reversible hydrogen electrode (RHE), and 

current densities are per geometric area. J (mA cm-2) represents the current density response under light 

illumination. 

Additionally, it is better than the photocurrent response (0.62 mA cm-2) of the 

optimized Fe2O3/CoFe PBA electrode in Figures 5.6-5.7, indicating the advantage of 

combining the Fe2O3/Fe2TiO5 type II heterojunction and effective CoFe PBA OECs. 

Besides, the chopping light CV characterization in Figure 5.16 C indicates the 

reduction of the electron and hole recombination in the Fe2O3/Fe2TiO5/CoFe PBA 

electrodes, which further confirms its best photocurrent response among these three 
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electrodes. The photoelectrochemical stability is operated by chronoamperometric 

response at a constant applied working potential of 1.23 V vs. RHE, as shown in 

Figure 5.16 D. The photocurrent of the Fe2O3 intensively decreases from 0.12 mA 

cm-2 to 0.05 mA cm–2 over the course of 2 h experiment. In contrast, almost 80% of 

the photocurrent response has been retained for the Fe2O3/Fe2TiO5/CoFe PBA 

electrode during the stability test and maintained a photocurrent of 0.95 mA cm-2 

throughout. The slightly reduction of its photocurrent is probably due to the 

detachment of the CoFe PBA OEC from the Fe2O3/Fe2TiO5 nanowires, which is also 

observed in the report of Wang D.W. et al. [6] 

5.3.5 PEC mechanism Investigation of the Optimized Fe2O3, Fe2O3/Fe2TiO5 and 

Fe2O3/Fe2TiO5/CoFe PBA Electrodes via PEIS 

 

 

 

 

 

Figure 5.17 A: Simple Randles circuit for the charge transfer process of a composite hematite 

electrode under dark. B: Equivalent circuit (EC) for the charge transfer process of a composite hematite 

electrode under illumination, the semiconductor/electrolyte interface is mediated by surface states.  

Figure 5.18 shows the Nyquist impedance of Fe2O3, Fe2O3/Fe2TiO5 and Fe2O3/ 

Fe2TiO5/CoFe PBA electrodes carried out under dark at different potential, from 0.50 

to 0.90 V vs. Ag/AgCl. A Bode plot represents the frequency response of a system to 

a sinusoidal perturbation: it is usually a combination of a magnitude plot, expressing 

the magnitude of the frequency response, and an angle plot, expressing the phase shift. 

Both quantities are plotted against a horizontal axis proportional to the logarithm of 

the frequency. In the Bode angle plot, each peak should be associated with a 

capacitance and a resistance in parallel, to which corresponds a characteristic 

(A) (B) 
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frequency, given by 1/RC. [36] In this condition, each curve is composed of one arc, 

characterized by one peak in the Bode angle plots. [13] Figure 5.17A displays the 

equivalent circuit (EC) used to fit the EIS data obtained from 0.50 V up to 0.90 V vs 

Ag/AgCl under dark. [37] In this case, the Rs resistance is associated with the electric 

contacts of the electrode, electrolyte, etc. The parallel (Rct,bulk+Cbulk) combination is 

associated with the dielectric properties and resistivity of the film as well as the 

faradic process of OER. [13] 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18 Nyquist impedance (left column), Bode magnitude (middle column) and angle plots (right 

column) for the Fe2O3, Fe2O3/Fe2TiO5, and Fe2O3/Fe2TiO5/CoFe PBA electrodes at 0.50, 0.55. 0.60, 

0.65, 0.70, 0.75, 0.80, 0.85 and 0.90 V vs Ag/AgCl reference electrode under dark (light off). 

Figure 5.19 shows the Nyquist impedance of Fe2O3, Fe2O3/Fe2TiO5 and Fe2O3/ 

Fe2TiO5/CoFe PBA electrodes carried out under illumination at different potential, 

from 0.60 to 1.20 V vs. Ag/AgCl. Differently from the Nyquist impedance of these 

electrodes under dark, in this case, each curve is composed of two arcs, characterized 

by two peaks in the Bode angle plots. [36] Figure 5.17B displays the equivalent 

circuit (EC) used to fit the EIS data obtained from 0.60 V up to 0.90 V vs. Ag/AgCl 

under illumination. [37] The Rs resistance is associated with the electric contacts of 
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the electrode, electrolyte, etc. The Rtrapping resistance is associated with charge 

trapping at surface states. The Cbulk capacitance is associated with charge 

accumulation in the bulk. The Rct,trap resistance is associated with the charge transfer 

process from surface states. Finally, the Ctrap capacitance is associated with charge 

accumulation on the surface states. [28] 

 

 

 

 

 

 

 

 

 

 

Figure 5.19 Nyquist impedance (left column), Bode magnitude (middle column) and angle plots (right 

column) of the Fe2O3, Fe2O3/Fe2TiO5, and Fe2O3/Fe2TiO5/CoFe PBA electrodes at 0.60, 0.65. 0.70, 

0.75, 0.80, 0.85, 0.90, 0.95, 1.00, 1.05, 1.10, 1.15 and 1.20 V vs Ag/AgCl reference electrode under 

illumination.  

Previous cyclic voltammetry and impedance spectroscopy combined with operando 

UV-vis experiments have related the Ctrap to the oxidation of low valent iron-hydroxyl 

surface species to surface bound iron species with higher valence states on hematite 

photoanodes, such as Fe=O intermediates. [38] Herein, CV and PEIS techniques are 

employed to investigate the mechanisms by which the Fe2TiO5 and CoFe PBA 

enhance the PEC performance of the hematite photoanodes. As displayed in Figure 

5.22A, the cathodic peak in the CV curves varies with the addition of Fe2TiO5 and 

CoFe PBA, indicating the gradual change of the surface state. [39] The general 
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behaviour of the composite nanowires can be phenomenologically correlated with the 

varying of the surface state based on the aforementioned CV result and the primary 

PEIS in Figures 5.18-5.19. [20, 40-41] In particular, electrical active surface states 

located in the semiconductor’s band gap are expected to play a vital role in PEC water 

splitting, therefore, a deeper investigation is required to verify their effect on the 

charge transportation at the interface of the semiconductor and the electrolyte. [41-42] 

The primary EIS under dark and illumination were fitted via the equivalent circuits in 

Figure 5.17; the obtained fitting data were plotted in Figures 5.19-5.21.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20 Equivalent circuit parameters obtained from fitting EIS data for the Fe2O3, Fe2O3/Fe2TiO5, 

and Fe2O3/Fe2TiO5/CoFe PBA electrodes in contact with 0.1 M NaNO3 + 0.1 M HNO3 electrolytes 
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under 1 sun illumination. Rs (A), Rtrapping (B), Rct,trap (C), Ctrap (D) and Cbulk (E) as a function of the 

applied potential. Rs, associated with the electric contacts of the electrode, electrolyte, etc. Rtrapping, 

associated with charge trapping at surface states. Rct,trap, associated with the charge transfer process 

from surface states. Cbulk, associated with charge accumulation in the bulk. Ctrap, associated with charge 

accumulation on the surface states. 

 

 

 

 

 

 

 

 

 

Figure 5.21 Mott-Schottky plots (C-2 vs. E) of the Fe2O3, Fe2O3/Fe2TiO5, and Fe2O3/Fe2TiO5/CoFe 

PBA electrodes. Each point was obtained upon fitting the corresponding Nyquist plot at each potential 

in the dark to a classic Randles circuit (i.e. resistance and capacitance in parallel). Linear fittings 

(obtained in the 0.75-1.20 V vs. RHE potential range) are also depicted on each case.  

In order to highlight the role of the surface state in the interfacial charge transfer 

process, we calculated the density of surface states (DOSS) with the Ctrap obtained by 

using equation (1): [28, 37] 

Nss (E) = Ctrap(E)/q                                                   (1)                                                                                                    

Where Nss (E) is the DOSS (cm-2 eV-1) as a function of the applied potential and q is 

the electron charge (1.602×10-19 C). It is possible to observe the energy and density 

distribution of the surface state located below the photocurrent onset with its Fermi 

level pinned at the surface state. [37] 
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Figure 5.22 (A): CV curves scanned in dark at 20 mV·s-1 immediately after holding the electrode 

potential at 1.85 V vs. RHE. for 1 min under illumination. (The inset shows its magnified plot). (B): 

Density of surface states (DOSS) as a function of the applied potential. Error bars stem from the 

goodness of the EIS data fittings. (C) Kinetic scheme of the charge generation and transfer processes at 

SEI at 1.23 V vs RHE of these electrodes under illumination. Green and white areas refer to electron 

filled and empty states, respectively. The dotted lines marked region in the conduction band (CB) filled 

states denote photogenerated electrons with the same relative area as the empty states at the valence 

band (VB); the exceeding green region highlight the doping levels in these electrodes. The green arrow 
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refers to the charge generation process upon visible photons absorption; the yellow arrow refers to the 

hole trapping process at SS; the red arrow refers to the hole transfer process from SS to electrolyte; the 

purple arrow refers to electron transfer from CB states to the FTO substrate. The thickness and shape of 

the arrows reveal the relative rates of the charge transfer processes, where the dotted line represents the 

slowest rate (Fe2O3 electrode) and the thickest line represents the fastest rate (Fe2O3/Fe2TiO5/CoFe 

PBA electrode). The light indigo shaded areas refer to the relative overlapping of the DOSS and water 

density of states. E: electrode potential; Ec,s: surface CB edge potential; EF: Fermi level of the 

semiconductors that matches the electrode potential (E) and the O2/H2O couple thermodynamic 

potential (1.23 V vs RHE); ESS: center potential of the SS distribution; Ev,s: surface VB edge potential; 

λ: redox couple reorganization energy. (D): Total surface state density (Nss), donor density (Nd), and 

their ratio (Nss/Nd) plot. Nd was estimated from the slopes of the Mott-Schottky plots in the dark, 

whereas Nss was obtained from integration of DOSS profiles. Color bar with a unit of µm is plotted on 

the right Y axis for Nss/Nd. (E): Ratio of the charge transfer rate constant (kct) and the sum of kct and 

trapping rate constant (ktrapping) at different potential. 

As displayed in Figure 5.22B, the Nss of these photoanodes follows the order: Fe2O3

＜Fe2O3/Fe2TiO5＜Fe2O3/Fe2TiO5/CoFe PBA across the entire SS dominated region 

(0.86 V to 1.46 V). The extended SS distribution from 0.86 V to 1.46 V in the Fe2O3 

electrodes probably spans inside the CB and triggers a deleterious Fermi level pinning 

at SS, which could be responsible for its low photocurrent response. [28] Moreover, 

the potential of the DOSS peak of the composite photoanodes shifts to more positive 

values, e.g., 1.05 V, 1.15 V and 1.15 V for the Fe2O3, Fe2O3/Fe2TiO5 and 

Fe2O3/Fe2TiO5/CoFe PBA electrodes, respectively. Besides, the shape of these DOSS 

curves is consistent with the CV curves of these electrodes scanned in the cathodic 

direction in dark at 20 mV s-1 immediately after holding the electrodes’ potential at 

1.85 V vs. RHE. for 1 min under illumination in Figure 5.22A, indicating the suitable 

utilization of an electrical circuit for EIS fitting. [38-39, 46] Consequently, the 

ultrathin Fe2TiO5 and CoFe PBA coatings essentially worked together to regulate the 

density and energy level of the surface state of hematite nanowires. Since the SS lie 

inside the bandgap and the hole transfer occurs from the top of the VB (Ev,s), then 
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under a certain electrode polarization (E), the hole transfer rate constant (kct) will be 

proportional to equation (2): [43-44] 

kct = ∫ Nssf(E)DH2O(E)dE                                                                                              (2)
E

Ev,s

 

in which. f (E) is the Fermi-Dirac distribution that indicates the fraction of occupied 

SS and DH2O(E) is the water density of states (cm-2eV-1). Given that the inelastic hole 

trapping process mediated by SS is fast enough, [43] the photocurrent response is 

proportional to kct, [45] depending upon the overlapping between the filled SS and the 

filled water density of states. Hence, there is a direct correlation between the 

percentage of available filled surface states (larger DOSS) near the thermodynamic 

potential for OER, and the observed photocurrent response at 1.23 V vs. RHE due to 

the required isoenergetic hole transfer process at the SEI, as illustrated in Figure 

5.22C. [20, 28, 43] 

A combined comparison of the Nss, Nd and Nss/Nd ratio is presented in Figure 5.22D. 

The pristine Fe2O3 electrodes display a relatively high Nss/Nd ratio but poor PEC 

performance, indicating that a large Nss/Nd ratio does not ensure a good photoactivity 

due to the lack of donors and conductivity in the Fe2O3 electrode. For the 

Fe2O3/Fe2TiO5 electrode, even though, the Nd is enhanced via Ti doping, it does not 

enable a high photocurrent response because the Nss/Nd is relatively low. In the case 

of the Fe2O3/Fe2TiO5/CoFe PBA electrode, a relatively high Nss/Nd ratio corresponds 

to a scenario in which Nss and Nd are both numerous enough to enable a larger 

photocurrent response. Furthermore, the charge transfer efficiency at the SEI is 

estimated through (equation (3)): [20, 28, 45, 47] 

Transfer efficiency(%) =
kct

kct+ktrapping
=

Rtrapping

Rct,trap+Rtrapping 
                                           (3)                                           

where kct and ktrapping are the charge transfer and trapping rate constants, respectively. 

The charge transfer efficiency calculated based on the fitted resistance from PEIS is 

shown in Figure 5.22E. Typically, the surface electron-hole recombination in the 

Fe2O3/Fe2TiO5/CoFe PBA electrodes has been suppressed due to the couple effect 
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from type II heterojunction and the catalytic property of the OECs. Specifically, in the 

case of the Fe2O3/Fe2TiO5/CoFe PBA electrode, over 60 % of the holes are being 

transferred into the electrolyte at 1.23 V vs RHE, which is almost 10 times higher 

than that of pristine Fe2O3. Taken as a whole, the calculated charge transfer efficiency 

of these electrodes coincide with the steady-state current-voltage relationship (Figure 

5.16B), indicating the correct utilization of the electrical circuit for PEIS data fitting 

to illustrate the charge transfer at the SEI. [37] 
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5.4 Summary 

Cheap and stable water-oxidation catalysts (OECs) in acidic electrolyte are a key 

component for a functional photoelectrochemical (PEC) water splitting device. The 

state-of-the-art OECs in acid electrolyte usually feature expensive noble metals such 

as ruthenium and iridium (Ir)-based species, which are typically too expensive to be 

implemented broadly in affordable hematite photoanodes. Herein, an alternative 

earth-abundant CoFe PBA is combined with Fe2O3/Fe2TiO5 core-shell type II 

heterojunction nanowires as photoanodes for PEC water splitting. The observed 

photocurrent is improved from 0.12 mA cm-2 to 1.25 mA cm-2 at 1.23 V vs RHE upon 

the integration of ultrathin Fe2TiO5 layer and CoFe PBA OECs coating; the value is 

10 times higher than that of pristine Fe2O3 nanowires in acidic electrolyte (pH=1.01). 

Further investigation of the PEC mechanisms via PEIS demonstrates that the tuned 

energy level and density of surface state and the enhanced charge transfer efficiency 

together contribute to its excellent PEC performance in acid electrolyte.  
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Chapter 6   

 

Advanced TEM Characterization of 2D Materials for Water 

Splitting 
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6.1 Introduction 

Transition metal dichalcogenide materials (TMDs) are two-dimensional (2D) 

materials, which are typically composed of two atomic layers of close-packed 

chalcogenide atoms separated by one close-packed transition metal atomic layer. 

TMDs display plenty of intriguing physical and chemical properties with a wide range 

of promising applications. [1-6] Traditionally, monolayer TMDs are obtained via 

top-down methods, such as mechanical exfoliation, [2, 7-8] chemical [9] and 

electrochemical exfoliation, [10] and direct sonication [11] to separate the stacked 

thick layers of the TMDs. Nevertheless, the obtained TMD layers are typically 

microscale flakes with poor uniformity in thickness, ranging from a monolayer to tens 

of layers. To correct this deficiency, several bottom-up methods have been recently 

developed to synthesize large-area TMD thin layers directly onto SiO2/Si substrates, 

including the sulphurisation of pre-deposited Mo [12] or Mo oxide layers, [13] the 

decomposition of thiomolybdates, [14] and chemical vapour deposition (CVD) 

through a gas-phase reaction of MoO3-x and sulphur.[15] However, compared to 

mechanically exfoliated samples, CVD grown monolayer TMDs typically have a 

much lower carrier mobility, [14-15] due  to  growth  process imperfections  that  

induce  various  structural  defects  in  the material. [16] It is well established 

that structural defects in graphene, including point defects, grain boundaries (GB) and 

edges have an important influence on its mechanical, optical, thermal, and electrical 

properties. For instance, GBs have been shown to weaken mechanical strength [17] as 

well as degrade the electronic performance in the case of graphene. [18-19] 

Meanwhile, structural defects in 2D materials also provide exciting opportunities to 

tailor the local properties with new functionalities. [20-24] Examples include the 

generation of regulated magnetic phases in graphene with vacancies, [20] and local 

enhancement of optical excitations at the edges of graphene. [21] Compared to one 

atomic layer graphene, structural defects in MoS2 have rarely been explored because 

of the increased complexity of the three-dimensional structure and the binary element 

system involved. [22-24] 
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Similarly, TMDs have emerged as a fascinating new class of electrocatalysts for the 

hydrogen evolution reaction (HER) in water splitting due to their atomically thin 

nature for exposing nearly all of the catalytically active sites. [25-26] 2D TMD can 

serve as a promising alternative to noble metals thanks to its fascinating advantages 

such as low cost, earth abundance, and good stability. [27-28] Plenty of researchers 

have attempted to identify active sites in 2D TMDs for HER applications. [28-36] To 

date, structural defects, such as edges, [28-32] doped heteroatoms, [33] defects [34] or 

basal planes [35-36], have been intensively explored for HER and identified as the 

active sites. For instance, T. F. Jaramillo et al. engineered the surface structure of 

MoS2 to preferentially expose edge sites to efficiently improve catalysis. This was 

achieved by successfully synthesizing contiguous large-area thin films of a highly 

ordered double-gyroid MoS2 continuous network with a silica template; the high 

surface curvature of this catalyst mesostructured exposes a large fraction of edge sites, 

which along with its high surface area, leads to excellent activity for electrocatalytic 

hydrogen evolution. [29] L.Y. Cao et al. systematically investigated HER 

performance edge sites, sulphur vacancies, and grain boundaries, which possess 

intrinsic turnover frequencies (Tafel slopes) of 7.5 s−1 (65-75 mV/dec), 3.2 s−1 (65-85 

mV/dec), and 0.1 s-1 (120-160 mV/dec), indicating the better catalytic performance of 

edge sites. [31] On the contrary, X.L. Zheng et al. reported the activation and 

optimization of the basal plane of monolayer 2H-MoS2 for HER by introducing 

sulphur (S) vacancies and strain via argon plasma treatment and utilization of a gold 

nanocone substrate. Their theoretical and experimental results demonstrated that the 

S-vacancies are new catalytic sites in the basal plane, and the hydrogen adsorption 

free energy can be further manipulated by straining the surface with S-vacancies, 

which leads to optimized HER catalytic activity. [35] M. Chowalla et al. found that 

the activity of 2H basal planes of monolayer MoS2 nanosheets can be made 

comparable to state-of-the-art catalytic properties of metallic edges and the 1T phase 

by improving the electrical coupling between the substrate and the catalyst so that 

electron injection from the electrode and transport to the catalyst active site is 
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facilitated. [36] Therefore, in the application of TMDs for water splitting, it is critical 

to directly correlate their specified atomic structure with its electrochemical 

performance. 

6.2 Experimental Section 

Part of the scanning transmission electron microscopy (STEM) measurements were 

performed at the SuperSTEM Laboratory, UK, on a Nion UltraSTEM100TM 

aberration-corrected dedicated STEM. The Nion UltraSTEM has a cold field emission 

gun with a native energy spread of 0.35 eV and was operated at 60 kV acceleration 

voltage. The beam was set up to a convergence semi-angle of 30 mrad with an 

estimated beam current of ~100 pA. Under these operating conditions, the estimated 

probe size is ~1.1 Å, providing the perfect tool for atom-by-atom chemical analysis. 

The other scanning transmission electron microscopy (STEM) measurements were 

performed using a FEI Titan 50-300 PICO operated at 80 kV equipped with a 

high-brightness electron gun, a monochromator unit, and a Cs probe corrector at Ernst 

Ruska-Centre for Microscopy and Spectroscopy with Electrons (ER-C), Germany. 

Additionally, a Cs-Cc achro-aplanat image corrector and a post-column energy filter 

system were also on hand. [37] High Angle Annular Dark Field (HAADF) imaging 

was employed to produce atomically resolved images whose intensity was 

approximately proportional to the square of the average atomic number Z of the 

material under investigation. This chemically-sensitive ‘Z-contrast’ mode is ideally 

suited to directly identify the nature of individual atoms. HAADF imaging was 

complemented by further chemical fingerprinting through Electron Energy Loss 

Spectroscopy (EELS). All the HAADF images presented here were filtered by exact 

wiener filter with sigma from 2-5 and 50 iterations in MEM (Maximum Entropy 

Methods) with 4th order Gaussian filter functions of STEM-CELL software. The 

GPA was obtained via Cosine Mask with a suitable size and 1 binning base on the 

GPA algorithm. [38-39] The supplementary analyses performed by means of HRTEM 

were conducted in a FEI Tecnai F20, installed at the Institut Català de Nanociència i 
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Nanotecnologia (ICN2), which was equipped with a field emission gun and operated 

at 200 kV. 

6.3 Result and Discussion 

6.3.1 Structural Defects in 2D MoS2 

 

 

 

 

 

 

 

Figure 6.1 The crystal parameters and the corresponding crystal model of 2H MoS2 based on 

the ICSD database. (Yellow balls represent S atoms and indigo balls represent Mo atoms). 

As displayed in Figure 6.1, when 2H MoS2 is viewed from a [0001] direction, 

it has a hexagonal ring atomic ordering formed by the S and Mo atoms. 

 

 

 

 

 

 

Figure 6.2. Left: the optical image shows the general view of represented MoS2 materials, 

Right: the low magnification ADF-STEM image shows the membrane-like 2D MoS2 with the 

Au nanoparticles catalyst embedded into it. 
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The as-grown MoS2 film was transferred onto a TEM grid. The optical image in 

Figure 6.2 (left) shows an optical micrograph of the 2D MoS2 sample with Au 

nanoparticles as the catalyst. The continuous film is composed of multiple adjacent 

polycrystalline crystals. [40] The detail structure 2D MoS2 sample was studied using 

annular dark field (ADF) imaging in scanning transmission electron microscopy mode 

(STEM). The ADF image intensity is proportional to the number of atomic layers for 

thin samples, providing an easy and accurate way to measure the thickness of thin 

samples without the need for image simulation. [41] A general ADF-STEM image 

from clean region is shown in right image of Figure 6.2 with brighter Au 

nanoparticles and membrane-like MoS2. 

 

 

 

 

 

 

 

Figure 6.3 Left: low magnification EELS chemical composition maps obtained from the blue 

rectangled area of the STEM-ADF micrograph. Right: Individual Au (Blue), Mo (Red) and S (Green) 

maps and their composite.  

Additionally, we performed STEM-EELS maps for Au, Mo and S elements based on 

their M (2206 eV, Au), L (2472 eV, Mo) and K (2520 eV, S) edges signals, 

respectively. As shown in Figure 6.3, the Au signal dominated in the nanoparticle 

region, while the Mo and S signals are homogenously distributed in the membrane 

region and form a shell structure around the Au nanoparticles, indicating the Au 

nanoparticles is covered by MoS2 layers. It is well established that HAADF image 

intensity is directly correlated with the atomic number of the imaged atoms, allowing 
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chemical identification via quantitative analysis of the image at various defect sites, as 

shown in the following discussion. [41] 

 

 

 

 

 

Figure 6.4 High magnification EELS chemical composition maps obtained from the red 

rectangled area on the HAADF-STEM micrograph. Individual Mo (red), S (green) maps and 

their composite. 

We also performed atomic-scale STEM-EELS maps at the interface of the 

MoS2 membrane. It can be seen from Figure 6.4 that the Mo and S atoms are 

relatively homogenously distributed in the membrane region. It should be 

pointed out that from the EELS elemental maps, the S sublattice is almost 

atomically visible in the S mapping, while the Mo sublattice is not so clearly 

visible, which is probably due to the short dwell time to avoid damaging the 

structure with the electron beam during the SI acquisition. 
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Figure 6.5 Top rows: low magnification HAADF STEM images of Au nanoparticles and MoS2 

nanoflakes showing their distribution. Bottom rows: left: atomic resolution HAADF STEM image 

displaying the edge region of the MoS2 monolayer. Middle: atomic resolution HAADF-STEM image 

of the red squared region showing the hexagonal ordering of Mo and 2S atoms. Right: False color 

atomic resolution HAADF STEM image enhancing the contrast of Mo and 2S with inset showing the 

monolayer 2H MoS2 atomic model.  

As shown in the top rows of Figure 6.5, there are several layers of MoS2 species 

overlapping, Au nanoparticles and MoS2 nano-cavities after chemically etching part 

of the Au nanoparticles. The atomic resolution HAADF-STEM images in the bottom 

rows show hexagonal rings composed of alternating Mo and S2 atom columns. 

 

 

 

 

Figure 6.6 Left: atomic resolution HAADF STEM image showing the grain boundary 

formation around an Au nanoparticle. Middle: the power spectrum indicates 3 sets of MoS2 

diffraction patterns with rotation angles of 9.1° and 24.8°. Right: the RGB frequency filtered 

image after spot mask filtering using the 3 sets of diffraction spots, indicating that the Au 

nanoparticle indeed acts as the nucleation site for the formation of these three grains. 

It can be seen from Figure 6.6 that this region is composed of an Au 

nanoparticle and three crystalline domains of MoS2 according to the atomic 

HAADF and the FFT images. Additionally, these three MoS2 domains possess 

rotation angles of 9.1° and 24.8°. Combing the HRTEM results, EELS-STEM 

and atomic HAADF images, we can therefore speculate that the Au 

nanoparticle indeed acts as the nucleation site for the formation of these three 

MoS2 grains during the CVD growth stage.  
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As aforementioned, the edge region of MoS2 is supposed to be the active site 

for HER according to some previous reports. It is therefore critical to identify 

the atomic ordering in the edge region of the MoS2 membrane and directly 

correlate the atomic structure with their HER performance. The knock-on 

damage can be reduced by lowering the primary electron energy below its threshold 

energy, which is approximately 66 keV for MoS2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 Left column: (top) original raw atomic resolution HAADF STEM image showing the edge 

structure, and (bottom) the profile of the atomic intensity along the yellow arrow direction at the 

HAADF STEM image. Right column: (top) filtered atomic resolution HAADF STEM image showing 

the edge structure, and (bottom) the profile of the atomic intensity along the indigo arrow direction at 

the filtered HAADF STEM image. 

In this case, the effect of knock-on damage on the samples was drastically reduced by 

employing 60 keV primary energy for STEM-HAADF image acquisition. As 

displayed in Figure 6.7, even though the original raw HAADF STEM image quality 

is somehow blurred by the supported carbon derived from the lacey Cu grid, the 
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atomic structure can still be identified by filtering the noise of the HAADF STEM 

images. [42] After processing by a wiener filter, the atomic contrast was enhanced 

and the signal noise was reduced, evidenced by the disappearance of the serrated 

HAADF STEM intensity peaks corresponding to the Mo and S atoms. Based on the 

filtered HAADF STEM image, the edge part of the MoS2 membrane seems to be 

dominated by a Mo terminated edge (purple squared region) and a 50% S terminated 

edge (blue square region). [41, 43] Kink sites present at the connection region 

(marked by white dotted circles) of Mo terminated and 50% S terminated edges. [43] 

According to W. Zhou’s report, the Mo terminated and 50% S terminated edges tend 

to form under Mo-rich or S-deficient conditions. [41] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 Top: Low magnification HAADF STEM (left) and atomic resolution HAADF STEM (right) 

images showing the detailed structure at the edge region. Bottom: orange false color atomic resolution 

HAADF STEM (left) along with the profile of the atomic intensity (right) along the white dotted arrow 

direction in top right atomic resolution HAADF STEM image confirming that the 50% S terminated 
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edge dominates the edge region.  

In the other edges displayed in Figure 6.8, 50% S terminated edges dominated 

the edge region with other types of terminations. The observed 50% S-covered 

Mo-edge is supposed to be energetically stable compared to the regular 

Mo-edge under the thermodynamic range of the S chemical potential. [44] 

Above all, even at the straight segments of the Mo-terminated edge, two 

different kinds of atomic configurations can be observed: namely the regular 

Mo-edge with bare Mo termination, and the 50% S-covered Mo-edge with one 

additional S atom for each Mo atom on the edge. The step edges provide 

additional Mo and S sites with unsaturated bonds, which could be correlated 

with its HER performance. 
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Figure 6.9 Top rows: Low magnification HAADF STEM images showing the detailed 

structure at edge and grain boundary region between two layers (18.5° rotation). Middle rows: 

Left: Dilatation map after applying GPA to the MoS2 (1000) plane.  Right: Rotation map of 

the MoS2 (1000) plane, indicating the dislocation core position. Bottom rows: atomic 

resolution HAADF STEM of the grain boundary region and the orange colored HAADF STEM 

image showing the grain boundary, which is composed of a dislocation with five- and 

seven-fold rings (5|7) and a dislocation with six- and eight-fold rings (6|8), Mo atoms are 

marked with indigo dotted circles and S atoms are marked with yellow dotted circles.   

On the other hand, the peculiar bonding characteristics between Mo and S in 

the monolayer MoS2 render different kinds of dislocation cores in the grain 

boundary (GB) region, including not only the topologically conventional one 

with five- and 7-fold (5|7) rings, but also new core structures with 4|4, 4|6, 4|8, 

and 6|8 fold rings. [41] In order to map the dislocation cores present at the grain 

boundary in this film, we used GPA, developed by Hytch et al. [45-46] The 

middle rows of Figure 6.9, show the dilatation map and the rotation map 

obtained by applying the GPA algorithm to the (1000) MoS2 plane, where the 

white arrows indicate the position of the core dislocation. Furthermore, the 

atomic HAADF images at the grain boundary region in the bottom rows of 

Figure 6.9 reveal that the grain boundary in this case is composed of a 

dislocation with five- and seven-fold rings (5|7) and a dislocation with six- and 

eight-fold rings (6|8). 
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Figure. 6.10 Identification of the HER activity of GBs in the micro-electrochemical cell. a, 

Schematic illustration of the micro-electrochemical cell performing the HER measurement of 

GB on graphene supporting, in which graphene serves as vertical electron injector. b, 

Photograph of the micro-electrochemical cell. c, Optical images of the MoS2 devices including 

basal plane, single edge, single GB and nano-GB films with 1-2 L, in which electrochemical 

widows are opened on PMMA passivation film. d-e, The polarization curves of the current 

density (d) and the corresponding Tafel plots (e) of the MoS2 devices (the window size of about 

80 μm2 for each device), respectively. 

In order to identify the catalytic activities of the single grain boundary (GB) and 

nano-GB in HER, we developed a four-electrode micro-electrochemical cell, as 

displayed in Figure 6.10a. Figure 6.10b shows the photograph of such cell, in which 

the graphite counter electrode and micro-reference electrode are used. Figure 6.10c 

show the optical images of the typical devices made up of graphene supported MoS2 

basal plane, single edge, single GB, and nano-GB films, respectively. Figures 6.10d-e 

show the polarization curves and the corresponding Tafel slopes of various active 

sites of MoS2 in 0.5 M H2SO4 solution, respectively. We find that the single GB 

device delivers a better catalytic activity than the one with edge, and both are much 

better than the basal plane one, echoing our first-principles results set forth above. 

Additionally, nano-GB MoS2 films, with ultra-high density of grain boundaries, show 

superior HER performances. And the superior HER performance of the nano-GB film 

suggests that the inert plane of MoS2 can be intrinsically activated by GBs. 

6.3.2 Core-Shell MoO2/MoS2 Nanoflakes 

 

 

 

 

Figure 6.11 General SEM images of core-shell MoO2/MoS2 nanoflakes. 

1 μm 5 μm 
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As displayed in Figure 6.11, the MoO2/MoS2 samples exhibit a nanoflake 

structure, which is free-standing grown onto a Si wafer substrate. The 

free-standing vertical nanoflakes were cut by FIB to obtain a cross-section of 

the sample. The detailed crystalline structure and the chemical composition 

information were investigated by atomic HAADF, STEM-EELS maps and 

GPA, as follows.  

 

 

 

 

 

Figure 6.12 EELS chemical composition maps obtained from the yellow rectangled area of the 

STEM-ADF micrograph. Individual Si (red), O (green), Mo (blue) and S (yellow) elemental 

maps and their composites.  

 

 

 

 

 

 

 

 

Figure 6.13 EELS chemical composition maps obtained from the yellow rectangled area of the 

STEM-ADF micrograph. The right top two rows: C (purple) elemental mapping, Si signal derived from 

Si and SiO2 by MLLS fitting with the energy range from 98 eV to 150 eV and all Si elemental maps. 

Other maps in the right panel are individual O (green), Mo (blue) and S (yellow) maps and their 
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composites. 

EELS-STEM maps were obtained at the interface of the Si substrate and 

nanoflake region in the FIB cut vertical cross section. MLLS fitting were 

employed to distinguish the Si element signal from the pure Si and SiO2 species. 

Figure 6.12 reveals that there is an ultrathin MoS2 layer as a shell at the surface 

of the MoO2 matrix, which will be further confirmed below in the section on 

atomic HAADF analysis.  

It is worth noting that tiny Si and O signals were found between the core-shell 

MoO2-MoS2 nanoflakes and the Si substrate (Figure 6.13), suggesting the 

presence of an ultrathin SiO2. Due to its intrinsically poor electrical 

conductivity, the presence of SiO2 between the substrate and the nanoflakes 

catalyst may block the electron flowing from the Si substrate into the 

nanoflakes catalyst. 

 

 

 

 

 

 

 

 

 

 

Figure 6.14 Atomic-resolution HAADF STEM images obtained along the vertical direction of the 

cross-section of the MoO2/MoS2 sample. Top rows: Several HAADF STEM images taken from the 

middle region of the selected nanoflakes showing the relative homogenous distribution of MoS2 on the 
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surface of the MoO2 flake core. Bottom rows: Atomic-resolution HAADF STEM image, raw and 

temperature colored HAADF STEM magnified detail of the squared region and the corresponding FFT 

corresponding to Monoclinic MoO2, with lattice parameters of a = 0.5610 nm, b = 0.4843 nm and c = 

0.5526 nm as visualized along the [001] direction. 

The detailed structural information of the MoO2/MoS2 samples was investigated by 

atomic HAADF in an aberration-corrected scanning transmission electron microscope. 

As displayed in the top of Figure 6.14, there are several fingerprint-like layers of 

MoS2 on the surface of core MoO2 in the middle region of the selected nanoflakes, 

which demonstrates the relative homogenous distribution of MoS2 on the surface of 

the MoO2 flake core. The atomic resolution HAADF STEM images in the bottom of 

Figure 6.14, demonstrate that the fingerprint like layers correspond to the (0002) 

planes of the 2H phase MoS2. The atomic HAADF in the indigo rectangle shows the 

ordering of the Mo atom columns and the power spectrum confirms that the core 

region crystallized in the monoclinic MoO2
 crystal structure, with lattice parameters 

of a = 0.5610 nm, b = 0.4843 nm and c = 0.5526 nm as visualized along the [001] 

direction. 

The sulphurization process at different regions of the MoO2/MoS2 nanoflake was also 

investigated by atomic HAADF STEM images. The left image in Figure 6.15 shows 

the general view of a cross-section obtained on one of the nanoflakes from the 

MoO2/MoS2 sample. The magnified HAADF images in the middle column show the 

sulfurization process at different regions of the MoO2/MoS2 nanoflake. We can 

observe that the sulfurization process at the top region of the MoO2/MoS2 nanoflake 

was more effective and penetrated more deeply than at the bottom region, which is 

evidenced by the magnified HAADF STEM images of the squared marked area 

shown in the right column of Figure 6.15. Specifically, in the top region of the 

nanoflakes, the MoS2 thickness is c.a. 50 nm, while in the middle region of the 

nanoflakes, the MoS2 content ranges from 3-8 monolayers. As the MoS2 thickness in 

the bottom region of the nanoflakes is much thinner than that at the top region, the 

interface of MoO2 and MoS2 is hard to distinguish. 
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Figure 6.15 HAADF STEM micrograph obtained along the vertical direction in a cross-section in one 

of the MoO2/MoS2 nanoflakes.  

X.L. Zheng et al. reported the activation and optimization of the basal plane of the 

2H-MoS2 monolayer for HER by introducing strain via utilization of a gold nanocone 

substrate. [35] Herein, it was thought interesting to measure the strain induced by the 

lattice mismatch between MoS2 shell and MoO2 core. Figure 6.16, shows the 

dilatation and rotation maps obtained by applying the GPA algorithm to the (200) 

MoO2 plane. It can be seen that the MoO2 matrix is compressed by ca. 10 %, while 

the MoS2 is expanded by ca. 10 %, confirming that there is a large amount of strain in 

the MoS2 shell region. [46] 
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Figure 6.16 HAADF STEM image of the cross-section of a MoO2/MoS2 nanoflake. Amplitude of the 

(200) plane of MoO2. Dilatation map after applying GPA to the (200) plane of the MoO2 region 

displayed in temperature color (scale codes included on the right side of the panel). Rotation map of the 

(200) MoO2 plane, showing symmetric rotation through the left side interface of the nanoflake. (White 

arrows indicated the location of misfit dislocations.) 

6.3.3 Semiconductor and Metallic Phases of MoTe2 

Table 6.1 shows the crystallographic data of 2H and 1T' phase MoTe2. It is 

well established that 2H MoTe2 is a semiconductor, while in contrast to the 2H 

phase MoTe2, the 1T’ phase MoTe2 exhibits semi-metallic characteristics with 

a slight band overlap near the Fermi level. [47] Thus, it is of great importance 

to distinguish them via atomic resolution (S)TEM. 
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Table 6.1 Crystallographic data of 2H and 1T' phase MoTe2.  

 2H MoTe2 1T’ MoTe2 

Structure Hexagonal Monoclinic 

Space group P63/mmc P 21/m 

a (nm) 0.352085 0.63274 

b (nm) 0.352085 0.34755 

c (nm) 1.39664 1.38100 

α (degree) 90 90 

β (degree) 90 93.887 

γ (degree) 120 90 

  

 

 

 

 

 

 

 

 

 

 

Figure 6.17 HAADF-STEM image simulation of the 2H-MoTe2 phase with different layer thicknesses. 

Top row: Atomic model configurations with top view (along the [001] zone axis) of the 2H-MoTe2 

lattice at (a) monolayer, (b) bilayer and (c) trilayer. Bottom row: Simulated HAADF-STEM images of 

2H-MoTe2 at monolayer, bilayer and trilayer thicknesses.  

 

(a) 2H MoTe2-l layer (b) 2H MoTe2-2 layer (c) 2H MoTe2-3 layer 
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Figure 6.18 HAADF-STEM image simulation of the 1T’-MoTe2 phase with different layer thicknesses. 

Top row: Atomic model configurations with top view (along the [001] zone axis) of the 1T’-MoTe2 

lattice at (a) monolayer, (b) bilayer, (c) trilayer and (d) 6 layers. Bottom row: Simulated 

HAADF-STEM images of 1T’-MoTe2 at monolayer, bilayer, trilayer and 6 layers thicknesses.  

Before conducting the HAADF-STEM experiments for the MoTe2 samples, we 

performed HAADF simulation for these two MoTe2 phases. The atomic models were 

created with Rhodius software. [48] With the created atomic model, the HAADF 

image simulations were carried out by using STEM CELL. [38] We used a 60 keV 

electron beam with a convergence angle of 25 mrad, neglecting aberrations (defocus, 

astigmatism and higher order aberrations are set to 0). The collection angle was set 

from 80 to 250 mrad. As displayed in Figure 6.17, the atomic ordering maintained as 

hexagonal rings with varying MoTe2 thickness in the case of 2H MoTe2. In contrast, 

the atomic ordering changes with the varying of MoTe2 thickness in the case of 1T’ 

MoTe2, which makes the distinguishing of these two phases even more difficult, as 

displayed in Figure 6.18. 

Figure 6.19 shows typical HAADF images of the 2H phase. The FFT in the 

right images of Figure 6.19 represents the hexagonal crystals, and the 

measured inter-planar spacings are consistent with the literature for 2H MoTe2.  
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Figure 6.19 (Left): the atomic resolution HAADF STEM image, (Middle): orange colored atomic 

resolution HAADF STEM image showing the hexagonal atomic ordering. (Right) The corresponding 

FFT spectrum indicates that the membrane crystallized in hexagonal MoTe2, [P63/MMC]-space group 

194, with crystal parameters of a＝b＝0.3521 nm, c＝1.396 nm and α＝β＝90°, γ＝120° as visualized 

from [0001] direction.  

 

[49] 

 

 

 

 

 

Figure 6.20 Top row: Left: the atomic resolution HAADF STEM image shows hexagonal atomic 

ordering. The corresponding FFT spectrum indicates the membrane crystallized in 2H MoTe2, as 

visualized from [001] direction. Right: the atomic resolution HAADF STEM images and the 

temperature colored atomically HAADF STEM images of the blue squared region show the ordering of 

Mo and Te atoms. Bottom row: Left: the ABF STEM image shows the hexagonal atomic ordering. 

The corresponding power spectrum also indicates that the membrane crystallized in the 2H MoTe2
 

crystal phase, as visualized along the [001] direction. Right: ABF STEM images and the temperature 

colored counterparts of the green squared region showing the ordering of Mo and Te atoms. 
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The schematic hexagonal atomic models and simulated HAADF images in 

Figure 6.17 agree well with the atomic HAADF-STEM image in Figure 6.20. 

Here, despite the difference in the atomic numbers (ZMo= 42, ZTe= 52), the 

similar atomic contrast in the Mo and Te atomic positions in the HAADF and 

ABF images in Figure 6.20 indicate that the 2H phase exists in a few layers 

with the known stacking sequence of Mo and Te layers. [49] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.21 Top row: Left: the HAADF STEM image of the thin edge part shows two separated 

regions. Right: the power spectrum obtained in the membrane indicates that there are two different 

crystal regions, one crystallized in the 1T’ MoTe2 as visualized from [001] direction, while the second 

region crystallized in the 2H MoTe2 as visualized from [001] direction. Bottom row: Left: the atomic 

resolution HAADF STEM image of the interface squared in cyan. Middle: experimental atomic 

resolution HAADF STEM image of the 2H MoTe2 in the green squared region and simulated atomic 

HAADF 
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resolution HAADF STEM image of the 2H phase for comparison. Right: experimental atomic 

resolution HAADF STEM image of the 1T’ MoTe2 in the blue squared region and simulated atomic 

resolution HAADF STEM image of the 1T’ MoTe2 for comparison. 

We then moved to the identification of coplanar semiconductor-metal interface 

composed of 2H and 1T’ MoTe2. It is worth noting that the [001] zone axis of 

1T’ MoTe2 is 3.9° off the [001] zone axis of 2H MoTe2, which makes 

observation of the atomic structure of 1T’ MoTe2 and 2H MoTe2 from [001] 

direction at the same time difficult. We were able to obtain the atomic resolution 

HAADF STEM images at the interface between the 2H MoTe2 and 1T’ MoTe2 crystal 

domains. As displayed in Figure 6.21, by carefully comparing the experimental 

HAADF and simulated HAADF STEM images, the top region can be assigned to the 

1T phase, while the bottom region belongs to the 2H phase. 

6.3.4 Vacancy Generation in PtSe2 by means of Argon Plasma Treatment 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.22 Atomic resolution HAADF-STEM image simulation of the PtSe2 structure with different 
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Se atomic arrangement. Top row: Top view atomic model configurations (along the [0001] zone axis) 

of (a) monolayer PtSe2with 2 Se atoms, (b) monolayer PtSe2 with 1 Se atom (top Se atom has been 

removed to create the Se vacancy). Bottom row: Corresponding simulated HAADF-STEM images of 

PtSe2. 

In the case of PtSe2 samples, before conducting the HAADF-STEM experiments, we 

also performed HAADF STEM image simulations for primary PtSe2 and PtSe2 with 

Se vacancies. The atomic models were created with Rhodius software. [48] With the 

created atomic models, the HAADF STEM image simulations were carried out using 

STEM CELL. [38] We used an 80 keV electron beam with a convergence angle of 

21.5 mrad, neglecting aberrations (defocus, astigmatism and higher order aberrations 

are set to 0). The collection angle was set from 80 to 250 mrad. As displayed in 

Figure 6.22, the atomic ordering maintained as hexagonal rings with a Se atom inside 

in the case of the primary PtSe2. In contrast, there is no Se atom inside the hexagonal 

ring in the case of PtSe2 when the structure has a Se vacancy. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.23 Atomic HAADF images and power spectrum of the pristine PtSe2 membrane. 
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The low magnification atomic resolution HAADF STEM image in the top left of 

Figure 6.23 shows the general structure of the PtSe2 membranes. The corresponding 

FFT spectrum in the top right of Figure 6.23 indicates that the membrane has a 

hexagonal PtSe2 crystal structure, with [P3-M1]-Space group 164, and lattice 

parameters of a = b = 0.3727 nm, c= 0. 5082 nm, and α = β ＝ 90 °, γ ＝ 120 ° as 

visualized along the [0001] direction. Magnified detail of the atomic resolution 

HAADF STEM image of the blue squared region shows the atomic ordering of the Pt 

and Se atoms with the superposed monolayer PtSe2 atomic model with two Se atoms 

(silver ball: Pt atom; orange ball: Se atom). The green colored atomic resolution 

HAADF STEM image of the blue squared region enhances the contrast of the Pt and 

Se atoms, confirming there are two layers of Se atoms that sandwich the Pt atoms, 

which is consistent with the simulated HAADF STEM image of the PtSe2
 monolayer 

with 2 Se atoms in Figure 6.22. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.24 Atomic HAADF STEM images and power spectrum of the PtSe2 membrane after being 

treated by Ar plasma for 5s. 
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The low magnification atomic resolution HAADF image in the left top of Figure 6.24 

shows the general structure of the PtSe2 membrane after being treated by an Ar 

plasma for 5s. The corresponding FFT spectrum in the top right of Figure 6.24 

indicates that the membrane still maintains the hexagonal PtSe2 crystal structure, with 

[P3-M1]-Space group 164, and lattice parameters of a = b = 0.3727 nm, c = 0. 5082 

nm, and α = β ＝ 90 °, γ ＝ 120 ° as visualized along the [0001] direction. 

Magnified detail of the atomic resolution HAADF STEM image of the blue squared 

region showing the atomic ordering of Pt and Se atoms, where the Se vacancy is 

marked by a dotted white cycle. The false colored (green) atomic resolution image 

further enhances the contrast of Pt and Se atoms, confirming the presence of a Se 

vacancy in the PtSe2 membrane. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.25 Atomic resolution HAADF STEM images and power spectrum of the PtSe2 membrane 

after being treated by Ar plasma for 2 min. 

The low magnification atomic resolution HAADF image in the top left of Figure 6.25 

shows the general structure of the PtSe2 membrane after being treated by an Ar 
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plasma for 2 min. The corresponding power spectrum in the top right of Figure 6.25 

indicates that the membrane still maintains the hexagonal PtSe2 crystal structure, with 

[P3-M1]-Space group 164, and lattice parameters of a = b = 0.3727 nm, c = 0. 5082 

nm, and α = β ＝ 90 °, γ ＝ 120 ° as visualized along the [0001] direction. 

Magnified detail of the atomic resolution HAADF STEM image of the blue squared 

region showing the atomic ordering of the Pt and Se atoms, which have no Se atoms 

inside the hexagonal ring composed of Mo and Se atoms. The atomic model of a PtSe2 

monolayer with one Se atom (silver balls: Pt atoms; orange balls: Se atoms) is 

superposed onto it, confirming it is full of Se atom vacancies in the plane of the PtSe2 

membrane.  

 

 

 

 

 

 

Figure 6.26 Schematic showing the creation of Se vacancies in order to enhance the exposition of Pt 

atoms for HER in water splitting applications.  

As displayed in Figure 6.26, the created Se vacancies in the plane of 2D PtSe2 is 

supposed to enhance the exposure area of Pt atoms to the electrolyte and thus enhance 

the HER performance. In this way, the detailed atomic structure of the as-prepared 2D 

materials can be directly correlated with the HER performance, which may provide 

some clues for rational designing of highly active and cost-effective 2D material for 

HER in water splitting application. 
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6.4 Summary 

In conclusion, with aberration-corrected dedicated STEM, we have investigated the 

structural defects of MoS2, such as atomic termination in the edge region and grain 

boundary. The strain presented in the MoO2/MoS2 core-shell nanoflakes was 

systematically investigated and could be related to the tuned HER performance. 

Furthermore, the coplanar phase transmission of 2H and 1T’ phases in the MoTe2 

sample was demonstrated by comparing the experimental atomic resolution HAADF 

STEM images with the simulated ones. Additionally, the presence of Se atom 

vacancies, which increase when extending the Ar plasma treatment time was 

demonstrated via comparing the experimental atomic HAADF STEM with its 

simulated images. The creation of Se atom vacancies in 2D PtSe2 membranes is 

supposed to enhance the exposure of Pt atoms to electrolyte and thus enhance the 

HER performance. In fact, as Pt is one of the most active catalysts for HER, a way to 

reduce its cost would be by maximizing its surface area. In this way, we could dream 

on nanoengineering a perfect 2D Pt monolayer, which in fact it has not been possible 

till now. By using PtSe2 monolayers as templates, we have demonstrated that the Ar 

plasma can be used to peel or remove the top Se surface, leaving a perfect Pt 

monolayer fully exposed to the electrolyte. 
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Chapter 7   

 

General Conclusions and Outlook 
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In this dissertation, we designed and comprehensively investigated one dimensional 

(nanowires) and two dimensional (nanoflakes) materials for supercapacitors and water 

splitting applications. Various chemical and physical technologies, including the 

hydrothermal method, electrochemical-deposition, sputtering, atomic layer deposition 

and chemical bath, were employed to design smart nanoflakes and nanowire 

composites for specific energy applications. The structural characterization was 

achieved by the utilization of XRD, XPS, Raman spectrum; UV-Vis, SEM, EDS and 

specially (S)TEM advanced techniques, mainly aberration-corrected HAADF, ABF 

and EELS. The charge transfer and reaction kinetic mechanisms of different 

composites were investigated via employing the impedance spectrum (EIS). The 

analyses combining (S)TEM and EIS techniques allowed a better understanding of the 

growth mechanisms, the surface state tuning mechanisms and the formation of 

structural defects in our composite materials. We could carefully engineer several 

types of nanostructures, namely hematite/PPY nanoflakes for supercapacitor 

applications and ITO/Fe2O3/Fe2TiO5/FeNiOOH, Fe2O3/Fe2TiO5/CoFe PBA and 2D 

materials (nanosheets and nanoflakes) for water splitting applications. We started our 

study focusing on the design of core-shell Fe2O3/PPy nanoflakes for supercapacitor 

applications. Then, we moved to the smart design of composite nanowires based on 

hematite, where different materials were combined as photoanodes for the water 

splitting application. Finally, we used aberration-corrected (S)TEM to investigate the 

structural defects presented in the 2D materials for the HER application. In the 

following part, we present the main general conclusions achieved in this dissertation. 

7.1 General Conclusions 

In Chapter 3, we have optimized the hydrothermal reaction in order to replicate the 

nanoflakes-like structure for hematite backbone from MnO2 nanoflakes. We have 

controlled the mass loading of PPy on the surface of the hematite nanoflakes via 

controlling the electrodeposition charge of PPy. SEM, EDX, XRD, XPS, Raman 

spectroscopy, HRTEM and STEM-EELS were employed to investigate their structural 

evolution and growth mechanism. We have discussed the PPy nanoleaves growth 
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mechanism onto the hematite nanoflakes. As a proof-of-concept experiment for 

optimized core-branch Fe2O3@PPy synthesis, we have conducted systematic 

electrochemical characterization, including CV and EIS for different core-branch 

Fe2O3@PPy electrodes. Then, we have used the optimized Fe2O3@PPy electrode as 

negative electrode and as-prepared MnO2 as the positive electrode to assemble an 

ASC device. Thanks to the detailed experimental and characterization techniques 

presented in Chapter 3, we could draw the following conclusions: 

• The best hydrothermal reaction time for producing hematite nanoflakes is 30 min at 

120 oC, which transfer the MnO2 nanoflakes into hematite nanoflakes without 

damaging its nanostructure. It was concluded that the hydrothermal time needs to be 

optimized when the chemical transition and the morphology evolution occur 

simultaneously.   

• The optimized PPy deposition charge is 0.3C in core-branch Fe2O3@PPy electrodes, 

which improve the electrical conductivity without blocking the electrolyte ion 

accessibility at the same time. 

• The mechanism of PPy growth on the hematite nanoflakes was investigated via 

combining SEM and TEM. The PPy growth mechanism is slightly different from the 

previously reported PPy growth mechanism on metal substrates. 

• Benefiting from the stability of the honeycomb-like hematite nanoflakes and the 

high conductivity of the PPy nanoleaves, the resultant core-branch Fe2O3@PPy 

exhibits an ultrahigh capacitance of 1167.8 F g−1 at 1 A g−1 in 0.5 M Na2SO4 aqueous 

solution. 

• The assembled bi-metal oxides asymmetric supercapacitor (Fe2O3@PPy//MnO2) 

gives rise to a maximum energy density of 42.4 W h kg−1 and a maximum power 

density of 19.14 kW kg−1 with an excellent cycling performance of 97.1% retention 

after 3000 cycles at 3 A g−1. 

 

In Chapter 4, several technologies, such as sputtering, hydrothermal treatment, 
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atomic layer deposition and photo-electrochemical deposition were employed to 

obtain the composite hematite nanowires used as photoanodes for water splitting in 

alkaline electrolyte. We have optimized the synthesis conditions, including the ITO 

thickness, TiO2 thickness, FeNiOOH deposition charge and the post-sintering 

temperature of the ITO/Fe2O3/Fe2TiO5/FeNiOOH electrodes. The charge transfer and 

the reaction kinetic mechanism were investigated by PEIS for the representative 

composite nanowire electrodes. Thanks to the detailed experimental and 

characterization techniques presented in this chapter, we could draw the following 

conclusions: 

• The optimized ITO thickness for ITO/Fe2O3 electrode is 105 nm, which supply 

enough Sn atoms to diffuse into the hematite nanowires matrix and maintain the 

ordering of hematite nanowires morphology at the same time. 

• The optimized ALD TiO2 deposition is 30 cycles, ensuring the formation of an 

ultrathin Fe2TiO5 layer at the surface of the hematite nanowires. This layer enables the 

formation of Fe2O3/Fe2TiO5 type II heterojunction and avoids the formation of a 

deleterious heterojunction, such as Fe2O3/Fe2TiO5/TiO2. 

• The optimized sintering time is 750 ℃ for 30 min in the case of the ITO/Fe2O3/ 

Fe2TiO5 electrode. 

• The optimized FeNiOOH deposition charge onto ITO/Fe2O3/Fe2TiO5 electrode is 10 

mC, ensuring the OER catalyst effect from FeNiOOH and avoiding the reduced light 

absorption in hematite nanowires. 

• The obtained ITO/Fe2O3/Fe2TiO5/FeNiOOH nanowires display photocurrents that 

are more than an order of magnitude higher than those of pristine Fe2O3 nanowires 

(from 0.205 mA cm−2 to 2.2 mA cm−2 at 1.23 V vs. RHE in 1 M NaOH electrolytes 

and 1 Sun). 

• The surface states (SS) are finely regulated via the atomic addition of the Fe2TiO5 

layer and the FeNiOOH nanodots, while the upgrading of the back contact 

conductivity and the high charge donor densities originate from the epitaxial 
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relationship and enhanced Sn doping contributed from the ITO underlayer. 

• The excellent OER performance is attributed to the interfacial coupling effect of the 

ITO underlayer (Sn doping and back contact conductivity promoter), the atomic level 

Fe2TiO5 coating (Ti doping, surface state density and energy level modulation) and 

the FeNiOOH nanodot electrocatalyst (regulating surface state energy level). 

 

In Chapter 5, we have optimized the chemical bath conditions for the synthesis of 

CoFe PBA supported onto Fe2O3/Fe2TiO5 nanowire-based electrodes. Several 

technologies, such as the hydrothermal method, the atomic layer deposition and the 

chemical bath were employed to obtain the composite nanowire based on hematite as 

photoanodes for water splitting in acidic electrolyte. The charge transfer and reaction 

kinetic mechanism were investigated by PEIS for the representative composite 

nanowire electrodes. In this way, we could draw the following conclusions: 

• SEM, HRTEM, STEM-EELS, atomic modelling and image simulation were 

employed for the illustration of the structure of the pure CoFe PBA oxygen evolution 

catalyst (OEC), which could be related to the OEC performance. 

• The optimized chemical bath for Fe2O3/CoFe PBA electrode is 2 h at 60 ℃, 

exhibiting 0.61 mA cm-2 at 1.23V vs. RHE in 1 M NaNO3+1M HNO3 electrolyte 

(pH=1.01). 

• The optimized chemical bath for Fe2O3/Fe2TiO5/CoFe PBA electrode is 2 h at 60 ℃, 

exhibiting 1.25 mA cm-2 at 1.23 V vs. RHE in 1 M NaNO3+1M HNO3 electrolyte 

(pH=1.01). 

• The PEC mechanism studied via PEIS demonstrates that the tuned energy level and 

the density of surface states and the enhanced charge transfer efficiency together 

contribute to its excellent PEC performance in acidic electrolyte.  

 

In Chapter 6, we moved the characterization of the structural defects, phase transition 
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and vacancy distribution in 2D nanomaterials for HER with advanced 

aberration-corrected dedicated STEM, including HAADF, ABF, EELS-STEM, GPA, 

atomic modelling and HAADF image simulation. In this way, we could draw the 

following conclusions: 

• We identified that the edge region of the MoS2 membrane is dominated by 

Mo-terminated edges and 50% S-terminated edge; while there are grain boundaries in 

the basal plane, which are composed of dislocations with five- and seven-fold rings 

(5|7) and dislocations with six- and eight-fold rings (6|8). 

• Core-shell MoO2/MoS2 nanoflakes were investigated by atomic HAADF and 

EELS-STEM. Their GPA investigation reveals that there is plenty of strain at the 

interface of MoO2 and MoS2, which may be responsible for its enhanced HER 

performance. 

• 2H and 1T’ phases MoTe2 were investigated via HAADF and ABF methodologies. 

Comparing the experimental and the simulated results, the coplanar existence of 2H 

and 1T’ MoTe2 was confirmed. 

• Via comparing the atomic resolution HAADF and the simulated HAADF images, 

the increase of Se vacancies density in the top PtSe2 plane with the extending of Ar 

plasma treatment is demonstrated, which could be responsible for the improved HER 

performance because of the enhanced exposure of the Pt atoms.  

7.2 Outlook 

Our systematic investigation about the manipulation of composite nanowires for water 

splitting application via atomic modification of the surface of hematite have been 

validated for tuning the surface state of hematite and thus enhance the corresponding 

OER properties. Exploring the ability of different materials to tune the surface states 

of hematite could be of great interest. Systematic in-depth investigation is still needed, 

covering huge sets of second modification materials onto hematite, in order to 

elucidate the general rule for controlling the surface state tune direction. 
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On the other hand, it is well established that the FeIV=O intermediate at the surface of 

hematite is indeed acting as the active site for driving the OER in water splitting. 

Nonetheless, previous mechanism investigations of hematite photoanodes are limited 

in obtaining macroscopic information of the FeIV=O intermediate via in-situ 

spectroscopies, like UV-Vis, in-situ infrared spectroscopy and PEIS, but without 

spatially disclosing the location of the active sites (at atomic scale). The shortage of 

an accurate spatial identification of the OER active sites (FeIV=O) in hematite 

photoanodes currently hinders the clear determination of the OER mechanism of 

hematite photoanodes for water splitting. Such a spatial identification of the FeIV=O 

intermediate under different conditions (potential bias and/or water vapour) would be 

highly desirable. Fortunately, we believe that the advances in in-situ TEM techniques 

allow more detailed analyses, unveiling the structural, chemical, morphological 

features during the catalysis process.  Therefore, an enriched knowledge about the 

active site of hematite for water splitting can be developed via employing the 

cutting-edge state-of-the-art in-situ TEM in the near future. 
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