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Kurzfassung 

Die Integration der Lichtnutzung mit elektrochemischer Energiespeicherung wird 

zunehmend als vielversprechender Weg zur Bewältigung der globalen Energiekrise 

anerkannt. Durch die direkte Kopplung der Photonabsorption mit 

Ionenspeicherungsprozessen bieten lichtunterstützte Energiespeichersysteme 

einzigartige Vorteile gegenüber herkömmlichen Batterien und Kondensatoren. Diese 

intrinsische Synergie verbessert nicht nur die Geräteleistung, sondern eröffnet auch neue 

Möglichkeiten für solarwiederaufladbare Energiespeichertechnologien. Unter den 

verschiedenen wässrigen Energiespeichersystemen haben sich ammoniumionenbasierte 

Geräte aufgrund ihres einzigartigen, wasserstoffbrückengetriebenen 

Insertionsmechanismus von NH4
+, der einen schnellen Ionentransport und eine hohe 

Reversibilität in milden wässrigen Elektrolyten ermöglicht, als vielversprechende 

Kandidaten erwiesen. Die Integration einer solchen NH4
+-Speicherchemie mit 

photoaktiven Elektroden könnte die Funktionalität wässriger Systeme weiter in Richtung 

lichtunterstützter Ladungsspeicherung erweitern. In Verbindung mit Ammonium-Ionen-

Hybrid-Superkondensatoren (AIHSs) stellt dieses Konzept ein attraktives und neuartiges 

wässriges Energiespeichersystem dar, das durch geringe Kosten, inhärente Sicherheit, 

Umweltfreundlichkeit und einzigartige, wasserstoffbrückengetriebene 

Insertionsmechanismen überzeugt. Um diese besonderen Eigenschaften zu erreichen, 

müssen AIHSs insbesondere mit photoaktiven Elektroden gekoppelt werden, die sowohl 

eine hohe Leistungsfähigkeit als auch lichtverstärkte Ladungsspeicherung bieten. 

Diese Dissertation konzentriert sich daher auf das rationale Design von WO3-basierten 

Elektroden mit photoverstärkter Funktionalität zur effizienten Speicherung von 

Ammonium-Ionen. Durch die Entwicklung gefalteter nanokristallin–amorpher WO3-

Strukturen, von WO3/TiO2-Heteroübergängen und WO3/BDD-Kompositen wird in dieser 

Arbeit systematisch die Struktur–Eigenschaft–Leistungs-Beziehung etabliert und es 

werden neue Designprinzipien zur Konstruktion leistungsstarker, solarresponsiver 

wässriger Energiespeichergeräte aufgezeigt. Drei experimentelle Teile werden im 

Folgenden im Detail beschrieben. 

I) Gefaltete nanokristallin–amorphe WO3-Elektroden: Die gefalteten, nanokristallin 

gestapelten amorphen WO3 (a-WO3)-Elektroden wurden mittels eines schnellen 

elektrochemischen Abscheidungsverfahrens synthetisiert. Sie besitzen hierarchische 

Strukturen, in denen ~5 nm große Kristallite locker in eine amorphe Matrix eingebettet 



 

 

sind. Ihre umfassende Charakterisierung erfolgte mittels Mikroskopie, Spektroskopie, 

elektrochemischer Methoden und Dichtefunktionaltheorie-Simulationen. Besonders 

wichtig war die Untersuchung des Zusammenhangs zwischen struktureller Architektur, 

Defektchemie und NH4
+-Speicherleistung. Die a-WO3-Elektroden zeigten eine 

überlegene elektrochemische Aktivität mit einer Kapazität von 2783 mF cm−2 und 

hervorragender Ratenleistung im Vergleich zu kristallinen Gegenstücken. Es wurde 

bestätigt, dass die amorphe Struktur zahlreiche Korngrenzen, Sauerstoffleerstellen und 

gemischtvalente Wolframzustände bietet, die den schnellen NH4
+-Transport durch 

Wasserstoffbrückenbindungen erleichtern. Als Demonstration wurde die a-WO3-

Elektrode zur Herstellung eines vollständigen Ammonium-Ionen-Hybrid-

Superkondensators mit einer Polyanilin-Kathode verwendet. Dieser Superkondensator 

liefert bemerkenswerte Energie- und Leistungsdichten von 620 mWh cm−2 bzw. 23.980 

mW cm−2 und zeigt nach 3000 Zyklen noch 81,5 % Kapazitätserhalt. Diese Ergebnisse 

unterstreichen die Wirksamkeit der kontrollierten Amorphisierung als Strategie, um die 

intrinsischen Einschränkungen von kristallinem WO3 zu überwinden und gleichzeitig 

hohe Kapazität und Haltbarkeit zu erreichen. Alle diese Ergebnisse sind in Kapitel 3 

dargestellt. 

II) WO3/TiO2-Heteroübergänge für lichtunterstützte Energiespeicherung: Die 

WO3/TiO2-Heterokomposite wurden mit dem Ziel entwickelt, lichtverstärkte 

Energiespeicherfähigkeiten durch synergetische optische und elektrochemische 

Eigenschaften zu nutzen. Die Bandanpassung zwischen WO3 und TiO2 wurde verwendet, 

um Typ-II-Heteroübergänge zu konstruieren, die die hervorragende 

Photokatalyseaktivität von TiO2 und die Fähigkeit zur Ladungstrennung ausnutzen, um 

letztlich die elektrochemische Leistung von WO3 zu verbessern. Durch gezielte Steuerung 

der elektrochemischen Abscheidungsparameter wurden inselartig verteilte WO3-

Nanokristalle auf TiO2 abgeschieden, wodurch eine gleichzeitige Exposition beider 

Materialien gegenüber dem Elektrolyten gewährleistet und echte Synergieeffekte statt 

einer einfachen seriellen Kopplung erzielt wurden. Diese inselartige Wachstumsweise 

maximiert die Heteroübergangsfläche, fördert eine effiziente Ladungstrennung und 

verbessert den Ladungstransport. Die TiO2-Komponente bietet eine überlegene 

Photokatalyseaktivität und erweitert den photoaktiven Spektralbereich, während WO3 

eine hohe NH4
+-Speicherfähigkeit liefert. Eine umfassende Charakterisierung dieser 

Verbundelektroden zeigt eine verbesserte Lichtabsorption, optimierte 

Ladungsträgerdynamik und beschleunigte Ionentransportkinetik unter Beleuchtung. 



 

 

Unter Lichtbestrahlung zeigte das typische Verbundmaterial eine um 40 % erhöhte 

Kapazität im Vergleich zu Dunkelbedingungen, einen deutlich verringerten 

Ladungstransferwiderstand um 80–85 %, eine Photostromdichte von 0,47 mA cm−2 sowie 

eine deutlich verbesserte Ladungsträgerdichte und Grenzflächenkinetik. All diese 

Ergebnisse bestätigen die Effektivität des Heteroübergangsdesigns für die 

lichtunterstützte Energiespeicherung. Diese Details sind in Kapitel 4 zusammengefasst. 

III) WO3/BDD-p–n-Übergang für lichtunterstützte Energiespeicherung: Dieser 

Abschnitt befasst sich mit den anhaltenden Leitfähigkeitsbeschränkungen von WO3-

Elektroden durch die Integration von bor-dotiertem Diamant (BDD), einem 

Kohlenstoffmaterial mit weitem Potentialfenster, hoher Leitfähigkeit und chemischer 

Stabilität. Die strategische Kombination erzeugt eine p–n-Übergangskonfiguration, die 

das ultrabreite Bandgap von Diamant (5,5 eV) und die hervorragenden elektronischen 

Eigenschaften von p-Typ-BDD an der Grenzfläche zu n-Typ-WO3 nutzt. Das intrinsische 

elektrische Feld am Übergang verbessert die Effizienz der Ladungstrennung, während die 

außergewöhnliche Leitfähigkeit von BDD die NH4
+-Speicherfähigkeit von WO3 ergänzt. 

Im Vergleich zu reinem WO3 zeigte das Komposit eine etwa 1,7-fach höhere 

Photostromdichte, und die Flächenkapazität unter Beleuchtung wurde um nahezu 20 % 

erhöht. Darüber hinaus behielt die Elektrode nach längerer Zyklisierung über 90 % ihrer 

Kapazität und übertraf damit das reine WO3. Der WO3/BDD-p–n-Übergang liefert somit 

eine deutlich erhöhte Photostromantwort, verbesserte NH4
+-Speicherkapazität unter 

Beleuchtung und verlängerte Lebensdauer. Das eingebaute elektrische Feld erleichtert 

den gerichteten Ladungstransport und unterdrückt Rekombinationsverluste, was zu einer 

überlegenen photoelektrochemischen Leistung führt. Diese Ergebnisse werden in Kapitel 

5 dargestellt. 

Zusammenfassend bietet diese Dissertation mehrere erfolgreiche Ansätze für das Design 

und die Optimierung WO3-basierter Elektrodenmaterialien für nachhaltige Ammonium-

Ionen-Energiespeicheranwendungen durch fortschrittliches Strukturdesign und 

innovative Photoverstärkungsstrategien. Durch die Entwicklung gefalteter nanokristallin 

gestapelter Architekturen, die Konstruktion von Typ-II- und p–n-Heteroübergängen 

sowie die Integration photokatalytischer Funktionalitäten wird in dieser Arbeit das große 

Potenzial von WO3 bei der Realisierung leistungsfähiger, umweltfreundlicher 

Energiespeichergeräte mit dualer Solarenergienutzung und elektrochemischer 

Speicherung aufgezeigt. Die systematische Untersuchung der lichtunterstützten 

Mechanismen verdeutlicht, dass die Bildung von Heteroübergängen eine effiziente 



 

 

Ladungstrennung ermöglicht, Rekombinationsverluste reduziert und die 

elektrochemische Leistung unter Beleuchtung deutlich verbessert. Diese Arbeit etabliert 

grundlegende Designprinzipien für photoresponsive Elektrodenmaterialien. Über die 

Ammonium-Ionen-Speicherung hinaus eröffnen die hier vorgestellten Strategien neue 

Wege für multifunktionale wässrige Systeme, die gleichzeitig Sonnenenergie ernten und 

Ionen speichern können. 

  



 

 

Abstract 

The integration of light harvesting with electrochemical energy storage has been 

increasingly recognized as a promising pathway to address the global energy crisis. By 

directly coupling photon absorption with ion storage processes, photo-assisted energy 

storage systems offer unique advantages over conventional batteries and capacitors. This 

intrinsic synergy not only enhances device performance but also opens new opportunities 

for solar-rechargeable energy storage technologies. Among various aqueous energy-

storage systems, ammonium-ion-based devices have recently emerged as promising 

candidates owing to the unique hydrogen-bond-driven insertion mechanism of NH4
+, 

which enables fast ion transport and high reversibility in mild aqueous electrolytes. 

Integrating such NH4
+ storage chemistry with photoactive electrodes could further expand 

the functionality of aqueous systems toward light-assisted charge storage. Married this 

context with ammonium-ion hybrid supercapacitors (AIHSs), this concept represents an 

attractive and novel aqueous energy storage system, thanks to their low cost, intrinsic 

safety, environmental benignity, and unique hydrogen-bond-driven insertion mechanisms. 

To achieve these distinctive features, AIHSs particularly need to be coupled with 

photoactive electrodes featuring both high-performance and light-enhanced charge 

storage. 

This dissertation thus focuses on the rational design of WO3-based electrode owning 

photo-enhanced functionality for efficient ammonium-ion storage. Through the 

development of folded nanocrystalline–amorphous WO3 structures, WO3/TiO2 

heterojunctions, and WO3/BDD composites, this work systematically establishes 

structure–property–performance relationship and demonstrates new design principles to 

construct high-performance, solar-responsive aqueous energy storage devices. Three 

experimental parts are detailed as follows. 

I) Folded nanocrystalline–amorphous WO3 electrodes: The folded nanocrystalline-

stacked amorphous WO3 (a-WO3) electrodes were synthesized via a rapid 

electrochemical deposition method. They own hierarchical frameworks where ~5 nm 

crystallites are loosely assembled within an amorphous matrix. Their comprehensive 

characterization was conducted using microscopy, spectroscopy, electrochemical 

techniques, and density functional theory simulations. More importantly, the relationship 

between structural architecture, defect chemistry, and NH4
+ storage performance was 

investigated in detail. The a-WO3 electrodes demonstrated superior electrochemical 



 

 

activity with a capacitance of 2783 mF cm−2 and excellent rate performance compared to 

crystalline counterparts. The amorphous structure is confirmed to provide abundant grain 

boundaries, oxygen vacancies, and mixed-valence tungsten states, facilitating rapid NH4
+ 

transport through hydrogen bonding mechanisms. As a demonstration, the a-WO3 

electrode was employed to construct a full ammonium-ion hybrid supercapacitor with a 

polyaniline cathode. This supercapacitor delivers remarkable energy and power densities 

of 620 mWh cm−2 and 23,980 mW cm−2, respectively, further with 81.5% capacity 

retention after 3000 cycles. These results highlight the effectiveness of controlled 

amorphization as a strategy to overcome the intrinsic limitations of crystalline WO3 and 

achieve both high capacity and durability. All these are shown in Chapter 3. 

II) WO3/TiO2 heterojunctions for light-assisted energy storage: The WO3/TiO2 

heterojunction composites were designed with an aim to harness photo-enhanced energy 

storage capabilities through synergistic light and electrochemical properties. The band 

alignment between WO3 and TiO2 was utilized to engineer Type II heterojunctions, which 

leverage the superior photocatalytic activity of TiO2 and charge separation capability, 

eventually enhancing electrochemical performance of WO3. Through controlled 

electrochemical deposition parameters, island-like distributed WO3 nanocrystals have 

been coated on TiO2, ensuring simultaneous exposure of both materials to the electrolyte 

and meanwhile achieving true synergistic effects rather than simple serial coupling. This 

island-like growth mode maximizes the heterojunction interface area, promoting efficient 

charge separation and transport. The TiO2 component provides superior photocatalytic 

activity and extends the photoactive spectral range, while WO3 offers high-capacity NH4
+ 

storage capability. Comprehensive characterization of these composite electrodes reveals 

their enhanced light absorption, improved charge carrier dynamics, and accelerated ion 

transport kinetics under illumination. Under light irradiation, the typical composite 

material showed 40% capacity enhancement compared to that under dark conditions, with 

a significantly reduced charge transfer resistance by a factor of 80-85%, a photocurrent 

density of 0.47 mA cm−2, and substantially improved carrier density and interfacial 

kinetics. All these validate the effectiveness of heterojunction design in achieving photo-

assisted energy storage. These details are summarized in Chapter 4. 

III) WO3/BDD p-n junction for light-assisted energy storage: This session addresses 

the persistent conductivity limitations of WO3 electrodes by incorporating boron-doped 

diamond (BDD), a carbon material known for its wide potential window, high 

conductivity, and chemical robustness. The strategic combination creates a p–n junction 



 

 

configuration that exploits the ultra-wide bandgap of diamond (5.5 eV) and the superior 

electronic properties of p-type BDD interfaced with n-type WO3. The intrinsic electric 

field at the junction enhances charge separation efficiency, while the exceptional 

conductivity of BDD complements the NH4
+ storage capability of WO3. Compared with 

pristine WO3, the composite delivered a ~1.7-fold higher photocurrent density and the 

areal capacitance under light was enhanced by nearly 20%. In addition, the electrode 

maintained over 90% of its capacity after extended cycling, outperforming pristine WO3. 

Therefore, the WO3/BDD p–n junction delivers significantly enhanced photocurrent 

response, improved NH4
+ storage capacity under illumination, and extended cycling 

lifetime compared to pristine WO3. The built-in electric field facilitates directional charge 

transport and suppresses recombination losses, resulting in superior photoelectrochemical 

performance. These results are demonstrated in Chapter 5. 

In summary, this thesis provides several successful approaches to design and optimize 

WO3-based electrode materials for sustainable ammonium-ion energy storage 

applications in the way of both advanced structural engineering and innovative photo-

enhancement strategies. By developing folded nanocrystalline-stacked architectures, 

engineering Type II and p-n heterojunctions, and integrating photocatalytic 

functionalities, the great potential of WO3 in achieving high-performance, 

environmentally friendly energy storage devices have been proved in this thesis. They 

also feature dual solar energy harvesting and electrochemical storage capabilities. Such 

systematic investigation of photo-assisted mechanisms clarifies that heterojunction 

formation enables efficient charge separation, reduces recombination losses, and 

significantly enhances electrochemical performance under illumination. This work 

establishes fundamental design principles for photo-responsive electrode materials. 

Beyond ammonium-ion storage, the strategies presented here open new avenues for 

multifunctional aqueous devices capable of simultaneously harvesting solar energy and 

storing ions. 
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EIS impedance spectroscopy 

ELNES energy-loss near edge structure 

FE faradaic efficiency 

FETs field-effect transistors 

PEO plasma electrolytic oxidation 

GCD galvanostatic charge and discharge 
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HFCVD hot filament chemical vapor deposition 

HPHT high pressure-high temperature 

HER hydrogen evolution reaction 

LAES light-assisted energy storage 

LIBs lithium-ion batteries 

LSV linear sweep voltammetry 

MPCVD microwave plasma chemical vapor deposition 

MWCVD microwave chemical vapor deposition 

NHE normal hydrogen electrode 

OCP open circuit potential 

OCV open circuit voltage 

OER oxygen evolution reaction 

OEP oxygen evolution potential 

PAW projector augmented wave method 

PC pseudocapacitor 

pH potential of hydrogen 

PV photovoltaic 

PVD physical vapor deposition 

RHE reversible hydrogen electrode 

RE reference electrode 

RF radio frequency 

SEM scanning electron microscope 

STEM-EELS scanning transmission electron microscopy - electron energy 

loss spectroscopy 

TCVD thermal chemical vapor deposition 

TEM transmission electron microscope 

UV-VIS ultraviolet spectroscopy or ultraviolet-visible 

VASP vienna ab initio simulation package 
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VB valence band 

WE working electrode 

XPS X-ray photoelectron spectroscopy 

XRD x-ray diffraction 

Chemicals 

ANI aniline 

Al aluminum 

APS ammonium persulfate 

Ar argon 

B boron 

C carbon 

CdS cadmium sulfide 

C₃N₄ graphitic carbon nitride 

CH4 methane 

Cu copper 

Cu₃[Fe(CN)₆]₂ copper (II) hexacyanoferrate 

Fe(CN)6
3−/4− ferricyanide/ferrocyanide 

Fe₄[Fe(CN)₆]₃ iron (III) hexacyanoferrate 

H2 hydrogen 

H2SO4 sulfuric acid 

HCl hydrochloric acid 

H₂O₂ hydrogen peroxide 

K potassium 

MnO2 manganese dioxide 

MoS₂ molybdenum disulfide 

MoO₃ molybdenum trioxide 

Mg magnesium 

Li lithium 
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LSV linear sweep voltammetry 

N nitrogen 

N2 nitrogen gas 

Na 

Na2SO4 

sodium 

sodium sulfate 

NaFe[Fe(CN)₆] sodium iron hexacyanoferrate 

Na2WO4·2H2O sodium tungstate dihydrate 

NH3 sulfamic acid 

NH4Cl ammonium chloride 

(NH4
+)xWO3 ammonium tungsten bronze 

O2 oxygen 

PANI polyaniline 

Pt platinum 

TMS tetramethylsilane 

Ti titanium 

TiO2 titanium dioxide 

TMB trimethyboron 

V2O5 vanadium Pentoxide 

VOx vanadium Oxide with variable stoichiometry 

VS2 vanadium Disulfide 

W tungsten 

WO3 tungsten oxide 

WO6 tungsten (VI) oxide octahedron 

W18O49–Ov oxygen-deficient tungsten oxide (W₁₈O₄₉ with oxygen 

vacancies) 

Zn zinc 

Symbols 

C capacitance 
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Cdl double-layer capacitance 

ΔE* change in activation energy 

ΔG* change in Gibbs free energy 

ΔS change in entropy 

∆ZPE change in zero-point energy 

Eg band gap energy 

F faraday’s constant 

I  current 

λ wavelength 

P  power 

Q charge 

Rct charge transfer resistance 

Rs internal resistance 

S  entropy 

T temperature 

V voltage 

Zw mass transfer impedance 

η removed fraction 

 

Units 

% percentage 

° degree 

Å ångström (10⁻¹⁰ meters) 

c mol−1 coulombs per mole 

cm centimeter 

cm−3 per cubic centimeter 

cm2 square centimeter 

℃ degrees celsius 
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electron volt 

g L⁻¹ gram per liter 

Hz hertz (frequency) 

h hour 

k boltzmann constant 

kV kilovolt (thousand volts) 

kW kg−1 kilowatt per kilogram (power per unit mass) 

l/mm lines per millimeter (resolution measure) 

M mol 

mA cm−2 milliamps per square centimeter (current density) 

mbar millibar (pressure) 

meV/pixel millielectron volt per pixel (energy resolution) 

mg/L milligrams per liter (concentration) 

mF cm−2 millifarads per square centimeter (capacitance) 

min minute 

mL milliliter (volume) 

ms millisecond (time) 

mrad milliradian (angle) 

mV millivolt 

mV s−1 millivolts per second (scan rate) 

mW milliwatt 

mAh g⁻¹ watt-hour per kilogram 

mW·cm−2 milliwatts per square centimeter (power density) 

mWh cm−2 milliwatts-hour per square centimeter (energy density) 

nm nanometer 

pA picoampere 

ppm parts per million 

rpm/min revolutions per minute 
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Ω ohm 
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1 Introduction  

1.1 Overview 

The global energy landscape is undergoing a profound transformation in the 21st century. 

While fossil fuels such as oil and natural gas have historically powered industrial and 

economic development, their continued exploitation has brought severe environmental 

pollution and energy security concerns1,2. As climate change intensifies, there is an urgent 

need to promote an energy revolution characterized by clean, low-carbon, safe, and 

efficient systems3. The rapid penetration of renewable resources such as solar and wind 

has accelerated this transition, but their inherent intermittency and fluctuation pose 

significant challenges to grid stability and long-term energy security4,5. Consequently, 

advanced energy storage technologies are indispensable to ensure reliable and flexible 

energy supply. 

Among various strategies, electrochemical energy storage (EES) has emerged as one of 

the most promising approaches due to its ability to directly store and release clean 

electricity without geographical or climatic limitations6. Over the past decades, lithium-

ion batteries (LIBs) have dominated the portable electronics and electric vehicle 

markets7,8. However, challenges such as uneven lithium resource distribution, escalating 

costs, limited energy density, and intrinsic safety risks restrict their large-scale 

deployment in grid applications9–11. Post-lithium chemistries, including sodium-, 

potassium-, and aluminum-ion batteries, have attracted attention owing to their 

abundance and lower cost. Yet, these systems still suffer from sluggish intercalation 

kinetics, structural instability, and inadequate cycling life, particularly in aqueous 

environments12,13. 

In this context, non-metallic charge carriers, for example ammonium ions (NH4
+), have 

emerged as a promising alternative. Unlike conventional metal cations that rely on strong 

coordination interactions, NH4
+ insertion is dominated by reversible hydrogen bonding, 

leading to fast ion diffusion and lower diffusion barriers14,15. These unique features endow 
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NH4
+ storage with high reversibility, intrinsic safety, and environmental friendliness. 

Nevertheless, the field is still in its infancy and faces two critical challenges: (i) the lack 

of suitable electrode materials that can simultaneously ensure efficient electron/ion 

transport and structural stability, and (ii) the difficulty of balancing energy density and 

power density within a single device architecture16. 

To address these limitations, the concept of photo-electrochemical synergy has recently 

emerged as a transformative strategy17–19. Unlike traditional photocatalysis, which 

primarily relies on photogenerated carriers to drive surface chemical reactions, photo-

assisted electrochemical storage leverages light not only as an additional energy source 

but also to modulate electrode–electrolyte interfacial properties20. Photovoltage and band 

bending at the semiconductor–electrolyte interface can reduce ion insertion barriers, 

while efficient carrier separation can suppress recombination losses21,22, and surface 

photoactivation can introduce new active sites and improve electrolyte wettability23. 

Collectively, these effects enable enhancements in capacity, rate capability, and cycling 

stability that cannot be achieved through structural design alone. Therefore, the 

integration of light and electrochemistry represents not merely a supplement to existing 

storage technologies, but a paradigm shifts in energy utilization. Applying this concept to 

NH4
+ storage is expected to establish a new class of safe, low-cost, and high-performance 

energy storage devices, bridging the gap between fundamental materials innovation and 

practical application24. 

 

Figure 1.1 The integration of light and electrochemistry. 
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1.2 Energy landscape: why light-electrochemical synergy? 

The rapid expansion of renewable energy has highlighted the urgent demand for flexible 

and efficient energy storage technologies. Traditional approaches rely exclusively on 

electrochemical driving forces, leaving devices constrained by the intrinsic trade-off 

between energy density, power density, and cycling stability.25 This long-standing 

challenge motivates the exploration of new paradigms that can couple additional energy 

sources into charge storage processes26,27. Light-assisted energy storage (LAES) has 

emerged as a promising strategy. Early efforts primarily combined photovoltaic (PV) 

modules with conventional batteries or supercapacitors, in which solar energy was first 

converted into electricity and then stored electrochemically. Although such hybrid 

systems demonstrate feasibility, they suffer from additional energy losses in external 

connections, bulky device architectures, and limited overall efficiency. More recently, 

integrated concepts have been proposed, where photosensitive or semiconductor 

materials are directly incorporated into electrodes28–30. In these systems, light absorption, 

charge generation, and ion storage occur within the same device, thereby reducing 

conversion losses and simplifying the overall architecture. 

The rationale for introducing light into electrochemical storage is twofold. First, 

illumination provides an auxiliary energy input: photogenerated carriers produce a 

photovoltage that can reduce charge-transfer barriers and accelerate ion 

intercalation/extraction. Second, light induces dynamic modulation of electrode 

interfaces, including carrier separation, suppression of recombination, and activation of 

otherwise inert surface states, all of which collectively enhance electrochemical 

kinetics.31,32 As a result, LAES devices can achieve faster charging, higher capacity 

retention, and in certain cases even self-charging capabilities under ambient light. From 

a broader perspective, light-assisted storage devices represent a step toward 

multifunctional and integrated energy systems. Beyond conventional applications in 

stationary storage, these devices hold promise for portable and wearable electronics, 

where simultaneous energy harvesting and storage on a single lightweight platform is 
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particularly attractive33,34. Despite rapid progress, challenges remain in material 

compatibility, spectral utilization, and device stability, highlighting the importance of 

developing systematic design principles and standardized evaluation protocols. Thus, the 

integration of photonic energy into electrochemical storage is not merely an incremental 

improvement but a paradigm shift. By transforming light from an external power source 

into an intrinsic driving force within the electrode, photo–electrochemical synergy opens 

new opportunities to overcome the conventional limitations of batteries and 

supercapacitors and sets the stage for the design of next-generation sustainable energy 

devices.35–37 

 

1.2.1 Current applications and research status 

In recent years, light-assisted electrochemical storage has progressed from conceptual 

demonstrations to practical prototype systems (Figure 1.2)38–48. The earliest attempts 

were PV–battery coupled devices, in which photovoltaic modules were externally 

integrated with batteries or supercapacitors45. Although technically straightforward, these 

systems suffered from additional conversion losses and bulky architectures, limiting their 

efficiency and scalability. Subsequent studies advanced to photoelectrode-assisted 

configurations, where a photo-assisted electrode was directly integrated into the 

electrochemical cell. In such systems, illumination generated photovoltage and 

photocarriers that directly participated in charge storage, leading to measurable 

improvements in capacity, rate performance, and cycling stability. 

More recently, research has focused on integrated two-electrode architectures, in which 

the same electrode simultaneously harvests light and stores ions. This compact design 

minimizes energy loss pathways and has been successfully applied in diverse chemistries 

including lithium-, sodium-, and zinc-ion systems. For example, MoS2, WO3, and carbon-

based heterostructures have been shown to deliver higher areal capacitance and improved 

high-rate stability under illumination.49–51 At the device level, photo-supercapacitors and 

hybrid photo-batteries have been fabricated, demonstrating proof-of-concept for 
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multifunctional energy platforms capable of self-charging or operation under ambient 

light. Overall, while the absolute energy and power densities of current devices remain 

below those of commercial storage technologies, the steady progression from external PV 

coupling to integrated photoactive electrodes highlights the growing maturity of this field. 

Current research efforts are increasingly directed toward optimizing material selection, 

heterojunction design, and device integration to improve efficiency, stability, and 

scalability. 

 

Figure 1.2 The development timeline of photo-assisted energy storage devices. 

Reproduced with permission.38-48 Copyright 1976, 2014, 2019, Springer Nature. 

Copyright 2002, The Electrochemical Society. Copyright 2004, American Institute of 
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Physics. Copyright, 2019, 2020, Elsevier. Copyright, 2019, 2020, Wiley-VCH. Copyright, 

2020, 2021, Royal Society of Chemistry. 

 

1.2.2 Working principles of photo-assisted energy storage devices 

In a light-assisted energy storage system, the electrode itself is designed to simultaneously 

function as a photo absorber and an electrochemical host, thereby directly coupling light 

harvesting with ion storage52. Upon illumination, the semiconductor electrode absorbs 

photons and generates electron–hole pairs. These photogenerated carriers are 

subsequently separated under the influence of the built-in electric field and the 

electrode/electrolyte interfacial band bending, as schematically shown in Figure 1.3a53. 

During the charging process, photogenerated electrons migrate through the external 

circuit toward the counter electrode, where they participate in reduction reactions, while 

the complementary holes remain within the illuminated electrode to drive oxidation 

processes. Simultaneously, charge neutrality is maintained by the migration of electrolyte 

ions, such as NH4
+ or other cations, into or out of the host framework. In this manner, 

photons act as an auxiliary driving force that lowers the energetic barrier for ion 

intercalation and accelerates redox kinetics. The discharge process proceeds in reverse, 

where the stored chemical energy is released as electrical energy. The effect of 

illumination is usually seen in electrochemical analyses. For example, cyclic voltammetry 

curves show increased redox currents (Figure 1.3b–c) while galvanostatic charge–

discharge profiles reveal shorter charging times and longer discharging durations (Figure 

1.3d–e).54,55 

These coupled mechanisms enable photo-assisted systems to simultaneously enhance 

capacity, improve rate capability, and extend cycle life compared with their dark 

conditions. The key distinction from conventional electrochemical storage arises from 

that light provides an additional energetic contribution directly at the electrode/electrolyte 

interface, rather than indirectly through external photovoltaics or third electrodes56,57. 

This conceptual evolution is reflected in the device configurations: from externally 
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coupled PV–battery systems (Figure 1.3f), to hybrid cells incorporating dedicated 

photoelectrodes (Figure 1.3g), and ultimately to compact two-electrode architectures in 

which a single photoactive electrode simultaneously harvests light and stores ions 

(Figure 1.3h). Such intrinsic integration of light absorption and charge storage makes the 

two-electrode configuration the most compact and potentially scalable design for future 

multifunctional energy devices.58,59 

 
Figure 1.3 (a) Working principle of a photo-assisted energy storage device. (b,c) The 

CVs and GCD curves of photo-assisted devices. (f-h) The classification of photo-induced 

energy storage devices.53 Copyright, 2023, Wiley-VCH. 

 

1.3 Ammonium ion storage  

In parallel with the exploration of post-lithium chemistry, NH4
+ electrochemistry has 

recently emerged as a distinctive and promising branch of aqueous energy storage 60,61. 

Unlike metallic cations such as Li+, Na+, or Zn2+, whose insertion processes are governed 
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by strong coordination interactions with host frameworks, the charge storage behavior of 

NH4
+ is dominated by reversible hydrogen bonding interactions. The tetrahedral structure 

of NH4
+ enables it to form dynamic hydrogen bonds with lattice oxygen atoms in host 

materials, thereby facilitating fast insertion and extraction with relatively low energy 

barriers. This unique storage mechanism endows NH4
+ systems with several advantages. 

First, the fast kinetics associated with hydrogen bonding allow for high-rate charge–

discharge performance compared to multivalent metal-ion systems. Second, the insertion 

process generally induces less severe lattice distortion, contributing to improved cycling 

stability. Third, ammonium salts are abundant, inexpensive, and environmentally benign, 

making them particularly attractive for sustainable and safe large-scale storage 

applications.62,63 

Despite these benefits, the field remains at an early stage of development. The number of 

electrode materials capable of reversible NH4
+ storage is still limited, and the electron/ion 

coupling efficiency at electrode–electrolyte interfaces often constrain performance63,64. 

Addressing these limitations requires the rational design of electrode architectures that 

can fully exploit the hydrogen-bonding mechanism while overcoming intrinsic transport 

and interfacial bottlenecks. The following subsections introduce fundamental theoretical 

framework underlying NH4
+ electrochemistry (Section 1.3.1), then reviews recent 

research progress and discusses the key challenges and future opportunities in this 

emerging field (Section 1.3.2). 

 

1.3.1 Fundamental principles and theoretical framework 

The fundamental operating principle of NH4
+ energy storage devices is schematically 

illustrated in Figure 1.4. When a potential is applied, NH4
+ cations migrate through the 

aqueous electrolyte and reversibly intercalate into the host frameworks of the cathode and 

anode. Unlike metallic cations, which interact with lattice sites through strong 

coordination bonds, the insertion of NH4
+ is governed by hydrogen-bonding interactions 

between hydrogen atoms of ammonium ions and the oxygen atoms in the host lattice. 
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This distinct host–guest chemistry enables fast and reversible insertion/extraction with 

relatively low migration barriers. During the charging process, electrons flow from the 

cathode to the anode through the external circuit, while NH4
+ ions migrate in the opposite 

direction within the electrolyte to maintain charge neutrality. The ions insert into the 

anode structure, forming hydrogen bonds with lattice oxygen sites. Conversely, in the 

discharging process, the electrons return through the external circuit, and NH4
+ ions are 

released back into the electrolyte and reinserted into the cathode framework.65 This 

dynamic hydrogen-bond-mediated insertion mechanism results in several distinguishing 

characteristics: (i) fast kinetics, as weak H-bonding lowers the energy barrier for diffusion 

compared with strong coordination interactions; (ii) reduced lattice distortion, since H-

bonds are flexible and induce less structural strain during repeated cycling; and (iii) 

hybrid capacitive behavior, combining pseudocapacitive surface processes with bulk 

intercalation, which supports high power delivery and long cycling stability. NH4
+ 

electrochemistry represents a novel storage paradigm where H-bonding rather than 

coordination bonding dominates ion–host interactions, conferring unique advantages in 

rate performance, structural stability, and environmental sustainability66–68. This 

distinctive working principle forms the scientific basis for subsequent material design 

strategies aimed at developing efficient NH4
+ storage electrodes. 

 

Figure 1.4 Working principle of NH4
+ energy storage devices 
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1.3.2 Current research progress 

Since the first demonstration of reversible NH4
+ insertion, research on NH4

+ energy 

storage devices has rapidly advanced, progressing from proof-of-concept studies to 

systematic investigations of diverse host materials. In the past several years, layered 

oxides, open-framework compounds, and carbon-based composites have been 

extensively explored to clarify storage mechanisms and evaluate device performance69–

71. Central to these advances is the recognition that the storage of NH4
+ ions is intrinsically 

governed by the crystal structure and dimensionality of the electrode host, which dictate 

ion transport pathways, storage capacity, and overall electrochemical behavior. As a 

result, these NH4
+ storage materials can be systematically classified into three types 

according to their structural dimensionality. It helps to provide a clearer framework for 

the understanding of ion–host interactions and to guide the rational design of high-

performance electrodes for ammonium-ion hybrid supercapacitors and batteries. 

In more detail, one-dimensional materials represent a significant category of NH4
+ storage 

hosts, featuring tunnel-like structures that provide direct pathways for NH4
+ion insertion 

and desertion through intercalation mechanisms. These materials are characterized by 

tunnel channels with typical dimensions of approximately 0.50 nm × 0.50 nm framework 

structures that can accommodate NH4
+ ions within the tunnels. They also possess direct 

ion diffusion pathways along the tunnel that enable fast ion transport kinetics. 

Representative materials in this category include α-MnO2, h-MoO3 and h-WO3
72–74. The 

NH4
+ storage mechanism in these one-dimensional materials primarily occurs through 

intercalation within the tunnel structures, where the ions can move freely along the tunnel 

channels, leading to fast ion transport kinetics. Meanwhile, the hydrogen bonding 

between NH4
+ and the framework oxygen atoms provides additional stabilization that 

enhances storage reversibility. 

Two-dimensional layered materials constitute another important class of NH4
+ storage 

hosts, offering interlayer spaces for NH4
+ storage through mechanisms that take 

advantage of the flexible nature of layered structures. These materials are characterized 
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by layered structures with an interlayer spacing of approximately 0.57 nm × 0.96 nm, Van 

der Waals interactions between layers that allow for expansion during ion insertion, and 

flexible interlayer distances that can accommodate different ion sizes without significant 

structural damage. Representative materials include VS2VOx, V2O5, and δ-MnO2
75–77. In 

two-dimensional materials, NH4
+ ions are intercalated into the interlayer spaces, where 

the layers reversibly expand to accommodate the ions, ensuring efficient transport and 

stable cycling. 

 

Figure 1.5 Classification of NH4
+ storage materials based on structural dimensionality 

and corresponding storage mechanisms.  

 

Three-dimensional framework materials provide the most complex ion storage 

environments, featuring interconnected tunnel networks that offer multiple pathways for 

NH4
+ storage through sophisticated mechanisms combining intercalation and ion 

exchange processes. These materials are characterized by interconnected tunnel systems 

with channels of approximately 0.32 nm × 0.32 nm, framework structures that offer 

multiple diffusion pathways for enhanced ion transport, and high structural stability due 

to the three-dimensional connectivity that prevents structural collapse during cycling. 

Cu3[Fe(CN)6]2, Fe4[Fe(CN)6]3 and NaFe[Fe(CN)6] are representative materials in this 

category78–80. Three-dimensional materials store NH4
+ ions within the framework cavities 
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through a combination of intercalation and ion exchange mechanisms, where the three-

dimensional connectivity provides multiple pathways for ion diffusion leading to 

excellent rate performance, and the framework structure remains stable during cycling 

due to the strong covalent bonding network that maintains structural integrity. 

Comparative analysis of these different storage mechanisms reveals distinct advantages 

and limitations for each dimensional category, with one-dimensional materials offering 

the fastest transport along tunnel directions but potentially suffering from channel 

blocking that can limit capacity. Two-dimensional materials provide good transport 

kinetics with flexibility for structural accommodation and generally the highest capacity 

due to large interlayer spaces. Three-dimensional materials exhibit excellent ion and 

electron transport (due to multiple pathways) and the highest structural stability (due to 

framework connectivity). Unfortunately, they may have smaller channel sizes that can 

limit the size of ions that can be accommodated. Despite significant progress in the 

understanding and development of NH4
+ storage materials, several challenges still remain, 

including limited understanding of the exact roles of hydrogen bonding and its impact on 

storage kinetics, the better control over channel and layer dimensions for the optimization 

of NH4
+ accommodation, the development of suitable electrolytes that can maximize the 

advantages of NH4
+ storage, the improvement of long-term cycling stability (particularly 

for layered materials), and the enhancement of high-rate capabilities for practical 

applications. 

 

1.4 Electronic structure and intercalation phenomena of tungsten oxide  

1.4.1 Electronic structure of tungsten oxide 

Tungsten oxide (WO3) is a typical transition-metal oxide that has been extensively studied 

stemming from its rich structural versatility and semiconducting properties. WO3 is 

composed of corner- or edge-sharing WO6 octahedra, which can be arranged in different 

configurations when the applied temperature and synthesis conditions are varied. 

Multiple polymorphs including monoclinic, orthorhombic, tetragonal, and hexagonal 
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phases are accessible. Note that each exhibits distinct lattice symmetries and ion-diffusion 

pathways (Figure 1.6)81,82. This structural diversity provides a flexible platform for the 

reversible insertion of virous cations (e.g., H+, Li+, Na+, Zn2+, and NH4
+) featuring 

different sizes. In other words, WO3 is a universal intercalation host. The electronic 

properties of WO3 are strongly influenced by its oxidation state chemistry. For example, 

tungsten can exist predominantly in the +6-oxidation state but can adopt lower oxidation 

states such as +5 and +4 under reduction conditions or through oxygen vacancy formation. 

The presence of mixed-valence tungsten states significantly alters the electronic structure 

of WO3. Once additional electronic states are introduced within the bandgap, a more 

conductive material will be created through enhanced charge carrier density and 

improved electron mobility83. Taking oxygen vacancies as an example, they are 

commonly formed during synthesis or electrochemical cycling. As electron donors, they 

then create localized defect states that can facilitate charge transport through hopping 

mechanisms between adjacent tungsten sites84. These defect states also modify the work 

function and surface electronic properties, making the material more suitable for 

electrochemical applications in that they lower the energy barriers for charge transfer 

processes at the electrode/electrolyte interface. 

From an electronic perspective, WO3 is generally considered an n-type semiconductor, 

with a bandgap typically ranging from 2.6 to 2.8 eV. The conduction band is mainly 

derived from its W 5d orbitals, while its valence band is composed of O 2p states. This 

band alignment not only facilitates efficient electron transport but also enables visible-

light absorption. In short, WO3 can be positioned as a suitable photoactive material for 

photoelectrochemical processes85,86. Importantly, the conduction band minimum lies at 

an energetically favorable level relative to many redox couples in aqueous electrolytes, 

providing the thermodynamic driving force for electron transfer under illumination. 

Amorphization of tungsten oxide leads to profound changes in its electronic structure that 

generally favor enhanced electrochemical activity compared to crystalline phases87,88. 

The loss of long-range order in amorphous materials generally results in a broadening of 
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electronic states and the creation of additional defect levels within the bandgap. Electrical 

conductivity is further increased through enhanced charge carrier density and modified 

transport mechanisms. The amorphous structure also promotes the formation of a higher 

concentration of oxygen vacancies and mixed-valence tungsten states, further 

contributing to improved electronic properties. Additionally, the increased disorder in 

amorphous tungsten oxide creates a more flexible electronic structure that can better 

accommodate the electronic changes that are associated with ion insertion and extraction 

processes. In conclusion they potentially lead to improved cycling stability and 

reversibility in electrochemical applications. 

 

Figure 1.6 (a) Basic unit cell of WO3. (b-d) Typical crystal structure of WO3. 

 

1.4.2 Ion intercalation phenomena in tungsten oxide 

Tungsten oxide has recently gained increasing attention as one of the most promising 

inorganic hosts for NH4
+ storage. Its structural versatility, open frameworks, and strong 

affinity for hydrogen bonding make it particularly suitable for accommodating NH4
+ 

cations in aqueous electrolytes. In contrast to metallic cations such as Zn2+ or Li+, whose 

insertion into WO3 is driven by coordination interactions, NH4
+ storage is dominated by 
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hydrogen bonding between the hydrogen atoms of NH4
+ and the lattice oxygen atoms of 

WO3. This unique interaction provides several intrinsic advantages: reduced lattice strain 

during insertion, lower migration barriers, and enhanced reversibility over long-term 

cycling15. Electrochemical studies have demonstrated that WO3 electrodes can deliver 

stable capacity and high-rate performance in NH4
+ systems. For instance, layered and 

nanostructured WO3 frameworks provide one-dimensional or quasi-two-dimensional 

channels that enable fast NH4
+ diffusion, while the hydrogen-bonding mechanism ensures 

reversible intercalation/extraction. Compared with other transition-metal oxides, WO3 

exhibits a favorable balance between capacity, cycling stability, and ionic kinetics. 

Therefore, it has been recognized as a versatile platform for aqueous NH4
+ batteries and 

hybrid supercapacitors14. 

Monoclinic WO3 (m-WO3) represents the most widely investigated polymorph. The First-

principles calculations and ex-situ analyses have demonstrated that NH4
+ insertion into 

m-WO3 proceeds through a three-dimensional equilibrium diffusion pathway, 

accompanied by the reversible reconfiguration of linear and trifurcated hydrogen bonds 

within the lattice. This dynamic hydrogen-bonding evolution not only reduces structural 

strain but also enhances ion mobility. In one report, m-WO3 electrodes deliver capacities 

as high as ~150 mAh g⁻1 at low rates, retain ~48 mAh g⁻1 even at 5 A g⁻1, and 

maintain >95% of their initial capacity after 5000 cycles89. The full NH4
+ aqueous 

batteries where m-WO3 anodes were integrated with γ-MnO2 cathodes have achieved 

energy densities approaching 65 Wh kg⁻1. They own also both practical feasibility and 

long-term stability.  

In addition to m-WO3, hexagonal WO3 (h-WO3) has recently been introduced as a 

superior high-rate host for ion storage72. Its one-dimensional tunnels, stabilized by 

interstitial water molecules, provide highly conductive ionic pathways that are perfect to 

confine NH4
+ insertion and extraction within the channel network. This confinement 

minimizes structural degradation compared to layered oxides and supports rapid 

pseudocapacitive behavior. Strikingly, h-WO3 delivers ~82 mAh g⁻1 at 1 A g⁻1 and retains 
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68% of its capacity after 200,000 cycles at an ultrahigh current of 20 A g⁻¹, establishing 

a new benchmark in aqueous NH4
+ systems in terms of their cycle life. 

 

Figure 1.7 (a) Schematic illustration of m-WO3, (b) the cyclic voltammogram of m-WO3. 

(c) Schematic illustration of h-WO3. (d) The cyclic voltammogram of h-WO3. (e) 

Schematic illustration of W18O49–Ov. (f) The cyclic voltammogram of W18O49–Ov.[72,82,89] 

Copyright, 2022, 2023, Elsevier. Copyright, 2022, Wiley-VCH. 

 

In parallel, oxygen vacancy engineering has been explored to overcome the intrinsic 

limitations of electronic conductivity and sluggish redox kinetics inside WO3. For 

example, defect-rich phases such as W18O49–Ov can introduce shallow donor states that 

will narrow the bandgap, enhance charge transport, and provide abundant adsorption sites 

for NH4
+ storage84. These modifications accelerate interfacial charge transfer and improve 

overall utilization of the WO3 lattice, representing a versatile approach to further optimize 
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both rate capability and capacity retention. Collectively, these advances highlight WO3 

as a model system for the study of hydrogen-bond-driven ion storage. By leveraging 

structural polymorphism (hexagonal vs monoclinic) as well as defect engineering, WO3 

electrodes have achieved high capacity, remarkable cycling stability, and fast kinetics in 

NH4
+ storage systems. Nevertheless, many challenges remain. For example, these WO3 

electrodes only possess limited energy density compared with Li+ or Zn2+ storage systems. 

Their mechanistic understanding of H-bond dynamics is incomplete. The scalability of 

such electrode architecture needs to be addressed. These issues trigger and define the next 

stage of WO₃ research in AIBs. Considering that our goal is to construct light-assisted 

AIHSs, it is necessary to develop electrode architectures that can simultaneously facilitate 

ion transport and photon utilization. Composite structures, especially semiconductor 

heterojunctions or conductive hybrids, are expected to effectively improve charge 

separation and broaden light absorption, thereby paving the way for subsequent photo-

assisted energy-storage systems. Therefore, the following section discusses composite 

design strategies focusing on heterojunctions and interfacial synergies. 

 

1.5 Composite design: heterojunctions and synergy 

As a powerful approach to enhance the optical and electrochemical properties of energy 

storage materials beyond what can be achieved with individual components alone, the 

development of composite materials has emerged through the strategic combination of 

different components. In more detail, composite design enables the creation of 

heterojunctions that can fundamentally alter charge transfer dynamics, light absorption 

characteristics, and improved storage mechanisms through synergistic effects90–92. The 

formation of heterojunctions between different materials is expected to create interfaces 

with unique electronic and optical properties. These properties arise from band alignment, 

charge redistribution, and the creation of built-in electric fields. These fields can facilitate 

charge separation and transport processes. These processes are essential for advanced 

energy storage applications. Some general heterojunctions are discussed below.  
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1.5.1 Type-II Heterojunctions 

Type-II heterostructures are constructed by coupling two semiconductors with staggered 

band alignments.93 Upon illumination, photogenerated electrons migrate to the lower 

conduction band while holes to the higher valence band. In other words, effective charge 

separation occurs. In some reported WO3-based systems, TiO2, g-C3N4, or carbonaceous 

semiconductors have been coupled. These compositions have shown extended visible-

light response and reduced recombination losses94–96. These finally exhibit enhanced 

photocurrent density and faster NH4
+ insertion kinetics compared with pristine WO3. 

 

1.5.2 p–n Junctions 

A p–n heterojunction is formed at the interface when a n-type semiconductor is coupled 

with a p-type semiconductor. The equilibration of their Fermi levels induces band 

bending, then creates an internal electric field that drives photogenerated electrons toward 

the n-type and holes toward the p-type domain97,98. This built-in field effectively 

promotes carrier separation, reduces charge recombination, and lowers interfacial 

overpotentials. Some reported p–n junctions do exhibit improved photovoltage 

generation and enhanced interfacial kinetics, enabling more efficient utilization of 

photogenerated carriers. Such characteristics render p–n heterostructures particularly 

attractive for the applications where strong interfacial electric fields and efficient charge 

transport are required. They thus provide a general design principle for advancing photo 

responsive electrochemical systems. 

 

1.5.3 Z-Scheme Systems 

Differently, Z-scheme heterojunction is inspired by natural photosynthesis. It couples two 

photoactive semiconductors so that photogenerated electrons in one conduction band can 

recombine with holes in the other valence band99. This configuration preserves high redox 

potential of the remaining carriers, providing strong oxidizing and reducing abilities 



Chapter 1: Introduction  19 

 

simultaneously. One example is WO3 integrated Z-scheme architecture with CdS or 

carbon-based photocatalysts. Such systems exhibit both broader spectral utilization and 

stronger driving force for surface redox reactions100. 

 

1.6 Outline of this thesis 

Based on the above considerations, this dissertation is structured around the systematic 

development and further optimization of tungsten oxide-based electrode materials for 

AIHSs, progressing from fundamental material design to advanced composite 

architectures with photo-enhanced capabilities. The research follows a logical 

progression that addresses the key limitations of conventional electrode materials through 

innovative structural engineering and strategic composite formation, ultimately 

demonstrating the potential for next-generation energy storage devices with superior 

performance characteristics. This thesis thus contains 6 chapters: 

Chapter 1 reviews light-assisted energy storage and motivates AIHSs. It introduces NH4
+ 

storage principles, the electronic structure and intercalation behavior of WO3, and 

composite strategies (Type-II, p–n, and Z-scheme) that guide later chapters; the chapter 

ends with the thesis outline. 

Chapter 2 outlines the experimental details, including material preparation technologies 

(electrochemical deposition, magnetron sputtering, MWCVD, thermal CVD), fabrication 

of WO3, h-WO3, PANI, WO3/TiO2 and WO3/BDD, and the full characterization toolbox 

(SEM/TEM, Raman, XRD, XPS, N2 adsorption). It also specifies electrochemical and 

photo-electrochemical tests (CV, GCD, EIS, Mott–Schottky, LSV, i–t) as well as 

data/DFT methods. 

Chapter 3 introduces conventional tungsten oxide electrodes that face significant 

challenges including poor electronic conductivity, limited ion accessibility, and 

insufficient cycling stability. To simultaneously address these limitations, this chapter 

introduces the innovative design concept that folded nanocrystalline-stacked amorphous 

tungsten oxide (a-WO3) electrodes to create a hierarchical framework optimized for NH4
+ 
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storage. The rapid electrochemical synthesis method is detailed, along with 

comprehensive characterization of the structural and electrochemical properties of 

material. The growth mechanism is systematically investigated through parameter 

optimization studies, revealing the critical factors governing material morphology and 

performance.  

Chapter 4 establishes photo-enhanced energy storage systems represent an emerging 

frontier that combines solar energy harvesting with electrochemical storage capabilities. 

Building upon the foundation established in Chapter 3, the synthesis and optimization of 

photo-assisted WO3/TiO2 composites are systematically investigated. Comprehensive 

photophysical and electrochemical characterization reveals the synergistic effects 

between the two oxide components, demonstrating enhanced light absorption, improved 

charge carrier dynamics, and accelerated ion transport kinetics under illumination. The 

chapter establishes the potential for dual-functional energy storage devices that can 

harvest solar energy while providing high-performance electrochemical storage 

capabilities.  

Chapter 5 designs the p-n junction materials that offer unprecedented opportunities to 

harness photo-generated charge carriers for enhanced electrochemical energy storage 

through strategic semiconductor coupling and interfacial engineering. This thesis will 

demonstrate how the unique electronic properties of BDD can be strategically combined 

with WO3 to form WO3/BDD that simultaneously address fundamental limitations in 

conductivity, light absorption, and charge separation efficiency. The formation of p-n 

junctions creates built-in electric fields that facilitate spatial separation of photo-

generated electrons and holes. The WO3/BDD exhibits synergistic photo-electrochemical 

behaviors that dramatically enhance NH4
+ storage performance under light illumination, 

leading to improved capacity, accelerated kinetics, and superior cycling stability in light-

assisted AIHSs. 

Chapter 6 summarizes the structural engineering of a-WO3, Type-II in WO3/TiO2 and p-

n heterojunctions in WO3/BDD enable photo-enhanced NH4
+ storage, and outlines future 
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work on advanced operando characterization, dual-ion/multi-chemistry integration, and 

deeper mechanism studies of photo-enhancement. 
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2 Experimental 

2.1 Material preparation  

2.1.1 Electrochemical deposition 

Electrochemical deposition is a solution-based technique that enables the formation of 

solid films or nanostructures on conductive substrates by applying an external potential 

or current. The process is generally conducted in a three-electrode configuration, 

consisting of a working electrode, a counter electrode, and a reference electrode, 

connected to a potentiostat or galvanostat for precise controls (Figure 2.1). When a 

potential is applied, charged species in the electrolyte migrate toward the oppositely 

charged electrode. At the working electrode, these ions undergo electron transfer 

reactions: cations can be reduced to their metallic or oxidized solid states, while anions 

may participate in complementary oxidation reactions. The reduction or oxidation process 

initiates the nucleation of solid nuclei on the electrode surface, which subsequently grows 

into a continuous film. The morphology, thickness, and crystallinity of the deposit are 

governed by the applied conditions such as the potential or current density, the ion 

concentration, the pH of the electrolyte, and the duration of deposit. The counter electrode 

serves as the site where charge-balancing reactions occur, thereby completing the 

electrical circuit, while the reference electrode provides a stable potential against which 

the working electrode is controlled. This configuration ensures reproducibility and 

accuracy in the deposition process. 

 
Figure 2.1 Schematic illustration of the electrochemical deposition principle using a 

three-electrode configuration.  
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2.1.2 Magnetron sputtering 

Magnetron sputtering is a widely used physical vapor deposition technique that enables 

the formation of thin films with well-controlled composition and thickness. In this process, 

a target material is placed inside a vacuum chamber, and an electric field is applied 

between the target (cathode) and the chamber wall (anode) to ignite a plasma, typically 

in an argon atmosphere. Plasma generates positively charged ions, which are accelerated 

toward the negatively biased target surface. Through momentum transfer, these energetic 

ions eject atoms or clusters from the target material, which then travel through the 

chamber and condense on the substrate, forming a thin film (Figure 2.2). 

 
Figure 2.2 Schematic diagram of the magnet sputtering physical vapor deposition. 

 

The incorporation of a magnetic field close to the target surface creates a closed-loop path 

for electrons, effectively trapping them near the target. This confinement enhances the 

ionization efficiency of the plasma, thereby increasing the density of energetic ions that 

bombard the target. As a result, the sputtering rate is improved, and the process can be 

operated at lower pressures while maintaining a stable discharge. The properties of as-

deposited films are strongly influenced by the operating parameters, such as working 

pressure, sputtering power, target-to-substrate distance, and substrate temperature. 
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Furthermore, by introducing reactive gases such as oxygen or nitrogen into the chamber, 

reactive sputtering can be achieved, enabling the formation of compound films with 

tailored stoichiometry. 

 

2.1.3 Microwave plasma enhanced chemical vapor deposition 

Microwave assisted chemical vapor deposition (MWCVD) is a plasma-enhanced CVD 

technique that utilizes microwave electromagnetic radiation at 2.45 GHz or other 

frequencies to generate and sustain high-density plasma for precursor decomposition and 

further the film formation (Figure 2.3). The fundamental principle relies on the 

interaction between microwave energy and gas molecules, where the oscillating electric 

field of microwave radiation accelerates free electrons in the gas phase through both 

collisional and collision-less heating mechanisms. These energetic electrons subsequently 

collide with neutral precursor molecules, causing ionization, dissociation, and excitation 

processes that create a rich environment of reactive species including ions, radicals, and 

excited molecules. 

The microwave energy coupling occurs through electron cyclotron resonance (ECR) or 

direct plasma heating, depending on the magnetic field configuration and operating 

conditions. In the absence of magnetic fields, electrons gain energy through collisions 

with the oscillating electric field, leading to avalanche ionization and plasma formation 

when the electron energy exceeds the ionization threshold of the gas molecules. The high-

frequency nature of microwave radiation (2.45 GHz) ensures efficient energy transfer to 

electrons while minimizing ion heating, resulting in a non-equilibrium plasma 

characterized by high electron temperatures (1-10 eV) and relatively low gas 

temperatures. 

The enhanced chemical reactivity in MWCVD arises from the high concentration of 

reactive species generated by electron impact processes. Precursor molecules undergo 

various decomposition pathways through electron impact dissociation, creating highly 

reactive radicals that readily participate in surface reactions on the heated substrate. The 
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plasma environment also provides ion bombardment effects that enhance surface mobility 

and promote crystalline growth, while the reduced substrate temperature requirements 

compared to thermal CVD result from the high chemical reactivity of plasma-generated 

species, enabling film deposition through pathways that are not accessible in purely 

thermal processes. 

 

Figure 2.3 Schematic illustration of the microwave plasma chemical vapor deposition 

process. 

 

2.1.4 Thermal chemical vapor deposition 

Thermal chemical vapor deposition (Thermal CVD) is a classical film growth technique 

in which volatile precursor gases decompose or react at elevated temperatures to form a 

solid material on the substrate surface (Figure 2.4). Unlike plasma-enhanced CVD, where 

energetic plasma species provide activation energy, thermal CVD relies solely on external 

heating of the reaction chamber or the substrate to initiate and sustain the chemical 

reactions. 

In a typical setup, precursor gases are introduced into a heated quartz tube, which is 

embedded within a resistively heated furnace. As the gases flow through the reaction zone, 

the high temperature induces decomposition into reactive intermediates. These species 

subsequently adsorb onto the heated substrate surface, where they undergo surface 

diffusion, nucleation, and chemical bonding, ultimately leading to film growth. 
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The process parameters—including precursor composition, gas flow rate, furnace 

temperature, and residence time—play a decisive role in determining the deposition rate, 

film thickness, crystallinity, and uniformity. Thermal CVD is widely employed due to its 

simplicity and capability of producing large-area coatings, although it often requires 

higher temperatures compared to plasma-enhanced methods. 

 

Figure 2.4 Schematic illustration of the Thermal chemical vapor deposition 

 

2.2 Materials preparation 

2.2.1 Substrate preparation 

The carbon cloth (CC) was first ultrasonically cleaned in acetone for 30 mins to remove 

organic contaminants and manufacturing residues, followed by sequential cleaning in 

ethanol and deionized water for 15 min each to eliminate residual solvents and ionic 

impurities. After cleaning, the substrates were dried in a vacuum oven at 60 °C for 12 h 

to remove moisture and volatile compounds that could interfere with subsequent coating 

processes. All subsequent deposits were performed using pretreated substrate samples. 

2.2.2 Electrochemical deposition of WO3 

The a-WO3@CC electrodes were prepared by an electrochemical deposition method. In 

the frist step, 1.65 g of Na2WO4·2H2O was dissolved in 50 mL of 0.5 M aqueous H2SO4 

solution with aid of stirring. Then, 510 μL of hydrogen peroxide was added and 

continuous stirring was applied. In the resultant solution (Precursor solution) a constant 

potential of −3 V (vs. working electrode, WE) was applied for 1000 min with a platinum 
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foil as the counter electrode and the Ag/AgCl as the reference electrode. After the 

deposition, it was soaked in deionized water for 2 h. Finally, the a-WO3 electrode was 

naturally dried in air. 

To obtain the optimized samples, systematic variations in deposition parameters were 

performed, including the concentration of H2O2, the applied potential, and the deposition 

time. These adjustments allowed us to identify the most favorable conditions for 

achieving uniform film morphology and enhanced electrochemical performance. 

 

Figure 2.5 The schematic illustration shows the process of electrochemical deposition of 

WO3. 

 

2.2.3 Synthesis of h-WO3 electrodes 

The h-WO3 electrodes were prepared by use of a hydrothermal method. Initially, 100 mL 

of 0.125 M sodium tungstate solution was prepared by dissolving 4.125 g of 

Na2WO4·2H2O into 100 mL deionized water, where 3 M HCl solution was subsequently 

added and continuous stirring was employed until the pH value of the solution reached 

about 1 or untill the solution became pale yellow. After that, 0.025 M H2C2O4 was added 

and the solution was stirred for 10 min and then fixed up to 250 mL in a 250-mL 

volumetric flask. This was a precursor solution. 

Finally, 30 mL of the precursor solution was transferred where 1.5 g of ammonium 

sulphate was added. In a water bath the resultant solution was stirred for 2 h at 60 ℃. 

After repeating such a process for seveal times, the hydro-thermal reaction of this solution 
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was conducted in an autoclave at 180 ℃ for 16 h. After the natural cooling down of the 

autoclave, the product was taken out and sequentially washed with ethanol and deionised 

water. After its drying in an oven at 60 °C for 1 h, the product was placed in a muffle 

furnace, ventilated with air and sintered at 450 °C for 1 h. The final product was obtained. 

 

2.2.4 Synthesis of PANI electrodes 

The CC was firstly immersed in an aqueous solution of 10 mL 1 M HCl and 1 mL aniline 

(ANI) for 12 h. It was then removed and placed in a water glass, followed by the addition 

of a certain amount of ammonium persulfate (APS). Polymerisation was carried out at 

0 °C for 2 h. The PANI electrode was then obtained, rinsed three times using deionised 

water and dried in a vacuum oven at 50 °C101. 

 

2.2.5 Preparation of WO3/TiO2 Composites 

Construction of TiO2 Layer 

The titanium deposition was carried out using DC magnetron sputtering in a high-vacuum 

chamber equipped with a pure titanium target (99.99% purity, 4-inch diameter). The 

sputtering chamber was evacuated using a turbo-molecular pump backed by a mechanical 

roughing pump. The chamber was continuously pumped until a base pressure of 5×10⁻6 

Torr was achieved, as measured by an ion gauge. Following successful vacuum 

evacuation, the CC substrates underwent controlled preheating to optimize the nucleation 

and growth of the titanium film. The substrate holder was gradually heated to 300 °C at 

a rate of 30 °C min⁻1 to minimize thermal stress and prevent rapid outgassing that can 

degrade vacuum conditions.  

Prior to actual titanium deposition, the titanium target underwent thorough cleaning 

through a pre-sputtering process designed to remove surface oxides and contaminants. 

High-purity argon gas (99.999%) was introduced into the chamber, establishing a 

working pressure of 0.015 Torr. The RF power supply gradually increased to 350 W while 
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a protective shutter was positioned between the target and substrate during this cleaning 

phase. The pre-sputtering process was continued for 10 mins to ensure complete removal 

of surface contaminants, with visual monitoring of the plasma color and stability serving 

as indicators of cleaning effectiveness. Following successful target cleaning, the actual 

titanium deposition commenced with the protective shutter retracted to expose the 

substrate to the sputtered titanium flux. The sputtering power was adjusted to 300 W to 

provide optimal deposition rate while maintaining stable plasma conditions. The argon 

working pressure was maintained at 15 sccm throughout the deposition process. The 

deposition process was conducted for 120 mins to achieve a target titanium film thickness 

of approximately 300 nm.  

Table 2.1 Parameters for the physical vapor deposition (PVD) sputtering of Ti on CC 

Parameter  Value 

Background pressure / torr 5×10-6  

Working pressure / torr 0.015  

RF power / W 300  

Ar flow rate / sscm 15  

Heater power / V 50  

sputtering time / min 120  

Substrate temperature / °C 300  

 

After titanium deposition, the samples were carefully transferred to a tube furnace for 

thermal oxidation in air at 600 °C. The temperature was ramped at a rate of 5 °C min⁻1. 

Once 600 °C was reached, it was held for 1 h to ensure complete oxidation of metallic 

titanium and the formation of a well-crystallized anatase TiO2 phase. Following the 

isothermal treatment, the samples were naturally cooled to room temperature. 
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Figure 2.6 Schematic illustration of the fabrication process: (left) bare carbon cloth, 

(middle) TiO2 layer deposited on carbon cloth (~300 nm), and (right) subsequent WO3 

deposition forming the WO3/TiO2 composites. 

 

Composite fabrication process 

On this TiO2@CC substrate, WO3 deposition was further coated by electrochemical 

deposition, leading to the final composite electrode. 

 

2.2.6 Preparation of WO3/BDD Composites 

Preparation for BDD 

A titanium interlayer was subsequently deposited onto the CC using a radio frequency 

(RF, 13.56 MHz) magnetron sputtering system. A high-purity titanium target (99.995%, 

ZhongNuo Advanced Material (Beijing) Technology Co., Ltd., Φ101.6 × 6 mm) was 

employed, with pre-sputtering conducted for 10 min under a closed shutter to eliminate 

surface contamination. The Ti deposition was carried out in an Ar atmosphere for 1 min. 

The detailed sputtering conditions, including background pressure, working pressure, RF 

power, Ar flow rate, heater power, sputtering time, and substrate temperature, are 

summarized in Table 2.2.  
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Table 2.2 Parameters for the PVD sputtering of Ti on BDD 

Parameter  Value 

Background pressure /torr 1.2~2.3×10-5  

Working pressure /torr 0.008  

RF power / W 200  

Ar flow rate / sscm 20  

Heater power / v 50  

sputtering time / min 60  

Substrate temperature / °C  400  

 

Subsequently, BDD films were deposited on the Ti-coated CC substrates in a MWCVD 

reactor. Before deposition, the substrates were immersed in ethanol for 45 min, followed 

by seeding in a nanodiamond suspension (1 g L⁻1 in water) under ultrasonication for 90 

min. To investigate the influence of substrate temperature, three growth temperatures 

were employed, and the corresponding BDD-coated carbon cloths were denoted as BDD. 

The deposition parameters, including chamber pressure, working pressure, 

H₂/CH₄/trimethyl borane (TMB) gas flow rates, microwave power, deposition time, and 

substrate temperature, are provided in Table 2.3. 

Finally, the as-grown BDD samples were thermally treated in air at 450 °C for 2 h. This 

post-treatment step effectively reduced the residual sp2-carbon content and introduced 

oxygen-containing functional groups, thereby improving surface hydrophilicity102. 
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Table 2.3 Growth parameters of boron-doped diamond sample 

Parameter  Value 

Power / W 1000  

Working pressure / W  30  

H
2
 flow rate / sscm 400  

CH
4
 flow rate / sscm 4.0  

TMB flow rate / sscm 5.0  

Deposition time / min 360  

Substrate temperature / °C 823-853  

 

Composite fabrication process 

On this BDD substrate, WO3 deposition was further coated by means of electrochemical 

deposition. In this way, the final composite electrode was constructed. 

 

Figure 2.7 Schematic illustration of the fabrication process WO3/BDD. 
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2.3 Material Characterization 

2.3.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) was mainly employed to observe and analyze the 

microscopic morphology of prepared materials and to determine their dimensions. 

Equipped with an energy-dispersive spectrometer (EDS), it can also provide preliminary 

information about the elemental distribution and content. In SEM, a focused high-energy 

electron beam interacts with the surface of a solid sample to generate various signals. 

Electrons emitted from the electron gun are converted into a fine beam by a series of 

electromagnetic lenses. Under an applied accelerating voltage, this electron beam scans 

the sample surface and excites secondary electrons, which are collected by a detector and 

subsequently converted into light signals by a scintillator. The resulting signal 

corresponds to the scanned electron beam position, thus forming an SEM image. In this 

work, a field-emission scanning electron microscope (FE-SEM, Zeiss Ultra55, Germany) 

equipped with an energy-dispersive spectrometer was used. 

 

2.3.2 Transmission electron microscope 

Transmission electron microscope (TEM) was employed to observe and analyze the fine 

structure of as-grown samples. By combining lattice fringes and electron diffraction 

patterns, it also provided information for identifying the crystal structure of these 

materials within selected areas. To record TEM images, an accelerated and focused 

electron beam is transmitted through an ultrathin specimen, where electrons are scattered 

by collisions with atoms in the sample. The scattering angles depend on factors such as 

sample density and thickness, resulting in contrast variations that form bright and dark 

regions in the image. After magnification and focusing by electromagnetic lenses, the 

transmitted signals are recorded on an imaging device to produce high-resolution 

micrographs. 
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In this work, a field-emission transmission electron microscope (TEM, Tecnai G2 F20, 

FEI, USA) was used. The preparation of TEM specimens was carried out as follows: the 

synthesized films were gently scraped from the substrate with a razor blade, dispersed in 

ethanol, and ultrasonicated for 1–10 mins. A droplet of the resulting suspension was then 

placed onto a copper grid using a micropipette and dried prior to further observation. 

 

2.3.3 Raman spectroscopy 

Raman spectroscopy is a rapid and convenient technique to probe the molecular structure 

of samples, and thus it has been widely applied in the structural analysis of carbon-based 

materials. By examining the spectral bands arising from nonpolar groups or skeletal 

vibrations of symmetric molecules, Raman spectroscopy allows identification of 

chemical species, characteristic structural features, or functional groups. It serves as a 

complementary method to infrared absorption spectroscopy. The Raman shift, along with 

the intensity and line shape of Raman peaks, provides important information about 

chemical bonds and functional groups. In addition, the polarization characteristics of 

Raman signals can be used to distinguish molecular isomers. The sharpness and relative 

intensity of characteristic peaks further enable the evaluation of structural defects, 

crystallinity, and bonding states of the sample. 

In this thesis, Raman spectra of the investigated films were recorded using a custom-built 

Raman microscope based on an inverted microscope (Nikon TE300) equipped with 

Nikon objective lenses and optical filters from AHF Analysentechnik. A 532 nm laser 

(Coherent Compass 315M-100, 100 mW output power) was employed as the excitation 

source. The scattered light was dispersed by a monochromator (Jobin Yvon TRIAX 320, 

equipped with a 1200 l/mm grating) and detected using a spectroscopic back-illuminated 

EMCCD camera (Oxford Instruments Andor, Newton EMCCD DU970P). 
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2.3.4 X-ray diffraction 

X-ray diffraction (XRD) is one of the most powerful techniques for the study of crystal 

structures. It is particularly suitable for phase analysis of crystalline materials. When an 

X-ray is incident on a crystalline specimen, the electrons within the atoms are forced into 

oscillation and emit scattered waves. Due to the periodic arrangement of atoms in the 

lattice, these scattered waves interfere constructively, producing diffraction patterns that 

are characteristic of the crystal structure. Different crystal structures yield distinct 

diffraction patterns, which can be analyzed to determine the internal atomic arrangement 

of the material. 

In this work, the XRD pattens of the films were recorded using an X-ray diffractometer 

(3000 PTS, GE Inspection Technologies GmbH). The measurements were carried out 

with Cu Kα radiation (λ = 1.5418 Å) at an operating voltage of 40 kV and a current of 40 

mA. The diffraction patterns were collected over a 2θ range of 20 – 80° with a step size 

of 0.013°. 

 

2.4 Surface chemistry analysis 

2.4.1 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique that 

provides information about the elemental composition, chemical states, and electronic 

environments of atoms within the top few nanometers of a material. The method is based 

on the photoelectric effect: when a sample surface is irradiated with a monochromatic X-

ray, core-level electrons are ejected from atoms. By measuring the kinetic energy of these 

photoelectrons, their binding energy can be determined, which is characteristic of specific 

elements and sensitive to their oxidation states and bonding environments. 

In this work, XPS measurements were carried out using S-probe ESCA SSX-100 

spectrometer (Surface Science Instruments, USA). The spectra were recorded with a 

monochromatic Al Kα X-ray source (hν = 1486.6 eV). Charge neutralization was applied 
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to minimize charging effects during measurement. The shown binding energies in the 

thesis were calibrated against the C 1s peak at 284.8 eV. 

 

2.4.2 N2 adsorption and desorption 

For porous materials, surface area and pore size distribution are two critical indicators 

reflecting their structural characteristics. Gas adsorption is the most used technique to 

determine the specific surface area and pore size distribution of a porous material. 

Nitrogen, argon, and carbon dioxide are the typical adsorbates. At a constant temperature, 

only a limited amount of gas can be adsorbed on the solid surface under a given adsorbate 

pressure. Therefore, by measuring the adsorption amount at a series of relative pressures, 

an adsorption isotherm can be obtained. The shape of the adsorption isotherm provides 

valuable information about the surface structure of the material as well as its interaction 

with the adsorbate. Based on appropriate mathematical models, the specific surface area 

and pore size distribution of the material can be further calculated. 

The specific surface area and pore size distribution of the prepared samples in this thesis 

were characterized by N₂ adsorption–desorption measurements at 77 K using an Anton 

Paar NOVA 300e surface area and porosity analyzer. The Brunauer–Emmett–Teller 

(BET) model was applied to calculate the specific surface area of the studied porous 

materials, while the Barrett–Joyner–Halenda (BJH) method was used to determine their 

pore size distribution. 

 

2.5 Electrochemical measurements 

In this thesis, electrochemical techniques including cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS), linear sweep voltammetry (LSV), 

amperometry (i–t curves), galvanostatic charge–discharge (GCD), and Mott–Schottky 

analysis were performed using a CHI660E workstation (Shanghai Chenhua Inc., China) 

and a Princeton Applied Research electrochemical workstation (Princeton, USA). These 
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electrochemical measurements were employed to investigate the electrochemical 

performances of WO₃, TiO₂/WO₃, and BDD/WO₃ electrodes.  

The electrochemical workstation integrates a potentiostat, a current–voltage converter, 

and a data acquisition system, enabling precise control and recording of experimental 

parameters. A conventional three-electrode electrochemical cell was used, consisting of 

a working electrode (the investigated material), a platinum foil counter electrode, and an 

Ag/AgCl reference electrode, immersed in the electrolyte solution. In this configuration, 

the working electrode serves as the site of electrochemical reactions, the counter electrode 

provides current balance, and the reference electrode maintains a stable reference 

potential. The electrolyte ensures ionic conductivity between electrodes and sustains the 

redox processes during the measurements. 

 

2.5.1 Cyclic voltammetry 

Cyclic voltammetry is a versatile technique that can be used to evaluate the reversibility 

of electrode reactions and to gain insights into phenomena such as the formation of 

intermediate species, interfacial adsorption, and the generation of new phases during 

electrochemical processes. In this method, within the potential range where redox 

reactions occur, the electrode potential is controlled and swept linearly at various scan 

rates in a triangular waveform, either once or repeatedly, while recording the resulting 

current response. The obtained current–potential relationship constitutes the cyclic 

voltammogram. In this thesis, CV measurements were primarily employed to characterize 

the pseudocapacitive and electric double-layer capacitance behaviors of NH4
+ storage 

devices, to assess the reversibility of the associated electrochemical reactions, and to 

analyze phenomena such as ion intercalation and surface adsorption. 
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2.5.2 Galvanostatic charge-discharge 

The galvanostatic charge–discharge (GCD) technique is one of the most fundamental 

methods to evaluate the energy storage performance of electrode materials. In this method, 

a constant current is applied to the working electrode while the corresponding potential 

variation is recorded as a function of the operating time. The obtained charge–discharge 

curves provide direct information on the capacity or capacitance, Coulombic efficiency, 

and cycling stability of the electrode. Ideally, an electrode with purely capacitive behavior 

exhibits a symmetric triangular profile, whereas deviations from linearity or symmetry 

indicate the involvement of faradaic redox reactions, polarization effects, or resistive 

losses. 

In this thesis, GCD measurements were employed to characterize the charge storage 

capability of NH4
+ storage devices. The slope of the potential–time curve was used to 

calculate the specific capacitance, while the degree of symmetry between charge and 

discharge branches was analyzed to evaluate the reversibility and stability of the 

electrochemical processes. 

2.5.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) characterizes the combined resistive and 

capacitive response of an electrode system to an applied alternating current (AC) signal. 

It is primarily used to study electrode kinetics and interfacial phenomena. By fitting the 

impedance spectra, parameters such as ohmic resistance, charge-transfer resistance, 

diffusion resistance, and double-layer capacitance can be extracted. As shown in Figure 

2-4, Rₛ and Rₚ represent the ohmic resistance and charge-transfer resistance, respectively. 

The ohmic resistance originates from the electrolyte resistance, the contact resistance 

between the electrode material and electrolyte, and the intrinsic resistance of the electrode 

material. The ion diffusion resistance is described by the Warburg impedance, which is 

identified from the 45° (or near 45°) line in the mid-frequency region, where the intercept 

with the real axis corresponds to the diffusion resistance. In addition, for electrodes 
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exhibiting ideal capacitive behavior, the low-frequency region of the Nyquist plot 

presents a nearly vertical line with respect to the real axis. 

In this thesis, EIS measurements were carried out in the frequency range of 10⁻2 – 105 Hz 

with a potential amplitude of 5 mV. This technique was employed to analyze the 

impedance characteristics of the main steps in the electrode reactions of NH4
+ storage 

devices, as well as to evaluate the relaxation times of the electrode materials during 

polarization processes. 

 

2.5.4 Mott–Schottky analysis 

Mott–Schottky analysis is a widely used electrochemical method to probe the 

photoelectronic of electrode materials. It is based on measuring the capacitance of the 

electrode–electrolyte interface as a function of applied potential. By plotting the 

reciprocal squared capacitance (1/C2) against the applied potential, information such as 

the flat-band potential, charge carrier density, and semiconductor type (n-type or p-type) 

can be obtained. The slope of the Mott–Schottky plot is directly related to the doping 

density, while the intercept provides the flat-band potential, which is crucial for 

understanding the band alignment at the electrode–electrolyte interface. 

In this thesis, Mott–Schottky analysis was employed to investigate the semiconductor 

characteristics of WO3, WO3/TiO2, and WO3/BDD electrodes. These measurements 

provided insights into the electronic properties, band structure, and carrier density of these 

electrodes, which are essential for correlating their electrochemical performance with 

intrinsic electronic conductivity and photoelectrochemical behavior. 

 

2.5.5 Linear sweep voltammetry 

Linear sweep voltammetry is a potential-controlled technique in which the electrode 

potential is swept linearly with time in a single direction while monitoring the resulting 

current response. Unlike cyclic voltammetry, the potential is not reversed, making LSV 



Chapter 2 Experimental  40 

 

particularly suitable for analyzing the onset of electrochemical reactions and evaluating 

the kinetics of electrode processes. The resulting current–potential curve reflects the 

threshold potential at which electrochemical reactions are initiated, as well as the 

magnitude of current associated with reaction rates. 

In this thesis, LSV measurements were mainly employed to investigate the 

electrochemical deposition processes. By monitoring the current response as a function 

of applied potential, the onset potential of electrode reactions can be identified, thereby 

clarifying the specific point at which the deposition occurs. This enables a better 

understanding of the underlying reaction mechanisms during the electrodeposition of 

WO₃-based and composite films. 

 

2.5.6 Amperometry (i–t curves) 

Amperometry, or current–time (i–t) measurement, is an electrochemical method in which 

the potential of a working electrode is held at a constant value while the resulting current 

is continuously monitored as a function of time. Its principle lies in the fact that the current 

response directly reflects the electrochemical processes occurring at the electrode surface, 

such as charge transfer, ion diffusion, and interfacial reactions. The time-dependent 

current evolution provides valuable insights into the kinetics of these processes, including 

transient responses, adsorption/desorption phenomena, and steady-state behavior. 

In this thesis, i–t measurements were conducted under alternating light on/off conditions 

to investigate the photoelectrochemical response of WO3, WO3/TiO2, and WO3/BDD 

electrodes. When illuminated, photogenerated charge carriers contribute to an additional 

current, while turning off the light leads to a rapid decay as recombination or surface 

relaxation dominates. By analyzing the rise and decay dynamics of the photocurrent, 

several parameters were evaluated covering charge carrier generation efficiency, 

separation, and recombination rates. Furthermore, the magnitude and stability of the 

photocurrent response served as indicators of the electrodes’ capability to sustain photo-

assisted ion storage processes. 
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2.6 Photo-assisted electrochemical measurements 

The ultimate test for a photoelectrochemical device or a photoelectrode was performed 

under light irradiation at a density of 1 mW cm−2. Light source is known to be a key 

component of a photoelectrochemical measurement setup. The light source used in this 

thesis is a 150 W Xenon lamp coupled with a monochromator (MSH-300, LOT-Quantum 

Design GmbH), which was used to transmit a mechanically selectable narrow band of 

wavelengths. An optical lens was used to properly focus the light on the samples. The 

potential applied to the samples was again controlled by a CHI 660E electrochemical 

analyzer, which also measures the current. 

The current voltage measurement is the most important technique to determine the 

photoelectrochemical performance of a photoelectrode. The information about the dark 

current and photocurrent density as a function of applied potential can be obtained from 

such measurements. The photocurrent can be measured under different initial voltages or 

while sweeping the potential at a constant scan rate. The current voltage measurement 

can be conducted in dark, under constant illumination, or by switching the illumination 

on and off at a fixed frequency. In this thesis, CV, EIS, LSV and amperometry (i-t curves) 

were employed to analyze the photoelectrochemical performances of a WO3/TiO2 and 

WO3/BDD composite photoelectrode. 

 

2.7 Calculations Section 

The areal capacitances (C, mF cm−2) of as-constructed supercapacitors were calculated 

based on the GCD curves, according to the following equation (1): 

𝐶𝐶𝑆𝑆 = 𝐼𝐼×𝛥𝛥𝛥𝛥
𝑆𝑆×𝛥𝛥𝛥𝛥

        (1) 

 
where S (cm2) is the area of the electrode. I (A), Δt (s), and ΔV (V) are the discharge 

current, discharge time, and potential window, respectively. 
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The areal energy densities (E, mWh cm−2) and power densities (P, mW cm−2) were 

respectively calculated from equations (2) and (3): 

𝐸𝐸 = 𝐶𝐶𝑠𝑠𝛥𝛥𝑉𝑉2

2×3600
                    (2) 

 

𝑃𝑃 = 𝐸𝐸×3600
𝛥𝛥𝛥𝛥

                   (3) 

 

where ΔV is the discharge voltage range (V) and Δt is the discharge time (s). 

 

2.8 Density functional theory (DFT) calculations 

The DFT calculations were carried out using a hybrid Gaussian/Plane-Wave scheme 

(GPW)-based method CP2K code (http://www.cp2k.org) with the Quickstep module.103 

The core electrons and nuclei were represented with the GTH-PBE pseudopotential. The 

wave functions were expanded in optimized double-ζ Gaussian basis sets, and the plane 

waves were expanded with a cutoff energy of 400 Rydberg. The vacuum layer was set to 

20 Å to avoid the interaction between the slabs. For geometry optimization, the total 

energy converge was below 1.0 × 10−6 in inner Self-Consistent Field steps and the force 

converge was less than 4.5×10−4. The k-point was settled with 3 × 3 ×1. The projected 

density of states (pDOS) of each atom was analyzed and illustrated by the Multiwfn* and 

Vesta software. The calculation of NH4
+ adsorption energy was conducted according to 

the equation of 

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑁𝑁𝑁𝑁4/𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝑁𝑁𝑁𝑁4 , where 𝐸𝐸𝑁𝑁𝑁𝑁4/𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  and 𝐸𝐸𝑁𝑁𝑁𝑁4  are the total 

energies of NH4
+ ion on the WO3 electrode, WO3 electrode and NH4

+ ion, respectively. 

 

http://www.cp2k.org/
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3 WO3 materials for ammonium-ion hybrid supercapacitor 

Ammonium-ion hybrid supercapacitors (AIHSs) have attracted considerable attention in 

that they feature unique advantages, including the abundance and low cost of ammonium 

salts, the non-toxic nature of NH4
+ ions, and the distinctive hydrogen bonding 

characteristics that can facilitate rapid ion transport104,105. However, the practical 

implementation of AIHSs faces several critical challenges, particularly in the 

development of suitable electrode materials that can efficiently accommodate NH4
+ ions 

and in the meantime maintain structural stability and high electrochemical performance. 

Tungsten oxide (WO3) has emerged as a promising candidate for NH4
+ storage, thanks to 

its layered crystal structure, multiple oxidation states, and inherent redox activity. The 

tunnel-like framework of WO3 provides potential pathways for ion intercalation, while 

its multiple tungsten valence states (W6+, W5+, W4+) enable pseudocapacitive charge 

storage mechanisms106,107. However, conventional crystalline WO3 suffers from several 

limitations that hinder its practical application: (1) poor electronic conductivity due to the 

wide bandgap of the material, (2) limited ion accessibility within the rigid crystalline 

framework, (3) structural instability during repeated charge-discharge cycles, and (4) 

sluggish ion diffusion kinetics that restrict high-rate performance108,109. 

To address these fundamental challenges, this chapter presents a comprehensive 

investigation of a novel electrode design strategy based on folded nanocrystalline-stacked 

amorphous tungsten oxide (a-WO3). The core innovation lies in the rational engineering 

of the material's microstructure via controlled amorphization and nanocrystalline 

fragmentation.110–112 This process creates a hierarchical architecture that combines the 

advantages of amorphous and crystalline phases.113 This approach aims to: (1) enhance 

electronic conductivity through the introduction of oxygen vacancies and defect 

states114,115, (2) improve ion accessibility via the creation of abundant grain boundaries 

and porous networks116,117, (3) provide mechanical flexibility to accommodate volumetric 

changes during cycling, and (4) promote fast surface-dominated charge storage 

mechanisms118. 
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This chapter provides a systematic understanding of the material design, synthesis, 

characterization, and applications of the folded nanocrystalline-stacked a-WO3 electrodes. 

Beginning with the design principles and synthesis strategy, this chapter then explores 

the growth mechanisms underlying the formation of this unique architecture. 

Subsequently, detailed structural, chemical, and electrochemical characterizations are 

presented to elucidate the relationship between material properties and NH4
+ storage 

performance. The related storage mechanism has been investigated through both 

experimental techniques and theoretical calculations where insights into the ion transport 

and charge storage processes have been shed. Finally, the practical applicability of the 

developed electrode is demonstrated through the construction and testing of a full AIHS 

device. 

 

3.1 Design of folded nanocrystalline-stacked WO3 structure 

Crystalline tungsten oxide has been widely investigated for electrochemical applications 

due to its redox activity and tunnel structures. It however suffers from low conductivity, 

poor cycling tolerance, and limited NH4
+ accessibility when used in its bulk form. To 

address these limitations, a novel folded nanocrystalline-stacked architecture is 

introduced on base of a-WO3. It is rationally engineered to enhance ion and electron 

transport, provide mechanical flexibility, and promote high-rate reversible NH4
+ storage. 

The design concept is rooted in the principle of nano structural fragmentation combined 

with controlled amorphization. For example, the proposed architecture consists of nano 

crystallites (~5 nm) loosely assembled within an amorphous matrix, forming a 

hierarchical, porous, and grain boundary-rich framework. Such a design is expected to 

reduce the effective diffusion length for NH4
+ ions, expose many electrochemically active 

sites, and accommodate volumetric changes during cycling. Moreover, the presence of a 

high concentration of oxygen vacancies and surface oxygen-containing functional groups 

can further facilitate NH4
+ adsorption and improve charge transfer kinetics at the 

electrode/electrolyte interface. 
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To realize this architecture, a rapid electrochemical deposition strategy was developed. 

Tungsten oxide was directly deposited on conductive CC by applying a cathodic potential 

of −2.5 V (vs. the working electrode) for 1000 s in a precursor solution. The high 

overpotential promotes rapid nucleation and partial reduction of tungstate species, leading 

to the formation of a hybrid material with disordered and crystalline domains WO3 

(Figure 3.1a-c). In contrast, a hydrothermally synthesized hexagonal WO3 (h-WO3) 

sample, used as a control experiment, yielded dense, well-ordered crystal grains with 

fewer defect sites and less surface area (Figure 3.1c). This highlights the advantages of 

the electrochemical method in producing structurally open, defect-rich WO3 films. 

 

Figure 3.1 Synthesis of nanocrystalline a-WO3 for efficient NH4⁺ storage: a) Working 

principle of NH4
+ ion storage (left) and electrochemical synthesis of nanocrystalline a-

WO3 (right). b, c) Major advantages of folded nanocrystalline structure strategy compared 

with h-WO3 
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Figure 3.2 systematically compares the morphological features of a-WO3 and h-WO3, 

highlighting their distinct structural architectures. The a-WO3 sample presents a uniform 

and conformal coating across the CC substrate (Figure 3.2a), forming a continuous film 

with intimate contact with the current collector. At a higher magnification (Figure 3.2b), 

its surface consists of loosely packed, nanoscale particle aggregates, yielding a rough and 

porous texture that may facilitate electrolyte infiltration and ion accessibility. In contrast, 

the h-WO3 sample (Figure 3.2c) exhibits large spherical aggregates with a fluffy and 

porous structure. Its high-magnification image (Figure 3.2d) reveals that these 

microspheres are composed of densely interwoven nanorods, forming an open framework 

with high crystallinity. 

 

Figure 3.2 SEM images of (a,b) a-WO3 and (c,d) h-WO3 at different magnifications.  

 

TEM images were collected to examine the microstructure of the electrochemically 

deposited a-WO3. As displayed in Figure 3.3a-b, the material exhibits interconnected 

nanoscale regions, where fine crystallites, approximately 5 nm in diameter, are dispersed 

within an amorphous framework. These nanocrystalline regions adopt a folded, irregular 

stacking, forming curved and wrinkled layers rich in grain boundaries. This distinctive 

morphology results in the generation of continuous nanochannels and shortened ion 
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diffusion routes, which greatly improve both ion transport and electronic conductivity. In 

contrast, h-WO3 shows well-ordered crystalline grains with a typical size of ~20 nm, 

along with sharp (200) lattice planes of 0.317 nm spacing (Figure 3.3c-d). The highly 

ordered and less defective lattice of h-WO3 offers more rigid ion pathways, resulting in 

substantially different electrochemical performance when compared to the amorphous 

counterpart. 

 

Figure 3.3 TEM images of (a,b) a-WO3 and (c,d) h-WO3 at different magnifications.  

 

In addition, the specific surface areas of both a-WO3 and h-WO3 were evaluated using N2 

adsorption–desorption measurements. As shown in Figure 3.4, the a-WO3 sample 

exhibits a significantly higher N2 adsorption capacity compared to h-WO3, indicating the 

presence of a hierarchical porous structure with an enhanced surface area. This porous 

architecture is expected to facilitate electrolyte ion diffusion and improve surface 

accessibility, thereby contributing to the superior electrochemical performance observed. 
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Figure 3.4 N2 adsorption-desorption isotherms (77 K) of a-WO3 and h-WO3. 

 

The electrical conductivity of these two WO3 materials was subsequently measured. As 

presented in Figure 3.5a, a-WO3 possesses a significantly higher conductivity compared 

to h-WO3, which is attributed to the presence of abundant oxygen vacancies and 

disordered network structures that facilitate charge carrier transport. This is consistent 

with the amorphous nature of a-WO3 revealed by means of XRD (Figure 3.5b). In more 

detail, the a-WO3 exhibits broad and ill-defined diffraction humps, with a pronounced 

feature at low 2θ angles (10–15°), indicative of short-range order and lack of long-range 

crystallinity. In contrast, h-WO3 shows sharp and well-resolved diffraction peaks 

corresponding to a hexagonal crystalline structure, with characteristic reflections indexed 

to the (200), (002), and (202) planes.  

Complementary insights were provided by Raman spectroscopy (Figure 3.5c). Raman 

spectroscopy corroborates these findings: the a-WO3 spectrum displays broad vibrational 

bands at approximately 210, 666, and 953 cm⁻1, corresponding to O–W–O bending and 

W=O terminal stretching modes, whereas h-WO₃ exhibits narrow peaks consistent with 

well-ordered W–O networks. Notably, a shoulder near 950 cm⁻1 in a-WO3 is attributed to 

the presence of surface-bound WO5
2⁻ species and terminal oxygen defects, indicating a 

high density of active surface sites. 
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Figure 3.5 (a) Electrical conductivity, (b) XRD patterns and (c) Raman spectra of the a-

WO3 and h-WO3 electrodes. 

 

The presence of multiple tungsten oxidation in nanocrystalline a-WO3 was further 

evidenced through detailed XPS analysis (Figure 3.6a). The W 4f spectrum has been 

deconvoluted into six distinct components, with two primary peaks located at 38.1 eV 

and 36.0 eV corresponding to W6+ species. Additional weaker peaks at 37.5 eV and 35.0 

eV are assigned to W5+, while minor contributions at 39.1 eV and 37.1 eV suggest the 

presence of W4+ species. This distribution of mixed-valence tungsten states indicates a 

significant concentration of oxygen vacancies and pronounced structural disorder within 

the a-WO3 framework, both of which are known to promote enhanced electronic 

conductivity and electrochemical activity. In contrast, the W 4f spectrum of h-WO3 is 

dominated by sharp W6+ peaks, with only negligible contributions from W5+ species, 

consistent with a well-ordered crystalline phase and near-stoichiometric composition. 

Further insights are provided by the O 1s (Figure 3.6b), which reveal three distinct peaks 

centered at 529.9 eV, 531.2 eV, and 532.6 eV, corresponding to lattice oxygen, oxygen-

deficient sites, and adsorbed hydroxyl groups, respectively. The substantially higher 

intensity of oxygen vacancy and surface-adsorbed oxygen species in a-WO3, relative to 

h-WO3, confirms the greater defect density and surface reactivity of the amorphous 

material. These variations in tungsten oxidation states and oxygen coordination 

environment likely originate from the incorporation of WO5
2⁻ species and oxygen 
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vacancy formation during the electrochemical deposition process, thereby contributing to 

the superior electrochemical properties of a-WO3. 

 

 

Figure 3.6 XPS and DFT insights into NH4
+ storage on a-WO3 and h-WO3: (a) W 4f XPS 

spectra and (b) O 1s XPS spectra of a-WO3 and h-WO3. Schematic diagram and 

adsorption energy of single NH4
+ ions adsorbed on the surface of (c) h-WO3 and (d) a-

WO3. (e-f) The corresponding DOS diagrams. 

 

To investigate NH4
+ adsorption energetics, DFT simulations were performed. The 

calculated adsorption energy of NH4
+ on the a-WO3 surface is −6.44 eV, significantly 

higher than the −5.75 eV observed on h-WO3. This stronger interaction is attributed to 
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the presence of surface WO5
2⁻ groups and the negatively charged environment created by 

oxygen vacancies. The formation of hydrogen bonds between NH4
+ and terminal oxygen 

atoms on the WO3 surface further stabilizes the adsorbed configuration. The projected 

DOS shows increased electronic density near the Fermi level in a-WO3, indicating 

enhanced charge delocalization and stronger electrostatic attraction toward cationic 

species. 

3.2 Growth mechanism of the folded nanocrystalline-stacked the WO3 

 

Figure 3.7 SEM images of WO3 samples prepared with a H2O2 concentration of a) 1%, 

b) 2%, c) 3%, and d) 4%. 

 

The synthesis conditions of a-WO3 were systematically optimized, with particular 

emphasis on the influence of H2O2 concentration on the resulting material morphology. 

Related SEM images (Figure 3.7) reveal a pronounced morphological evolution as the 

H2O2 concentration increases from 1% to 4%. At a low concentration of 1%, the material 

exhibits a loosely packed, porous structure. Increasing the concentration to 2% promotes 

partial densification of the particles and improves overall uniformity. The optimal 

morphology was obtained at an H2O2 concentration of 3%, where nanoparticles are 

densely packed into a continuous network with minimal interparticle voids, achieving a 
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desirable balance between porosity and mechanical integrity. However, further increasing 

the concentration to 4% results in excessive particle aggregation, which diminishes the 

effective surface area and limits ionic accessibility. 

Next, electrochemical performance of the samples prepared with different H2O2 

concentrations was evaluated. As shown in Figure 3.8a–d, with increasing H2O2 

concentration, the pseudocapacitive contribution of the material gradually increases.  

 

Figure 3.8 Cyclic voltammograms of WO3 samples prepared with a H2O2 concentration 

of (a) 1%, (b) 2%, (c) 3%, and (d) 4% at different scan rates. (e) Nyquist plots and (f) 

Cyclic voltammograms of WO3 samples prepared with different H2O2 concentrations at 

a scan rate of 50 mV s-1. 

 



Chapter 3 WO3 materials for ammonium-ion hybrid supercapacitor 53 

 

However, when the concentration exceeds 3%, a decline in rate performance is observed. 

This is mainly attributed to excessive particle aggregation, which reduces the effective 

utilization of the material. which can be attributed to particle over-aggregation and a 

subsequent reduction in the number of accessible active sites. The EIS results (Figure 

3.8e) further reveal that the samples prepared with 1% and 3% H2O2 exhibit lower charge 

transfer resistance, indicating faster electron transport kinetics. In addition, Cyclic 

voltammogram obtained at the same scan rate (Figure 3.8f) show that the sample 

synthesized with 3% H2O2 possesses the largest redox peak area, reflecting enhanced 

pseudocapacitive behavior and superior charge transfer capability. 

The formation of the folded nanocrystalline-stacked tungsten oxide architecture during 

electrochemical deposition is supposed to be governed by a complex interplay of 

reduction kinetics, nucleation density, electrochemical potential, and deposition time. 

Understanding this growth mechanism is essential for the rational control of film 

morphology, defect concentration, and phase composition, which ultimately determine 

electrochemical behavior. In this chapter, the growth behavior was systematically 

examined by modulating the deposition parameters and elucidating the structural 

evolution via integrated spectroscopic and microscopic analyses. 

 

Figure 3.9 LSVs of an electrode in a precursor solution + 0.5 M H2SO4 at a scan rate of 

50 mV s-1 
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LSV curves were first monitored to examine the electrochemical behavior of the 

precursor (Figure 3.9). A sharp increase in cathodic current is observed around −0.8 V 

(vs. the working electrode), indicating the onset of WO5
2- reduction and nucleation of 

tungsten oxide species on the CC substrate. At this early stage, sparse and poorly defined 

nuclei are formed, as evidenced by related SEM images (Figure 3.10) where isolated 

clusters are seen with a limited surface coverage. As the applied potential becomes more 

negative, the nucleation rate increases rapidly, leading to denser deposition and the 

formation of interconnected networks. At −2.5 V, an optimal potential identified for 

structural quality and electrochemical performance, a continuous and porous film 

composed of nanospheres was observed. This morphology reflects a regime of fast 

reduction kinetics coupled with sufficient nucleation density to support the formation of 

multi-grain stacked domains with nanoscale dimensions. At more negative potentials, gas 

evolution significantly, disrupting the uniform growth and potentially introducing 

internal stress and inhomogeneity. 

 
Figure 3.10 (a-d) SEM images of WO3 samples deposited at a potential of −0.8 V (a), 

−1.3 V (b), −1.8 V (c) and −2.5 V (d) (vs. OCP). (e) Their Raman spectra. 

 

The influence of deposition potential on the crystal structure and phase distribution was 

further examined by means of Raman spectroscopy (Figure 3.10e). At low potentials, 

sharp and well-defined bands are observed near 700-800 cm−1, corresponding to the 
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characteristic W-O-W bond stretching vibrations, associated with monoclinic WO3. A 

further increase in this potential significantly enhances the intensities of these peaks, 

indicating the formation of more stable crystalline structures. However, an increase in 

deposition potential progresses further the reduction process, resulting in structural 

changes in WO3, including the formation of partially amorphous WO3 or mixed-phase 

regions. Additionally, a peak near 950 cm⁻1 appears. This is an indication of the formation 

of oxygen vacancies at higher reduction potentials, possible adsorption of anions (e.g., 

WO5
2⁻) on the WO3 surface, and ultimately the altered local chemical environment of 

W=O bonds. 

 

Figure 3.11 (a) Nyquist plots of the a-WO3 samples prepared with different deposition 

potentials. Cyclic voltammograms of a-WO3 samples prepared with a deposition potential 

of (b) −0.8 V, (c) −1.3 V, (d) −1.8 V, (e) −2.5 V, and (f) −3 V (vs. OCP) at different scan 

rates ranging from 5 to 100 mV s−1. 
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Meanwhile, electrochemical tests were conducted to evaluate the performance of 

materials prepared with different deposition potentials (Figure 3.11). One can see that as 

the deposition potential increases the electrode capacitance continuously rises, reaching 

its peak at a deposition potential of -2.5 V before its decline. 

During this electrochemical deposition process, the applied deposition time was also 

found to be crucial to vary the morphology of these WO3 samples. The Raman spectra of 

WO3 samples prepared at different deposition times (Figure 3.12a) show several 

significant changes as the deposition time increases. For example, the intensities of the 

characteristic peaks associated with the W-O stretching and bending vibrations are much 

enhanced with a longer deposition time. This tendency suggests an increase in 

crystallinity of synthesized WO3 samples in that an extended deposition time allows for 

the formation of a more ordered WO3 lattice. In more detail, the prominent peaks appear 

around 800 cm⁻1 and 950 cm⁻1. Since they are respectively attributed to W=O terminal 

bonds and bridging W-O-W bonds, improved structural integrity and reduced 

amorphization of these samples are further confirmed. Furthermore, a longer deposition 

time results in narrower peaks, reflecting reduced structural disorder and the growth of 

larger crystalline domains of these WO3 samples, or a transition from an initially 

amorphous and poorly crystallized structure to a more crystalline one. In addition, some 

slight redshifts and blueshifts in peak positions are observed with an increased deposition 

time. These shifts suggest changes in local bonding environments, potentially due to 

strain relaxation or improved atomic ordering within the WO3 framework. The formation 

of additional phases or sub-domains within the WO3 matrix is thus realized. 
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Figure 3.12 a) The Raman spectra of a-WO3 at different deposition times. b-e) Cyclic 

voltammograms of WO3 samples prepared with a deposition time of (b) 500 s, (c) 700 s, 

(d) 1300 s, and (e) 1500 s at different scan rates. 

 

In addition, the electrochemical behavior of a-WO3 materials deposited at varied 

durations was also examined (Figure 3.12b-e). As the deposition time increases, the 

enclosed CV area and the prominence of redox peaks initially grow, reflecting enhanced 

charge storage and pseudocapacitive behavior. They are due to increased surface areas 

and improved material connectivity of WO3 samples. However, beyond a certain duration 

(e.g., 1000 s), the performance begins to plateau or even decline. This is perhaps since 

excessive WO3 deposition leads to aggregation or reduced ion accessibility. Therefore, 

the optimal deposition time was determined to be 1000 s in this chapter since the resultant 

WO3 material balances its surface area, porosity, and charge transfer efficiency. 
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3.3 Storage mechanism about NH4+ ion in the WO3 

 

Figure 3.13 Simulated NH4⁺ diffusion in a-WO3. (a, b) Initial and final configurations. 

(c) Energy profile showing a diffusion barrier of ~0.38 eV. (d) Raman spectra at the 

pristine and discharge states. (e) Snapshots of the migration pathway with transient H-

bonding interactions. 

 

The migration behavior of ammonium ions was simulated within the tungsten oxide 

lattice. Figure 3.13a and Figure 3.13b present the structural configurations before and 

after the migration of NH4
+ ions. During the diffusion process, NH4

+ undergoes a series 

of reorientations accompanied by local structural rearrangements of the surrounding WO6 

octahedra. The corresponding energy profile (Figure 3.13c) reveals a diffusion barrier of 

approximately 0.38 eV, indicating that protonated NH4
+ can migrate efficiently within the 

a-WO3 network. This barrier is comparable to, or even lower than, the diffusion barriers 

of protons or other small cations in similar oxides, further demonstrating the superior ion-

conduction capability of a-WO3 in aqueous systems. In addition, Raman measurements 

performed before and after ammonium insertion clearly show the formation of H-N 

bonding within the lattice and reversible changes in W-O and W=O bands upon NH4
+ 

insertion and extraction. The structural reversibility and retention of vibrational features 

highlight the robustness of the amorphous–nanocrystalline framework during repeated 

cycling (Figure 3.13d).  
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Figure 3.14 Electrochemical performance of a-WO3 and h-WO3 anodes: Comparison of 

(a) Nyquist plots, (b) CVs at a scan rate of 5 mV s−1, (c) GCD profiles at a current density 

of 10 mA cm−2, (d) Areal capacitance as a function of the current density. (e) Comparison 

of b values of a-WO3 and h-WO3. (f) Mott-Schottky plots of the a-WO3 and h-WO3 

electrodes. 

 

To gain deeper insight into the migration mechanism, several intermediate states along 

the diffusion pathway were extracted (Figure 3.13e). It is evident that ammonium ions 

form transient hydrogen-bond interactions with nearby lattice oxygen atoms during 

migration. These dynamic hydrogen bonds serve as temporary “anchoring sites” 

stabilizing the ion at intermediate positions while simultaneously lowering the overall 

migration barrier. Such a hopping-like diffusion mechanism, mediated by short-lived 
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hydrogen-bond networks, not only ensures rapid NH4
+ transport but also prevents long-

range structural collapse. 

The electrochemical behavior of the folded nanocrystalline-stacked a-WO3 electrode was 

tested to understand its charge storage mechanism with NH4⁺ ions and related diffusion-

controlled processes. In the EIS Nyquist plots a significantly smaller semicircle is seen in 

the high-frequency region for a-WO3 compared to h-WO3, indicating a lower charge 

transfer resistance. Moreover, a near-vertical line in the low-frequency region signals 

ideal capacitive behavior and efficient NH4
+ ion transport across the electrode/electrolyte 

interface. The contact resistance of a-WO3 was measured to be as low as 2 Ω, 

considerably lower than the 7 Ω of h-WO3. It reflects enhanced electrode wetting and 

improved interfacial compatibility, likely due to the presence of oxygen-containing 

functional groups and oxygen vacancies (Figure 3.14a). The CVs recorded between −0.6 

and 0.4 V show nearly rectangular shapes with broad redox features, indicative of 

capacitive-dominated behavior (Figure 3.14b). The a-WO3 electrode exhibits a larger 

integrated CV area and more defined peaks than h-WO3, suggesting a greater 

pseudocapacitive contribution and enhanced electrochemical reactivity. The GCD 

profiles further support this, displaying symmetric triangular shapes with extended 

discharge times (Figure 3.14c). The areal capacitance of a-WO3 reaches 2783 mF cm−2 

at a current density of 1 mA cm−2 and retains over 50% of its capacitance even at 20 mA 

cm−2, indicating excellent rate capability. In comparison, h-WO3 shows a significantly 

lower capacitance and a faster decay with an increased current density (Figure 3.14d). 

The kinetic nature of charge storage was probed via the power-law relation i =avᵇ, where 

i is the peak current, v is the scan rate, a is a constant, and b is a descriptor of the charge 

storage mechanism. The log(i)–log(v) plots for a-WO3 (Figure 3.14e) yield b-values of 

0.88 and 0.82 for cathodic and anodic peaks, respectively. It has been well recognized 

that a b-value close to 0.5 reflects a diffusion-dominated intercalation process, while a 

value approaching unity is characteristic of surface-confined capacitive behavior119. 

Hence, the results in this case clearly indicate that the charge storage mechanism in a-
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WO3 is primarily driven by pseudocapacitive surface reactions, which are advantageous 

for high-rate NH4
+ storage. Conversely, the crystalline h-WO3 electrode displays much 

smaller b-values — only 0.45 for the cathodic and 0.58 for the anodic process. In other 

words, the sluggish and diffusion-limited nature of charge storage happens in bulk 

crystalline domains. Taking all these facts together, such comparison suggests that the 

amorphous structure of a-WO3 inherently favors surface-controlled pseudocapacitive 

reactions, enabling faster kinetics than the diffusion-governed intercalation commonly 

observed in long-range ordered crystalline lattices. This structural advantage of a-WO3 is 

therefore crucial in achieving superior rate performance for NH4
+ storage.  

Considering that both h-WO3 and a-WO3 materials are n-type semiconductors, their 

Mott–Schottky analysis (Figure 3.14f) was conducted to gain deeper insights into their 

electronic behavior. Such an approach has been frequently employed to calculate the 

donor density since it is inversely proportional to the slope of the Mott–Schottky plot120. 

The stark difference in the slopes, with h-WO3 exhibiting a value of 48.8 and a-WO3 only 

1.11, underscores a dramatic increase in donor density of a-WO3. The significantly higher 

donor density in a-WO3 aligns with the presence of a greater number of oxygen vacancies. 

These vacancies act as shallow donors in the conduction band, enhancing the charge 

carrier concentration and conductivity, eventually making a-WO3 more suitable for 

electrochemical NH4
+ ions storage. Additionally, the near-horizontal slope for a-WO3 

suggests a remarkably uniform distribution of donor states that allows greater flexibility 

in accommodating oxygen vacancies. In contrast, h-WO3, featuring a higher slope and a 

lower donor density, is indicative of fewer oxygen vacancies as indicated and is consistent 

with its more ordered crystalline structure. 
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Figure 3.15 Electrochemical performance of the a-WO3 electrode: a,b) Nyquist plots and 

c) Cyclic voltammograms in the electrolytes containing various cations, d) Cyclic 

voltammograms at different scan rates ranging from 5 to 100 mV s–1, e) GCD curves at 

different current densities varied from 3 to 20 mA cm–2, f) Cycling performance and 

coulombic efficiency in 1 M NH4Cl. 

 

The combination of EIS with Cyclic voltammograms was further utilized to evaluate the 

ion-storage behavior of the a-WO3 electrode. A series of metal cations, including Li+, Na+, 

K+, Mg2+, and Zn2⁺, were selected as charge carriers to systematically probe the ionic 

response (Figure 3.15a–c). Notably, for NH4
+- and K+- containing electrolytes, the high-

frequency semicircle is almost completely absent in their Nyquist plots, indicating 

extremely low charge-transfer resistances and facile ion transport. This observation 
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implies that NH4
+ and K+ ions can reversibly intercalate and deintercalated within the 

WO3 framework with minimal kinetic barriers, thereby enabling superior high-rate 

storage capability compared to the other investigated ions. 

For cations with a relatively smaller hydrated radius, such as Li+ (12.3 Ω) and Na+ 

(15.4 Ω), the impedance response also remains low, further highlighting the critical role 

of efficient ionic conductivity and reduced interfacial resistance in facilitating ion 

accommodation within the WO3 lattice. In contrast, multivalent or larger-radius ions such 

as Mg2+ (39.6 Ω) and Zn2+ (90 Ω) produce significantly more pronounced semicircles in 

the high-frequency region of their Nyquist plots, which reflects their sluggish interfacial 

charge-transfer kinetics and limited diffusion capability within the electrode. 

Interestingly, the Nyquist profile of NH4
+ ions in the low-frequency domain exhibits a 

nearly vertical line, characteristic of an ideal capacitive response. This behavior can be 

attributed to the relatively small effective hydrated radius and the low molecular weight 

of NH4⁺ ions, which together with their strong hydrogen-bonding capability toward the 

WO3 surface promote rapid ion migration and stable adsorption during the redox process. 

Such hydrogen-bond-assisted interactions effectively stabilize the intercalation pathway, 

minimize mass-transport resistance, and accelerate redox reaction kinetics. Collectively, 

these results confirm that NH4⁺ ions exhibit inherently faster diffusion and more efficient 

electrochemical dynamics on the WO3 electrode than their alkali- and multivalent-ion 

counterparts, thereby delivering enhanced high-rate storage performance. 

In summary, the NH4
+ storage in a-WO3 follows a pseudocapacitive mechanism enabled 

by a combination of physical and chemical features: high surface area of a-WO3 for the 

double-layer formation, rich defect chemistry for rapid redox transitions, and flexible 

amorphous domains for strain relaxation during the charge/discharge process. The 

incorporation of NH4
+ ions is not limited to bulk intercalation but involves surface 

adsorption stabilized by hydrogen bonding and electrostatic interactions with defect sites. 

This mechanism accounts for the excellent rate performance, high capacitances, and 

cycling stability observed in the a-WO3 electrode. 
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3.4 The performance of the ammonium-ion hybrid supercapacitor 

To evaluate the practical applicability of the folded nanocrystalline-stacked a-WO3 

electrode, a full AIHS device was assembled using a-WO3 as the anode and PANI as the 

cathode. The choice of PANI was motivated by its high theoretical capacitance, favorable 

redox reversibility, and compatibility with mild aqueous electrolytes. The PANI cathode 

was fabricated by in situ polymerization of aniline monomers on a carbon cloth substrate, 

ensuring uniform coating and strong adhesion. The a-WO3 anode and PANI cathode were 

separated by a glass fiber membrane and immersed in 1 M NH4Cl aqueous electrolyte. 

The full cell configuration is illustrated in Figure 3.16a.  

The a-WO3 anode operated stably in the potential window of −0.6 V to 0.4 V, while the 

PANI cathode functioned effectively between 0 and 1.0 V. Based on these stable potential 

ranges, the full device was operated at a voltage window of 1.6 V. The cyclic 

voltammogram of the assembled WO3//PANI AIHS at a scan rate of 50 mV s−1 exhibits 

broad redox peaks across the entire voltage range, confirming the redox behavior of the 

electrodes and the pseudocapacitive nature of the device. (Figure 3.16b) Within the 

potential window of 0–1.6 V, the device exhibits an areal capacitance of as high as 1716 

mF cm⁻2 at a current density of 3 mA cm⁻2. Even at an elevated current density of 20 mA 

cm⁻2, the capacitance retention remains at 67.1%, confirming the favorable rate capability 

and efficient ion transport kinetics of the system (Figure 3.16c). A practical 

demonstration was carried out by powering an LED after charging the device, which 

further validates its applicability (Figure 3.16d). Electrochemical characteristics were 

systematically investigated by CV and GCD analysis (Figure 3.16e-f). One can see that 

there is a reversible multi-electron transfer reaction, reflecting excellent reversibility and 

rapid electron transport and efficient capacitive response of this device. Furthermore, the 

long-term cycling stability was examined at a current density of 5 mA cm⁻2, where the 

WO3//PANI AIHS retains 81.5% of its initial capacitance after 3000 cycles (Figure 

3.16g), indicating durable operation under repeated cycling.  
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Figure 3.16 Electrochemical performance of a WO3//PANI AIHS device: a) Schematic 

illustration, b) CVs of the PANI cathode, the WO3 anode, and the WO3//PANI AIHS at a 

scan rate of 50 mV s−1, c) Specific capacitances calculated from different current densities, 

d) lighting a LED using a WO3//PANI AIHS, e) CVs at different scan rates and f) GCD 

curves at different current densities, g) Cycling stability at a scan rate of 20 mA cm−2 for 

3000 cycles, h) Ragone plot in comparison with other reported HSCs. 

 

The energy and power characteristics of the WO3//PANI AIHS were found to be 

benchmarked against state-of-the-art supercapacitors, as shown in its Ragone plot 

(Figure 3.16h). Its maximum energy density is 620 μWh cm⁻2 at a power density of 2400 

μW cm⁻2, significantly surpassing many previously reported systems. Remarkably, even 

at an ultrahigh power density such as 23,980 μW cm⁻2, this device maintains an energy 

density of 374 μWh cm⁻2. These values outperform other advanced hybrid 
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supercapacitors, such as MnO2/CNTF//MoS2@TiN/CNTF121, δ-MnO2//ACC77, 

Ti3C2Tx/CNF//Ti3C2Tx/CNF122, PMO//MnO2
73, Cu-HHB/I2//P-Mxene68, δ-MnO2//MoS2-

C A-HSC123, MnO2-CNTs//PTCDI-Ti3C2Tx
124, CW@MnO2//CW@PANI AASC125 

These results highlight the superior energy and power output of the WO3//PANI AIHS, 

making it a strong candidate for next-generation energy storage systems. 

In summary, the integration of the folded nanocrystalline-stacked a-WO3 anode with a 

conductive and stable PANI cathode enables a high-performance AIHS with a wide 

operating voltage, excellent capacity retention, fast rate response, and outstanding 

energy–power output. These results highlight the promise of defect-engineered 

amorphous tungsten oxide electrodes for practical energy storage applications and 

provide a scalable path for the development of next-generation hybrid electrochemical 

devices. 

 

3.5 Conclusion 

In this chapter, a novel amorphous tungsten oxide electrode with a folded nanocrystalline-

stacked architecture has been developed, characterized, and evaluated for high-

performance NH4
+ storage. The material design is guided by the need to overcome key 

limitations of conventional crystalline WO3, namely its low conductivity, rigid 

framework, and limited NH4
+ accessibility. By employing a rapid electrochemical 

deposition strategy, nanosized WO3 crystallites are generated and embedded within a 

disordered matrix, forming a highly porous, grain-boundary-rich film directly on carbon 

cloth. Structural and spectroscopic analysis confirms the presence of amorphous domains, 

abundant oxygen vacancies, and surface hydroxyl groups, all of which contribute to 

improved ionic transport and redox activity. 

Through controlled variation of deposition potential and time, the growth mechanism of 

the folded nanocrystalline-stacked structure has been elucidated. This structure supports 

capacitive-dominated NH4
+ storage behavior, as confirmed by electrochemical 

measurements and kinetic analysis. In particular, the a-WO3 electrode demonstrates high 
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areal capacitances, excellent performance, and outstanding reversibility. They are 

believed to be attributable to the dominance of pseudocapacitive processes and enhanced 

interfacial charge transfer. 

Integration of the a-WO3 anode with a PANI cathode in a full-cell AIHS configuration 

results in a device exhibiting a wide operating voltage (1.6 V), high energy and power 

densities (up to 620 μWh cm⁻2 and 23,980 μW cm⁻2, respectively), and excellent cycling 

stability over 3000 cycles. Compared to previously reported hybrid systems, the 

WO3//PANI AIHS features superior performance metrics, validating the effectiveness of 

the material design strategy. 

In conclusion, this study establishes the folded nanocrystalline-stacked a-WO3 as a highly 

promising electrode architecture for next-generation non-metal ion storage systems. It 

also offers insights into the role of amorphization, defect engineering, and microstructural 

control in enabling fast, reversible ion storage under practical conditions. The findings 

provide a strong foundation for the subsequent chapters, which extend the material design 

toward photo-enhanced NH4
+ storage by integrating additional functional material. 
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4 WO3/TiO2 heterojunctions for light-assisted energy storage 

Photo-assisted energy storage devices have been paid much attention recently53. To 

establish them, electrodes with excellent electrochemical performance such as the 

rationally designed tungsten oxide nanoparticles in Chapter 3 are highly needed. 

Nevertheless, when directly employed as photoelectrodes, WO3 suffers from several 

intrinsic material bottlenecks. Although its moderate bandgap (2.6–2.8 eV) enables 

visible-light absorption, the photocatalytic efficiency remains small in that it is limited by 

ultrafast charge recombination processes with carrier lifetimes only on the order of ~10⁻9 

s126,127. In addition, the poor conductivity and possible structural degradation during 

charge/discharge cycling further exacerbate these issues. Collectively, these limitations 

highlight the necessity of developing composite electrode architectures that can overcome 

the constraints of single-component WO3 while leveraging synergistic effects to enhance 

both electronic transport and photoelectrochemical performance. 

For various composite electrode architectures, TiO2 is an almost perfect candidate to 

integrate with WO3. This is because it presents superior photocatalytic activity, stemming 

from efficient charge separation mechanisms and extended carrier lifetimes, with electron 

and hole mobilities128–130. The exceptional chemical stability of TiO2 across diverse 

electrochemical environments offers potential structural reinforcement for the 

construction of various composite systems. Crucially, the band alignment between these 

two materials — the conduction band of TiO2 at -0.3 V and WO3 at +0.4 V (vs. NHE) —

establishes a Type II heterojunction (as demonstrated in Chapter 1) that 

thermodynamically favors charge separation131,132. The wavelength dependence of the 

photo-enhancement effect reflects the combined optical absorption characteristics of both 

materials. While TiO2 primarily absorbs in the ultraviolet region due to its wide bandgap, 

WO3 extends the photo response into the visible light range. Therefore, more efficient 

utilization of the solar spectrum is expected to be enabled133–135. The heterojunction 

formation may also introduce new electronic states at the interface, potentially creating 

sub-bandgap absorption that further extends the photoactive spectral range136,137. 
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The WO3/TiO2 composite strategy is believed to exploit three synergistic mechanisms. 

First, heterojunction-driven charge spatially isolates photogenerated electrons and holes, 

reducing recombination rates and amplifying photo-enhancement effects138. Second, 

dual-pathway ion storage combines rapid surface adsorption at TiO2 sites with high-

capacity bulk intercalation in WO3, merging kinetic advantages with capacity benefits. 

Third, TiO2 nanoparticles provide structural scaffolding that mechanically stabilizes the 

WO3 framework against cycling-induced volume changes139,140. This chapter clarifies 

how to achieve several related objectives: enhanced capacity through cooperative storage 

mechanisms, improved rate performance via facilitated charge transport, superior photo-

responsive through efficient charge separation, and extended cycling stability via 

structural reinforcement. The results validate composite electrode strategies and establish 

precedents for advancing both fundamental understanding of multi-component electrode 

behavior and practical pathways toward next-generation energy storage systems. 

 

4.1 Band diagram analysis of WO3/TiO2 photo-assisted ammonium ion storage 

mechanism 

 

Figure 4.1 Mechanism of photo-assisted charge separation and ammonium ion storage in 

a WO3/TiO2 heterojunction 

 



Chapter 4 Photo-assisted ammonium-ion storage with WO3/TiO2 composite 70 

 

Figure 4.1 provides a comprehensive visualization of the electronic structure alignment, 

charge separation processes, and ion insertion pathways in WO3/TiO2 composite 

electrodes. The band alignment between TiO2 and WO3 establishes a Type II 

heterojunction configuration that is thermodynamically favorable for photogenerated 

charge separation. TiO2 exhibits a conduction band (CB) positioned at -4.2 eV and a 

valence band (VB) at -7.3 eV relative to the vacuum level, corresponding to a bandgap of 

approximately 3.1 eV. In contrast, WO3 displays a higher-lying conduction band at -4.1 

eV and a valence band at -6.9 eV, with a narrower bandgap of 2.8 eV. This staggered 

band alignment creates energetic driving forces for electron migration from TiO2 to WO3 

and hole migration in the opposite direction upon photoexcitation, as indicated by the 

curved arrows in the diagram. 

Upon light illumination, electron-hole pairs are generated within TiO2 and WO3 

respective band structures. The photogenerated electrons in TiO2, possess higher energy, 

due to the more negative conduction band position. They spontaneously transfer to the 

lower-lying conduction band of WO3. This electron transfer process is energetically 

favorable by approximately 0.1 eV and thus provides sufficient driving force for efficient 

charge separation together with minimized energy losses. Simultaneously, 

photogenerated holes in WO3 migrate to the valence band of TiO2 since it lies at a more 

negative potential by approximately 0.4 eV. This bidirectional charge transfer effectively 

spatially separates the photogenerated charge carriers, significantly reducing the 

probability of electron-hole recombination and extending their lifetimes for participation 

in electrochemical processes. 

The accumulated electrons in WO3 have been found to play a crucial role in facilitating 

ammonium ion insertion reactions. The reduction of W6+ species to lower oxidation states 

(e.g., W5+, W4+) through electron injection creates favorable sites for NH4
+ intercalation 

into the layered WO3 structure. This process can be illustrated through the transformation 

of W6+ + NH4
+ + e- → (NH4

+)xWO3. The presence of excess electrons in the WO3 

conduction band not only reduces the activation energy for ion insertion but also enhances 



Chapter 4 Photo-assisted ammonium-ion storage with WO3/TiO2 composite 71 

 

the electronic conductivity of the material. Faster charge transfer kinetics are thus 

facilitated during the battery operation. The heterojunction interface serves as a critical 

charge transfer platform that enables the cooperative functioning of both materials in the 

composite system. At this interface, the band bending creates a built-in electric field that 

assists in charge separation and prevents back-recombination of separated carriers. The 

intimate contact between TiO2 and WO3 phases ensures efficient charge transfer and 

meanwhile maintains the structural integrity of both components. The interface also 

provides additional active sites where both surface adsorption and bulk intercalation 

mechanisms can operate simultaneously. The enhanced overall capacity of the composite 

electrode(s) is thus expected. 

 

4.2 Material preparation and characterization 

The synthesis of WO3/TiO2 composite electrodes employed a sequential fabrication 

approach. They were designed to achieve optimal morphological control and maximize 

the heterojunction interface area of such electrodes. The initial step involves the 

magnetron sputtering of a thin TiO2 onto the CC substrate. Under selected conditions, a 

uniform 300 nm thick TiO2 layer was deposited. The CC substrate provides an excellent 

conductive framework with a high surface area and mechanical flexibility. The sputtered 

TiO2 layer ensures intimate contact with the substrate and establishes a continuous 

electronic pathway. The method for the electrochemical deposition of WO3 is the same 

as that described in the previous chapter. To achieve the desired island-like morphologies, 

voltage and concentration parameters were further optimized. The morphological 

evolution of WO3 deposits was systematically investigated as functions of electrolyte 

concentration and applied potential. Some typical SEM images of these deposits are 

demonstrated in Figure 4.2. When the concentration of Na2WO4 in the precursor solution 

is spanned from 0.01 M, 0.02 M, to 0.05 M, distinct morphological transitions are noticed, 

which are believed to directly correlate with nucleation density and growth kinetics. In 

more detail, when the concentration of tungsten precursor solutions is spanned 0.01 M, 
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the WO3 deposits exhibit discrete islands with a high aspect ratio and well-defined 

crystalline facets. As the concentration increases to 0.02 M, the island density increases 

while maintaining reasonable separation between individual deposits. Further increase of 

the concentration up to 0.05 M results in higher nucleation densities with smaller 

individual islands and increased coverage of the TiO2 surface. Therefore, this potential-

dependent morphological evolution demonstrates the critical role of the concentration of 

tungsten precursor solution in driving or controlling such deposit characteristics.  

It has been found that the applied potential also. affects the features of these deposits. At 

mild cathodic potentials (e.g., -0.3 V vs. SCE), the deposition rate is relatively slow, 

resulting in larger, well-crystallized WO3 islands with excellent structural definition. The 

optimal conditions identified through this systematic study correspond to an applied 

potential of -0.8 V and 0.01 M precursor concentration, as highlighted by the red dashed 

box in Figure 4.2. 

Under these optimal conditions, the WO3 deposits exhibit uniform island morphology 

with optimal size distribution (50-200 nm in diameter) and a surface coverage of 

approximately 60-70% that is expected to maximize active material loading and 

meanwhile maintain TiO2 surface accessibility. The application of more negative 

potential (e.g., from -1.3 V to -2.5 V) leads to faster deposition kinetics but results in less 

controlled morphologies (e.g., an increased surface roughness and the formation of 

amorphous phases). Considering the balance between deposition rate and morphological 

control, careful optimization of this potential thus requires achieving the desired 

composite architecture. Note that the critical innovation in this synthesis approach lies in 

the controlled electrochemical deposition of WO3 in island-like morphologies rather than 

continuous film formation. This morphological control strategy ensures that both TiO2 

and WO3 components remain accessible to the electrolyte, have maximum utilization of 

active materials, and expose efficiently their heterojunction interfaces.  
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Figure 4.2 Systematic morphological optimization of WO3 deposited on TiO2-coated CC 

substrate, where electrochemical deposition parameters were varied: SEM images of 

deposited WO3 when the tungsten precursor concentration was 0.01 M, 0.02 M, and 0.05 

M as well as and the applied potential was -0.3 V, -0.8 V, -1.3 V, -1.8 V, and -2.5 V (vs. 

SCE). 
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Figure 4.3 Structural characterization of WO3/TiO2 composite electrodes: (a) Raman 

spectra of pristine TiO2 (black), pure WO3 (blue), and a WO3/TiO2 composite (red); (b) 

their XRD patterns.  

 

Raman spectra of pristine TiO2 (black), pure WO3 (blue), and a WO3/TiO2 composite 

were recorded (Figure 4.3a). They confirm the successful formation of both WO3 and 

TiO2 phases in the composite electrode where no significant phase intermixing or 

secondary compound formation are noticed. The Raman spectrum of pristine TiO2 

exhibits characteristic peaks at 516 cm⁻1 (A1g mode), 639 cm⁻1 (Eg mode), and 197 cm⁻1 

(Eg mode), confirming the anatase crystal structure with high phase purity. In Raman 

spectrum of pure WO3 reference, distinct vibrational modes are seen at 807 cm⁻1 

(corresponding to W-O terminal stretching vibrations), 715 cm⁻1 (attributed to W-O-W 

bridging modes), and additional peaks in the 200-400 cm⁻1 region (associated with W-O 

bending vibrations characteristic of the hexagonal WO3 structure). The Raman spectrum 

of a WO3@TiO2 composite represents a superposition of individual component spectra 

with subtle, but significant modifications. These facts indicate successful formation of a 

heterojunction. The TiO2 peaks remain clearly identifiable, but their frequencies shift 

slightly and their intensities are varied. It suggests interfacial interactions of WO3 with 

TiO2 deposits, again the formation of a heterojunction. The WO3 characteristic peaks are 
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well-preserved, confirming that the crystalline WO3 is successfully produced using 

electrochemical deposition method. There is no significant structural degradation, either. 

Importantly, the absence of new peaks in intermediate frequency ranges indicates that 

unwanted secondary phases (e.g., tungsten titanate compounds) are not formed during 

this synthesis process, preserving the intended electronic structure of the heterojunction. 

XRD analysis (Figure 4.3b) was also applied to reveal the structural characteristics of 

both individual components and their composite materials. The XRD pattens of the 

pristine TiO2 show a broad diffraction feature centered around 25°, which corresponds to 

the (101) reflection of anatase TiO2. Its significant broadening indicates a predominantly 

amorphous or nanocrystalline structure rather than a well-crystallized material. This 

amorphous nature is known to be typical for TiO2 films prepared by magnetron sputtering 

at relatively low substrate temperatures, where insufficient thermal energy limits long-

range crystalline ordering. Similarly, the pure WO3 reference exhibits broad, diffuse 

diffraction features in the 20-30° range that correlate with the expected positions of 

hexagonal WO3 reflections. The absence of sharp, well-defined peaks indicates that the 

electrochemically deposited WO3 possesses largely amorphous character. The broad 

nature of these features suggests small crystallite sizes or significant structural disorder.  

The XRD patterns of a WO3/TiO2 composite include an even broader and more diffuse 

hump, reflecting the combined contributions from both amorphous components. The 

overlapping of the broad features from TiO2 and WO3 results in a single, extended 

diffraction envelope that spans the angular range where both materials contribute. This 

amorphous character in the composite does not preclude electrochemical activity, as 

demonstrated by the preserved local structural features revealed through their Raman 

spectroscopic analysis. This composite thus probes short-range order that remains intact 

even in predominantly amorphous materials. 
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4.3 Electrochemical and photoelectrochemical performance  

The photoelectrochemical behavior of pristine TiO2 electrodes was systematically 

evaluated to figure out the baselined photocatalytic activity that contributes to the 

performance of composite electrodes.  

 

Figure 4.4. Photoelectrochemical characterization of pristine TiO2 electrodes: I–t curves 

at (a) a bias potential of 0 V (vs. OCP) and (b) 0.5 V (vs. OCP) under dark and illumination 

conditions; (c) Cyclic voltammograms comparison between dark and light conditions at 

a scan rate of 1 mV s⁻1; (d) Comparison of Nyquist plots under dark and light conditions. 

 

Figure 4.4a shows the chronoamperometric results under chopped light illumination, 

where provide direct evidence of the photo response characteristics. They are also 

informative in terms of the stability of the TiO2 component under electrochemical 

conditions that are relevant to ammonium ion storage applications. For example, at a bias 

potential of 0 V (vs. SCE), the TiO2 electrode exhibits characteristic photocurrent 

transients with rapid response during the light on/off cycles. The photocurrent density 

reaches approximately 0.018 mA cm⁻2 under illumination, representing a substantial 
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enhancement over the minimal dark current observed in the absence of light. The 

photocurrents are reproducible across multiple on/off cycles, demonstrating the stability 

of the photoelectrochemical response and the absence of significant photo corrosion or 

surface degradation during the operation. The sharp rise and decay profiles indicate 

efficient charge separation and collection processes, A rise of such currents as function 

of times only on the order of seconds suggests good charge transport properties within 

the TiO2 film. 

Under a bias potential of 0.5 V (vs. OCP), the photocurrent response (Figure 4.4b) is 

significant enhanced, reaching approximately a photocurrent of 0.075 mA cm⁻2 together 

with improved stability when compared to the zero-bias condition. The applied anodic 

potential provides additional driving force for the photogenerated charge separation since 

a created depletion layer facilitates electron-hole separation and reduces recombination 

loss. The sustainable photocurrent levels throughout the measurement period indicate 

excellent photoelectrochemical stability and efficient charge transfer to the 

electrode/electrolyte interface. The rectangular-like current profiles during illumination 

periods suggest that the electrode reaches rapidly the steady-state and can also maintain 

stable performance throughout the illumination cycles. In addition, CV test (Figure 4.4c) 

show a significant increase in cathodic current density under light illumination compared 

to that in the dark condition, particularly at more negative potentials (e.g., –0.6 V). This 

enhancement can be ascribed to the efficient driving of photogenerated electrons by the 

applied negative bias. In this way, their injection into the electrolyte is accelerated and 

the reduction reaction is boosted. In contrast, the current difference obtained under light 

and dark conditions is less pronounced around 0 V and +0.4 V. Namely, in these cases 

the driving force for electron transfer or hole-driven oxidation reactions is insufficient, 

leading to negligible photo enhancement. 

EIS was performed to probe the interfacial charge-transfer and ion-transport 

characteristics of the TiO2 electrode under both dark and illuminated conditions. These 

results are shown as their Nyquist plots (Figure 4.4d). In the dark, the Nyquist plot 
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exhibits a nearly vertical line at low frequencies, indicating that capacitive charging 

behavior with severely hindered faradaic reactions dominate the features of 

electrode/electrolyte interface. This behavior reflects the limited availability of free 

carriers in TiO2 under dark conditions and therefore a blocked interface and predominant 

double-layer capacitance response. Upon light illumination, the shape of the related 

Nyquist plot changes dramatically. The low-frequency branch tilts away from the vertical 

direction towards ~45°, which is a hallmark of Warburg-type impedance associated with 

ion diffusion. Such transition indicates that photoexcitation activates interfacial charge-

transfer processes. It is believed that photogenerated electrons reduce the kinetic barriers 

for faradaic reactions, enabling actual electrochemical conversion to occur at the 

electrode surface. Consequently, ion transport through the electrolyte and within the 

porous electrode structure becomes a new rate-limiting step, manifesting as a diffusion-

controlled response in the Nyquist plots. Although the apparent low-frequency response 

under illumination appears more resistive, this behavior still reflects the activation of 

faradaic charge storage pathways that are absent in the dark. In summary, illumination 

completely alters the interfacial properties of TiO2: the electrode transitions from a purely 

capacitive, kinetically blocked state in the dark to an electrochemically active, diffusion-

limited state under light. This photo-activation of faradaic charge storage thus provides a 

mechanistic explanation for the enhanced electrochemical performance of TiO2-based 

composite electrodes. 

 

4.4 photoelectrochemical performance towards ammonium ion storage  

Since the growth parameters of WO3 electrodes have been re-optimized, their capacitive 

performance was re-evaluated prior to composite studies. The CV and GCD 

measurements were performed in 1 M NH4Cl aqueous electrolyte. As shown in Figure 

4.5a, the cyclic voltammogram exhibits quasi-rectangular shapes with an increasing 

enclosed area when a higher scan rate is applied, an indication of typical pseudocapacitive 
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behavior with stable ion insertion/extraction processes. The nearly symmetric shape of 

the cyclic voltammograms confirms highly reversible charge storage. 

 

Figure 4.5. (a) Cyclic voltammograms of a WO3 electrode at different scan rates (e.g., 

0.5, 1, 3, 5, 10 mV s⁻1), and (b) corresponding GCD curves at different current densities 

(e.g., 0.5, 1, 3, 5 mA cm⁻2). 

 

Meanwhile, the GCD curves at various current densities (Figure 4.5b) display triangular 

and symmetric shape without obvious voltage plateaus, confirming the capacitive-

dominated behavior of the WO3 electrode. An increase of the current density leads to the 

shortened discharge time while the curves retain good linearity, demonstrating excellent 

rate capability of such an electrode. Compared to TiO2, the WO3 electrode shows 

pronounced NH4
+ storage activity even in the absence of illumination, highlighting its 

intrinsic pseudocapacitive properties. The photoelectrochemical response of a WO3 

electrode at different bias potentials was examined when the light is on and off with a 

time interval of 800 s (Figure 4.6). At a bias potential of 0 V (vs. OCP), the electrode 

exhibits a pronounced cathodic photocurrent of approximately –0.003 mA cm⁻2 (Figure 

4.6a), indicating that photogenerated electrons are efficiently injected into the electrolyte. 

This phenomenon arises because a bias potential of 0 V is slightly negative relative to the 

flat-band potential of the n-type WO3. Upon illumination, the electron quasi-Fermi level 

shifts upward, generating an effective cathodic overpotential. The injected electrons drive 

NH4
+ insertion into the WO3 lattice, resulting in a net reductive current. The initial 
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negative spikes are attributed to both double-layer/surface-state charging and fast W6+ → 

W5+ trapping processes. 

 

Figure 4.6. Photoelectrochemical response of a WO3 electrode when chopped 

illumination is on and off with an interval of 800 s: I–t curves at a bias potential of (a) 0 

V (vs. OCP) and (b) 0.5 V (vs. OCP) in 1 M NH4Cl electrolyte. 

 

The subsequent quasi-steady current is obviously limited by ion diffusion. Importantly, 

the cathodic photocurrent response is stable and reproducible over multiple cycles. This 

fact confirms the interfacial stability of WO3 under photoelectrochemical conditions and 

further highlights its capability for the sustained electron transfer processes that are 

associated with NH4
+ reduction and insertion. Once the bias potential is enhanced to +0.5 

V (vs. OCP) (Figure 4.6b), the photocurrent polarity reverses to the anodic direction. 

This is because the applied bias in this case is more positive than the flat-band potential. 

In other words, it depletes the surface region and enables photogenerated holes to migrate 

toward the electrode/electrolyte interface. As a result, the cathodic NH4
+ insertion channel 

is suppressed and then the response is dominated by hole-driven oxidation of surface –

OH/H2O species. The transient exhibits a sharp positive spike, followed by decay to a 

steady-state value. It thus reflects a fast space-charge charging process, of which kinetics 

are limited by hole transfer and reactant supply. Compared with the photocurrent intensity 

obtained at a bias potential of 0 V, it becomes smaller. This is consistent with slower hole-

transfer kinetics and stronger/faster surface recombination in WO3. 
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The comparison of photoelectrochemical response of a WO3 electrode with a TiO2 

electrode leads one to believe that WO3 shows more moderate photocurrent magnitudes. 

Meanwhile it exhibits different directional characteristics, stemming from its distinct 

electronic structure and band positioning. The lower photocurrent density of a WO3 

electrode suggests that WO3 can participate in photoelectrochemical processes. Note that 

its primary value in energy storage applications lies more in its bulk intercalation 

capability rather than surface photocatalytic activity. This observation highlights the 

importance of complementary design strategy where WO3 provides capacity while TiO2 

provides photocatalytic enhancement. 

 

Figure 4.7. (a, b) Cyclic voltammograms of a WO3 electrode in dark and under 

illumination at different scan rates, (c) Mott–Schottky plots of WO3 electrode in dark and 

under illumination, (d) rate performance comparison in dark and under illumination. 

 

The photoelectrochemical behavior of WO3 was systematically investigated (Figure 4.7) 

to elucidate the effect of light illumination on NH4
+ storage kinetics at a very slow scan 
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rate (e.g., 1 mV s⁻1) when the light is on and off. Under dark conditions the cyclic 

voltammogram shows distinct redox features with a current density of approximately ±3 

mA cm⁻2 (Figure 4.7a–b). This results from significant faradaic activity associated with 

insertion and extraction processes of NH4
+. The broad cathodic peak centered around -

0.3 V (vs. Reference electrode) corresponds to NH4
+ insertion into the WO3 lattice with a 

concurrent reduction reaction of W6+ to lower oxidation states. The corresponding anodic 

features represent the reverse extraction process. Upon light illumination, the 

electrochemical response is notably enhanced, namely much increased current density 

and more defined redox features. This light-enhanced performance demonstrates that 

photoactivation improves the kinetics of NH4
+ storage processes. The overall current 

under illumination is approximately 120-130% higher compared to that under dark 

conditions, indicating moderate but consistent photo-enhancement effects that contribute 

to improved electrode performance. 

At higher scan rates (5 mV s⁻1, Figure 4.7b), the current densities increase proportionally 

while the characteristic redox features are maintained, demonstrating good rate capability 

for NH4
+ storage. The preservation of redox peaks at higher scan rates indicates that the 

insertion/extraction kinetics are sufficiently fast to high power density, unlike the purely 

capacitive behavior observed for a TiO2 electrode. The enhancement effect under 

illumination persists at higher scan rates, confirming that photoactivation provides 

consistent benefits across different operating conditions. The interfacial electronic 

properties were further probed by means of Mott–Schottky analysis under dark and 

illuminated conditions (Figure 4.7c). Both curves exhibit a positive slope, the nature of 

a n-type semiconductor. The slope of the 1/C2–V relationship decreases under 

illumination, indicating a higher donor density (Nd), which is attributed to the generation 

of additional free carriers. Furthermore, the flat-band potential (EFB) shifts slightly toward 

the negative direction when light is on, reflecting reduced band bending and more 

favorable energetics for electron injection into the electrolyte. These results confirm that 
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illumination not only increases the carrier density, but also improves band alignment, 

thereby facilitating faster interfacial charge transfer.  

The EIS measurements (Figure 4.7d) provide further evidence of this effect in a 

quantitative way. The Nyquist plots recorded under dark conditions show a large 

semicircle, corresponding to a high Rct at the WO3 electrode/electrolyte interface. Upon 

illumination, the semicircle diameter decreases significantly, indicating pronounced 

reduction of Rct. This reduced Rct directly demonstrates that photogenerated carriers can 

enhance the interfacial charge transfer kinetics by lowering the activation barrier for NH4
+ 

insertion/extraction reactions. In addition, the slopes of the low-frequency tails become 

steeper under illumination, suggesting improved ion diffusion and capacitive response. 

 
Figure 4.8. (a) Cyclic voltammograms of a WO3 electrode at different scan rates, (b) its 

GCD profiles at different current densities. 

 

The intrinsic electrochemical storage capability of a WO3 electrode toward NH4
+ was 

further evaluated under dark conditions. The cyclic voltammograms at different scan rates 

(Figure 4.8a) exhibits a pair of broad redox peaks, obviously from the reversible NH4
+ 

insertion/extraction process coupled with the W6+/W5+ redox transition. The redox peaks 

remain visible even at high scan rates, although they become slightly broadened and shift 

to positive values, indicating that the NH4
+ insertion is diffusion-limited but still highly 

reversible. The nearly linear increase of peak current as a function of scan rate suggests 

that a WO3 electrode stores charge predominantly via pseudocapacitive processes rather 
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than pure diffusion-limited intercalation. This is consistent with the tunnel-type structure 

that facilitates fast ion transport as expected. 

The GCD profiles of a WO3 electrode recorded at various current densities (Figure 4.8b) 

also support these observations. The discharge curves exhibit distinct potential plateaus, 

which are associated with the CV redox peaks and reflect the phase transformation 

between WO3 and HxWO3-like bronzes formed upon NH4
+ insertion. Importantly, these 

plateaus are retained even at high current densities, demonstrating that a WO3 electrode 

possesses good rate capability. The minor increase in the IR drops and polarization with 

an increase of the current density reflects moderate kinetic limitations, yet the electrode 

maintains stable charge–discharge behavior. 

In short, the CV and GCD results confirm that a WO3 electrode exhibits intrinsic 

pseudocapacitive NH4
+ storage performance, with reversible redox activity and favorable 

kinetics. These findings contrast sharply with a TiO2 electrode, which only shows 

negligible NH4
+ storage. All these thus highlight the critical role of WO3 as the active 

host material in subsequent WO3/TiO2 composite systems. 

The electrochemical performance of WO3/TiO2 composite electrodes was then studied 

using CV and GCD methods. As expected, this composite electrode demonstrates 

remarkable enhancement than both a WO3 electrode and a TiO2 electrode, where 

synergistic heterojunction effects are believed to exist. For example, the comparison of 

cyclic voltammogram at a scan rate of 5 mV s⁻1 (Figure 4.9a) reveals that the composite 

displays the largest enclosed area and the most pronounced redox features, of which peak 

current densities reach ±12 mA cm⁻2, much bigger compared to ±8 mA cm⁻2 for a pristine 

WO3 electrode and negligible current densities of below ±2 mA cm⁻2 for a TiO2 electrode. 

The composite exhibits significantly reduced peak separation and higher peak currents 

compared to pristine WO3, evidencing its lower polarization and accelerated charge-

transfer kinetics. This improved response arises from fast electron pathways and enhances 

ionic accessibility on the WO3/TiO2 heterointerface. In more detail, the Type II band 
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alignment creates built-in electric fields that facilitate charge separation and reduce 

activation barriers for redox processes.  

 

Figure 4.9 (a) Comparison of the Cyclic voltammograms of TiO2, WO3, and WO3/TiO2 

electrodes. (b) The comparison of their GCD curves at a fixed current density. (c) Cyclic 

voltammograms of the WO3/TiO2 composite at different scan rates. (d) GCD curves of 

the WO3/TiO2 composite at different current densities. 

 

Related GCD curves (Figure 4.9b) demonstrate superior capacity performance of this 

composite electrode since it delivers the longest discharge time (250 s) among three 

electrodes and also clearer voltage plateaus compared to a WO3 electrode (150 s) and 

minimal capacity for a TiO2 electrode. Since the well-defined plateaus reflect higher areal 

capacity and more efficient utilization of redox-active sites, the WO3/TiO2 heterojunction 

thus facilitates better access to the WO3 intercalation sites. Its smaller initial IR drop 

compared to a pristine WO3 electrode indicates a reduced internal resistance and 

improved electronic/ionic transport pathways. This cooperative mechanism probably 
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involves the role of both WO3 that provides bulk intercalation sites and TiO2 that serves 

as a kinetic facilitator. Eventually charge transfer efficiency is enhanced and more 

preferential electron injection pathways into WO3 are created. 

The cyclic voltammogram of the composite electrode were recorded at different scan rates 

(Figure 4.9c). The redox peaks remain discernible across 0.5-10 mV s⁻2, revealing 

exceptional rate capability of this electrode. One can see that there is a diffusion-assisted 

pseudocapacitive mechanism instead of a purely surface-limited charging process, 

demonstrating a successful combination of high-capacity bulk intercalation with fast 

surface kinetics. The unchanged peak shape across the applied scan rates confirms 

efficient ion transport pathways within the composite architecture. For example, TiO2 

probably creates additional nucleation sites for NH4
+ insertion and further provides 

electronic facilitation that minimizes kinetic limitations. 

The GCD curves (Figure 4.9d) recorded in the different current densities (e.g., from 2 to 

10 mA cm⁻2) show evident discharge plateaus that are maintained over the entire current 

range, again confirming robust redox kinetics. The capacity retention validates the 

synergistic rate capability, where it is believed that WO3 provides abundant redox sites 

while TiO2 furnishes rapid electron extraction routes and improved interfacial wettability. 

They jointly mitigate transport bottlenecks. 

The performance enhancement on this composite architecture is likely achieved through 

multiple mechanisms: i) electronic-level heterojunction band alignment reduces charge 

transfer barriers; ii) interfacial-level intimate contact ensures rapid charge equilibration, 

and iii) structural-level combination of WO3 bulk storage with TiO2 kinetic advantages 

results in electrodes exhibiting both high capacity and excellent rate capability. In 

conclusion, the photo-enhanced electrochemical performance of the WO3/TiO2 

composite electrodes demonstrates the successful integration of photocatalytic and 

electrochemical functionalities through heterojunction engineering.  
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Figure 4.10 Photoelectrochemical characterization of WO3/TiO2 composite electrodes in 

dark and under light illumination: (a, b) I–t curves at a bias of +0.5 V and 0 V (vs. SCE) 

under chopped illumination, (c) Nyquist plots, (d) Mott–Schottky plots, (e, f) Cyclic 

voltammograms. 

 

The photoelectrochemical response of such composite electrodes was investigated under 

chopped light illumination. Their I-t curves (Figures 4.10a,b) reveal exceptional 

photocurrent generation that significantly exceeds the individual component responses. 

At a bias potential of 0 V (vs. SCE), the composite generates the photocurrent density of 
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approximately 0.28 mA cm⁻2 with excellent reproducibility across multiple light on/off 

cycles, while at a bias of 0.5 V the response increases up to 0.47 mA cm⁻2. These values 

demonstrate the potential-dependent nature of photo response on this heterojunction 

interface. The sharp rise and decay profiles indicate both efficient charge separation and 

collection processes. The anodic photocurrent direction confirms that holes become the 

dominant charge carriers participating in interface reactions, as expected for the Type II 

heterojunction model. In this case electrons migrate from TiO2 to WO3 and holes 

accumulate in TiO2.  

Further EIS analysis provides quantitative evidence to elucidate the effect of illumination 

on interfacial charge transfer. As shown in the Nyquist plot (Figure 4.10c), the semicircle 

diameter in the high-frequency region becomes slightly larger under illumination, 

indicating an increase in charge-transfer resistance (Rct, light > Rct, dark). This 

counterintuitive trend may arise from light-induced changes in surface band bending or 

carrier trapping, which partially hinder charge transfer at the applied potential. The 

unchanged high-frequency intercept confirms that the Rs remains nearly constant. 

Therefore, the impedance variation specifically reflects interfacial modifications induced 

by illumination rather than bulk electrolyte effects. 

Mott-Schottky analysis of the composite electrodes was conducted in dark and under light 

illumination (Figure 4.10d) with an aim to reveal their electronic properties. From the 

replotted relationship between C⁻2 and the applied potential, the insights into the density 

of states and band bending characteristics of these composite electrodes were gained. 

Upon illumination, the slope decreases markedly, signifying an apparent increase in 

donor density. For example, a higher carrier concentration is probably due to 

photogenerated electrons. Simultaneously, the EFB undergoes a slight negative shift under 

illumination, reflecting reduced band bending at the semiconductor/electrolyte interface. 

This reduction of WO3/TiO2 composite electrodes in interfacial barrier lowers the 

energetic threshold for electron transfer into the electrolyte, facilitating more efficient 

electron injections. These findings are consistent with the transient photocurrent results, 
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where light illumination significantly enhances electron-driven NH₄⁺ insertion kinetics 

under similar bias conditions. 

The comparison of cyclic voltammograms of these composite electrodes between under 

dark and light illumination (Figures 4.10e,f) helps one to obtain more direct evidence to 

prove photo-enhancement of ammonium ion storage processes on these electrodes. For 

example, at a scan rate of 1 mV s⁻1, the composite electrode shows substantial 

electrochemical activity sunder dark conditions. The current density can reach to ±2.5 

mA cm⁻2, indicating its baseline capacity for NH4
+ storage. Upon light illumination, the 

current density increases significantly up to approximately ±3.5 mA cm⁻2. This 40% 

enhancement spans the entire potential window. Moreover, the light-enhanced curves 

exhibit more defined redox features and reduced peak separation. Namely, the kinetics 

for NH4
+ insertion and extraction processes are improved. At higher scan rates (e.g., 5 

mV s⁻1), the photo-enhancement becomes even more pronounced. The current density is 

increased from ±8 mA cm⁻2 in dark to ±12 mA cm⁻2 under light illumination. These 

values clearly demonstrate that photocatalytic activation particularly benefits high-rate 

performance where kinetic limitations are typically dominated. The mechanistic origin of 

these photo-enhancements is supposed to lie in heterojunction-driven charge separation, 

where photogenerated electrons migrate from TiO2 to WO3 and they participate in W6+ 

reduction reactions. In this way favorable NH4
+ insertion sites are created and meanwhile 

electronic conductivity of WO3 is enhanced. Simultaneously, the holes in TiO2 generate 

reactive oxygen species that modify surface chemistry and improve electrolyte wetting. 

The spatial charge separation reduces recombination losses and extends carrier lifetimes, 

enabling sustained photocatalytic activation of this composite electrode. The wavelength-

dependent response reflects the combination of UV absorption by TiO2 with the activity 

of WO3 in visible light range. The interface states also provide additional charge 

separation pathways. These results validate the heterojunction design for integrating high 

storage capacity with photocatalytic enhancement, establishing a foundation for solar-

assisted energy storage systems. 
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Figure 4.11 Photoelectrochemical response of pristine TiO2, pristine WO3, and 

WO3/TiO2 composite electrodes: (a) I–t curves at a bias potential of 0 V (vs. OCP); (b) I–

t curves at a bias of 0.5 V (vs. OCP); (c) Capacitance comparison under dark and light 

conditions for all three materials 

 

In the transient photocurrent curves (Figure 4.11a), one can gain insight into the light 

response of the three electrode systems. At a bias potential of 0 V (vs. OCP), the pristine 

TiO2 electrode shows negligible photocurrent, due to its wide bandgap (≈3.2 eV) and poor 

visible-light absorption capability under the experimental illumination conditions. The 

electrode remains essentially inactive, confirming its intrinsic limitation as a single-

component NH4
+ storage material. The pure WO3 electrode does exhibit a measurable but 

modest photocurrent response. It is only approximately 0.005 mA cm⁻2. Compared with 

the TiO2 electrode, this bigger current benefits from its narrower bandgap (≈2.6–2.8 eV) 

that allows visible-light harvesting. However, the photocurrent of the WO₃ electrode 

shows rapid decay after each light illumination, indicating severe recombination losses 

and poor long-term carrier utilization. By contrast, the WO3/TiO2 composite demonstrates 

a dramatically stronger and more stable photocurrent response. It is as high as 0.02 mA 

cm⁻2, and its decay is significantly reduced during repeated light on–off cycles. These 

reflect improved charge separation and suppress recombination, originating from the 

synergistic operation of the heterojunction of the WO3/TiO2 composite electrode. 

When an anodic bias of 0.5 V (vs. OCP), the performance differences become even more 

pronounced (Figure 4.11b). Again, the TiO2 electrode shows modest photocurrent 

enhancement and the WO3 electrode exhibits limited anodic response. The composite 
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electrode demonstrates unexceptional photocurrent, reaching 0.47 mA cm⁻2. It is 

enhanced with a factor of approximately 10-fold over the TiO2 electrode and 15-fold over 

the WO3 electrode. In other words, the heterojunction architecture on the WO3/TiO2 

composite electrode creates new pathways for charge separation and utilizes far exceed 

capabilities of either individual material. The consistent rectangular photocurrent profiles 

across all materials confirm stable photoelectrochemical behavior, while their magnitude 

difference highlights the unique advantages of this WO3/TiO2 composite system. 

The mechanistic origin of this dramatic enhancement is explained as follows. It lies in the 

complementary electronic properties and efficient charge separation that is enabled by 

the Type II heterojunction on this WO3/TiO2 composite system. In the composite, 

photogenerated electrons generated from TiO2 migrate to the lower-lying conduction 

band of WO3, while holes migrate in the opposite direction, creating spatial separation 

that minimizes recombination losses. This charge separation mechanism converts the 

predominantly cathodic response of WO3 and the limited response of TiO2 into a 

substantial anodic photocurrent in the composite. Consequently, the heterojunction alters 

the photoelectrochemical behavior beyond simple material combination. 

The capacitance analysis (Figure 4.11c) reveals the dramatic and quantitative differences 

in electrochemical activity under both dark and light conditions. Under dark conditions, 

the TiO2 electrode shows a minimal capacitance, consistent with its poor electrochemical 

activity for ammonium ion storage. The WO3 electrode exhibits a moderate capacitance, 

reflecting its intercalation capability. The TiO2/WO3 composite demonstrates enhanced 

capacitance even under dark conditions, indicating that the heterojunction formation in 

the TiO2/WO3 electrode improves the baseline electrochemical performance through 

enhanced charge transfer pathways and improved ionic accessibility.  

Under light illumination, the capacitance enhancements reveal the full potential of each 

material system. The TiO2 electrode shows modest improvement, reflecting its limited 

intrinsic storage capability despite photoactivation, while the WO3 electrode exhibits 

moderate enhancement, consistent with improved surface kinetics under illumination. 
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The composite, however, demonstrates exceptional capacitance enhancement that 

substantially exceeds both individual components. Therefore, the photocatalytic 

activation in the heterojunction TiO2/WO3 system creates synergistic effects that amplify 

both the surface activity from TiO2 and the bulk storage capacity from WO3. 

 

4.5 Conclusions 

This chapter comprehensively validates the rational design strategy for the TiO2/WO3 

composites, where the intrinsic limitations of individual components—poor storage 

capacity for TiO2 and limited photoactivity for WO3—have been effectively overcome 

through heterojunction engineering. The formation of a type-II TiO2/WO3 junction 

facilitates directional charge transfer and spatial separation of photogenerated carriers, 

leading to enhanced interfacial kinetics and suppressed charge recombination. 

Structural and spectroscopic characterizations confirm the intimate interface coupling 

between WO3 and TiO2, as evidenced by coherent lattice contact and well-aligned band 

structures. Electrochemical analyses further demonstrate that the composite electrode 

exhibits a significantly reduced charge-transfer resistance and improved 

pseudocapacitive response under illumination, achieving superior areal capacitance, rate 

capability, and cycling stability compared with either single component. 

The photo-enhanced behavior can be ascribed to the synergistic effects between the TiO2 

conduction band and the WO3 valence band, which together broaden the light absorption 

range and create built-in electric fields to promote carrier migration. This efficient charge 

utilization mechanism directly contributes to the higher energy density and improved 

long-term reversibility observed in the composite. 

Overall, the results establish the TiO2/WO3 heterojunction as a promising platform for 

the development of photo-assisted aqueous energy storage systems. The insights gained 

here regarding interfacial band alignment, charge-separation dynamics, and illumination-

enhanced kinetics also provide a conceptual and methodological foundation for the next-

stage design of more advanced composites. 
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5 WO3/BDD p-n junction for light-assisted energy storage 

Light-assisted energy storge has been becoming an innovative and efficient approach for 

the development of various energy devices. For them, one of the key components is the 

employed electrode(s), for example numerous heterointerfaces and junctions have been 

paid extensive attention. Building upon the successful demonstration of WO3/TiO2 

heterojunctions for enhanced ammonium ion storage, this chapter explores an approach 

utilizing boron-doped diamond (BDD) as the composite partner for WO3, aiming to 

represent a significant advancement in electrode material design.  

The motivation for such innovative systems stems from diamond's exceptional properties 

that complement and potentially surpass those of conventional semiconductor materials 

such as its ultra-wide bandgap (5.5 eV), exceptional chemical stability, superior thermal 

conductivity, and unique electrochemical characteristics141–143. When appropriately 

doped with boron, diamond transforms from an insulator to a p-type semiconductor with 

remarkable electrochemical activity. If it is properly integrated with other n-type 

semiconductors (e.g., WO3) novel heterojunction designs will be created and some 

unprecedented opportunities are expected144,145.  

The combination of WO3 with BDD creates a p-n junction configuration that 

fundamentally differs from the Type II heterojunction as observed in WO3/TiO2 systems. 

This p-n junction design leverages the intrinsic electric field established at the interface 

between p-type BDD and n-type WO3
146, providing enhanced charge separation 

efficiency and directional electron transport. It is thus expected that this p-n junction can 

dramatically improve both photoelectrochemical and energy storage performance147–149. 

Moreover, the wide bandgap of diamond extends the operational stability under harsh 

electrochemical conditions. Furthermore, its exceptional thermal and electrical 

conductivity ensures efficient heat dissipation and electron transport throughout the 

composite structure150. Last but the least, chemical inertness and electrochemical stability 

of diamond enable operation across extended potential windows without degradation, 
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addressing one of the primary limitations encountered in conventional composite 

electrodes144,151.  

On the other hand, WO3 presented in this junction is capable of or provides active sites 

for NH4
+ storage. Together with BDD (thanks to its superior electronic properties and 

electrochemical stability), this junction will create a synergistic platform that is extremely 

suitable for the development of next-generation photo-assisted energy storage devices. 

Therefore, this chapter summarizes the results about comprehensive electrochemical and 

photoelectrochemical characterization, the assembly and evaluation of complete photo-

assisted AIHS devices. These devices are believed to feature enhanced performance such 

as extended cycle life and improved power characteristics. Such a study will be helpful 

to establish fundamental design principles of diamond-based composite electrodes and 

meanwhile to demonstrate their practical energy storage applications.  

5.1 Working principle of WO3/BDD photo-enhanced electrode  

The design of the p-n junction between WO3 and BDD represents a fundamental departure 

from conventional heterojunction approaches since it leverages the unique electronic 

properties of both materials to create an optimized interface for photo-assisted ammonium 

ion storage. Its energy storage mechanism is illustrated in its energy band alignment 

(Figure 5.1a), where demonstrates the formation of a p-n heterojunction for charge 

separation and enhanced electrochemical activity. The electronic structure of the 

WO3/BDD composite features a strategically engineered band alignment. In more detail, 

the n-type WO3 exhibits a conduction band positioned at -4.2 V and its valence band at -

6.9 V relative to the vacuum level, corresponding to a bandgap of approximately 2.7 eV. 

In contrast, the p-type BDD displays a significantly deeper valence band at -5.8 V with a 

conduction band at -0.3 V, reflecting its ultra-wide bandgap of 5.5 eV. Such band 

configuration thus can create a substantial valence band offset of 1.1 eV and a conduction 

band offset of 3.9 eV. In other words, strong driving forces will be established across the 

heterojunction interface of the WO3/BDD junction for charge carrier separation. 
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In more detail, the p-n junction formation at the WO3/BDD interface creates an intrinsic 

electric field that fundamentally alters the charge transport dynamics compared to the 

Type II heterojunction observed in the WO3/TiO2 systems. Upon illumination, electrons 

photogenerated in WO3 migrate toward the more positive conduction band of BDD, while 

holes generated in BDD are driven toward the higher-lying valence band of WO3. This 

charge separation mechanism is energetically favorable by approximately 3.9 eV for 

electron transfer and 1.1 eV for hole transfer. This system thus provides substantial 

thermodynamic driving forces that minimize recombination losses and extend carrier 

lifetimes for participation in electrochemical processes. 

The unique advantage of this p-n junction design lies in the exceptional properties of 

BDD that complement the electrochemical activity of WO3. The ultra-wide bandgap of 

diamond ensures high transparency across the visible spectrum and meanwhile diamond 

features exceptional chemical and electrochemical stability under harsh operating 

conditions. The heavy boron doping creates a quasi-metallic surface layer that exhibits 

excellent electronic conductivity. BDD can thus effectively function as a current collector. 

Namely it can facilitate rapid electron extraction from the WO3 component during 

ammonium ion insertion processes. Additionally, the high thermal conductivity of 

diamond materials ensures efficient heat dissipation during high-rate electrochemical 

operation152,153. The charge separation efficiency in the WO3/BDD p-n junction is 

expected enhanced by the built-in electric field established at the interface since there 

exists a big difference in Fermi levels between the p-type and n-type materials. This built-

in field creates a depletion region that facilitates charge separation even in the absence of 

external bias or photoexcitation. This is a baseline enhancement to electrochemical 

kinetics of NH4
+ storage. Under illumination, the photovoltaic effect generated by the p-

n junction provides additional driving force for charge separation, while the wide bandgap 

of diamond minimizes parasitic light absorption that might compete with WO3 

photoactivity. Furthermore, the chemical inertness of diamond ensures that the 

heterojunction interface remains stable during extended electrochemical cycling, 
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preventing the formation of undesired interfacial phases that typically limit the 

performance of conventional composite electrodes.154–156 

 

Figure 5.1 Schematic illustration of the band alignment and charge transfer in the 

WO3/BDD heterojunction. 

 

5.2 Characterization of WO3/BDD composites 

Several WO3/BDD composites were prepared according to the process described in 

experimental session. Figure 5.2 shows the SEM images of as-prepared materials in 

different stages. From them one can clearly the structural evolution: from BDD coatings 

and pristine WO₃ nanocrystals to the integrated WO3/BDD@CC composite. The BDD 

layer deposited on the CC substrate (Figure 5.2a,b) is continuous and uniform across the 

whole surface of carbon fibers. These nanocrystalline diamond domains are typically in 

the range from 150 to 250 nm in size. The homogeneous distribution of diamond 

crystallites ensures consistent electrical conductivity across the CC substrate, while the 

dense packing minimizes the exposure of the bare CC in touch with the electrolyte to air. 

This uniform deposition was then employed as a stable and conductive scaffold for 

subsequent WO3 growth. In contrast, pristine WO3 (Figure 5.2c,d) exhibits irregular 

nanocrystalline grains and its average lateral size is approximately 200–300 nm. It 

distributes relatively uniformly but accompanied by localized clusters of up to 500 nm. 
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Figure 5.2 SEM images of (a,b) pristine BDD film on a CC substrate, (c,d) pristine WO3 

nanocrystals, and (e,f) a WO3/BDD composite.  

 

The WO3/BDD composite (Figure 5.2e,f) shows a remarkable refinement of WO3 

morphology. The WO3 nanoparticles are evenly dispersed across the BDD framework 

where no obvious aggregation is noticed. Importantly, both WO3 nanocrystals and BDD 

domains remain simultaneously exposed to the electrode surface. The former provides 

abundant redox-active sites for NH4
+ storage, while the latter contributes to rapid electron 

transport and structural integrity. This morphological evolution highlights the synergistic 

benefits of the composite design. Namely, the uniform and conductive BDD coating 

provides a stable current-collecting backbone, while the reduction in WO3 particle size 

eliminates aggregation-related limitations and enhances the active surface area. The co-

existence of exposed BDD and WO3 phases at the electrode/electrolyte interface ensures 

efficient p–n junction coupling and maximized participation of both materials in photo-
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assisted electrochemical processes, ultimately enabling enhanced charge separation, ionic 

diffusion, and overall energy storage performance. 

 

Figure 5.3 (a) Raman spectra of pristine BDD, pristine WO3, and a WO3/BDD composite. 

(b) XRD patterns of pristine WO3 and a WO3/BDD composite. 

 

The Raman analysis of the pristine materials and the WO3/BDD composite (Figure 5.3a) 

provides further insights into their structural characteristics. The Raman spectrum of the 

pristine BDD exhibits a characteristic sharp diamond peak at 1332 cm⁻1, confirming the 

successful deposition of crystalline diamond on the CC substrate. The slight broadening 

of this peak and the appearance of weak bands around 500–1200 cm⁻1 can be attributed 

to boron incorporation, consistent with the p-type doping. For pristine WO3, distinct 

Raman modes are observed at ~270, 325, 715, and 805 cm⁻1, which are assigned to either 

bending or stretching vibrations of the W–O bonds in monoclinic WO3. These vibrational 

features confirm the presence of well-crystallized WO3 with a long-range order. In the 

WO3/BDD composite, all these mentioned WO3 Raman peaks are retained, but with 

noticeable shifts (2 – 4 cm⁻1) and broadening relative to the pristine sample. Such changes 

indicate a reduction in the WO₃ crystallite size, in agreement with related observations in 
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the SEM images, where the WO3 nanoparticles are refined to ~80–150 nm in the 

composite. The coexistence of the BDD diamond peak at 1332 cm⁻1 and the WO3 

vibrational modes demonstrates that both phases remain structurally intact and 

simultaneously exposed in the hybrid electrode. Compared to pristine WO3, the narrower 

and more symmetric line shapes are seen, an indication of the suppression of excessive 

WO3 agglomeration. In short, the WO3/BDD composite has enhanced structural 

homogeneity and improved interfacial integration. 

Additional XRD analysis of the WO3/BDD composites (Figure 5.3b) was conducted in 

order to reveal the crystalline nature of these composite materials. In the XRD patterns, 

there shows the characteristic diamond diffraction peak at approximately 44°. It 

corresponds to the (111) reflection, though its intensity is relatively low, probably due to 

the thin film nature and boron doping effects. The pure WO3 exhibits broad diffraction 

features, characteristics of nanocrystalline or partially amorphous WO3, consistent with 

the electrochemical deposition conditions. The patterns of the WO3/BDD composite are 

from the contributions of both phases. The diamond peak is clearly identifiable alongside 

the WO3 features, confirming the coexistence of both materials without the formation of 

secondary phases and significant interfacial reactions that compromise the intended 

electronic properties of the heterojunction. 

 

5.3 Electrochemical performance of the WO3/BDD composites 

Several electrochemical methods have been utilized to examine the performance of the 

WO3/BDD composites. Figure 5.4 shows the i-t curves of BDD under illumination, 

where a measurable photo response signal is clearly seen, albeit relatively weak. For 

example, with a bias potential of 0 V (vs. OCP) (Figure 5.4a), the BDD electrode 

demonstrates a modest photocurrent response with a current density of approximately 

0.003 mA cm⁻2. Notably, the photocurrent response decays gradually, which is perhaps 

due to both charge accumulation at the BDD surface under the zero-bias conditions and 

the influence of surface states. As a wide-bandgap semiconductor material (5.5 eV), the 
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intrinsic photo response of BDD is inherently limited under visible light excitation, 

primarily relying on defect states and surface states that are introduced by boron doping 

to participate in the photoelectrochemical conversion process. 

Upon the application of a +0.5 V positive bias (Figure 5.4b), the photoelectrochemical 

behavior of BDD undergoes significant enhancement. The photocurrent density increases 

five folds and is up to approximately 0.015 mA cm⁻2. Moreover, the response stability is 

dramatically improved, exhibiting ideal rectangular wave response characteristics. This 

remarkable improvement can be attributed to the optimization of electrochemical kinetics 

at the BDD surface under positive bias. The applied bias facilitates effective separation 

and transport of photogenerated holes to the electrode surface, thereby reducing charge 

recombination losses. 

 
Figure 5.4 I–t curves of BDD under illumination and dark at a bias of 0 V and +0.5 V 

(vs. OCP). 

 

Throughout the entire testing period, the photocurrent response maintains high 

consistency without observable decay or fluctuation, establishing a foundation for 

providing long-term stable electron transport pathways in composite electrodes. From an 

energy band structure perspective, the enhanced photoelectrochemical activity of BDD 

under positive bias validates its suitability as the p-type component in p-n heterojunctions. 

In the subsequent WO3/BDD composite system, this potential-dependent 
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photoelectrochemical behavior will complement the n-type WO3, achieving more 

efficient photogenerated charge separation through the built-in electric field. 

 

Figure 5.5 Electrochemical characterization of a BDD electrode: (a,b) Cyclic 

voltammograms at a scan rate of 1 mV s⁻1 and 5 mV s⁻1, (c) Nyquist curves and (d) Mott-

Schottky plots under dark and illuminated conditions. 

 

The cyclic voltammograms of the BDD electrode reveal distinct electrochemical behavior 

under dark and illuminated conditions. At a low scan rate like 1 mV s⁻1 (Figure 5.5a), a 

pronounced enhancement in cathodic current, particularly in the negative potential region 

is observed under illumination compared when the light is off. This significant increase 

of this current is due to the accumulation of photogenerated electrons at the BDD surface, 

which promote reduction reactions and/or facilitate charge storage processes. The 

extended time scale at low scan rates allows sufficient opportunity for photogenerated 

charge carriers to participate in electrochemical processes, leading to the observed 

cathodic current enhancement. This behavior is similar with that observed in the TiO2 
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electrode, where photogenerated electrons similarly enhance reduction processes at 

negative potentials. At a higher scan rate like 5 mV s⁻1 (Figure 5.5b), this enhancement 

factor of this cathodic becomes much weaker. The reduction of such photo response is 

because the rate of photogenerated electron production becomes slower in a short time 

(namely during a faster potential sweep). The Cyclic voltammogram are then similar 

under dark and illuminated conditions. Meanwhile, the related Nyquist plots under dark 

and illuminated conditions are nearly identical (Figure 5.5c), where minimal differences 

are found in the charge transfer resistance. This phenomenon is primarily because on 

BDD there is almost no ammonium ion insertion/extraction processes occurring. Similar 

size of the semicircles indicates that BDD serves mainly as conductive support rather than 

an active material for ion storage. 

Although BDD is intrinsically a p-type semiconductor, the Mott–Schottky plots (Figure 

5.5d) exhibit positive slopes, which are typically associated with n-type behavior. This 

apparent contradiction arises from the heavy boron doping level in the present samples, 

which renders the depletion region extremely thin and results in quasi-metallic surface 

conduction. Moreover, surface states and Fermi-level pinning at the diamond/electrolyte 

interface further distort the space-charge capacitance response, producing an effective n-

type-like signature. Similar observations have been widely reported for heavily doped 

BDD electrodes157,158, highlighting that the Mott–Schottky method can be applied to 

analyze interfacial electrostatics rather than the intrinsic bulk doping type in such systems. 

Figure 5.6a shows the cyclic voltammograms of a BDD electrode recorded at different 

scan rates. At lower scan rates (e.g., 0.5 - 1 mV s⁻1), the cyclic voltammograms feature 

relatively regular rectangular shapes with very low current densities. The message behind 

is that BDD has essentially no capacity for NH4
+ adsorption or insertion. In other words, 

BDD functions primarily as an inert current collector rather than an active material for 

ammonium ion storage. As the scan rate increases (e.g., up to 5 or 10 mV s⁻1), polarization 

becomes evident and significant, particularly in the cathodic region where current density 

increases substantially. This polarization effect can be attributed to the electrolysis of the 
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weakly acidic NH4Cl electrolyte at higher scan rates. The enhanced cathodic current at 

higher scan rates likely corresponds to hydrogen evolution from NH₄⁺ reduction (NH4
+ + 

e⁻ → NH3 + 1/2H2) and/or direct water reduction. From the GCD curves (Figure 5.6b), 

one can see the non-triangular discharge profiles and extremely short discharge times 

across all current densities. In other words, BDD is not a suitable platform for the NH4
+ 

insertion/extraction. The observed electrochemical response likely originates from a 

minimal double-layer capacitance at the BDD/electrolyte interface as well as some 

electrolyte decomposition reactions at lower current densities. 

 

Figure 5.6 Electrochemical characterization of a BDD electrode in 1 M NH4Cl electrolyte: 

(a) Cyclic voltammograms at different scan rates. (b) GCD curves at various current 

densities. 

The electrochemical performance of the WO₃/BDD composite electrode was then 

evaluated in order to verify the synergistic effect between WO3 and BDD. Figure 5.7 

presents the electrochemical behavior of a WO3/BDD electrode under dark conditions. 

Compared to individual BDD and WO3 electrodes, the composite exhibits significantly 

improved current response in recoded CVs (Figure 5.7a) and also well-preserved GCD 

profiles with longer discharge times and lower polarization (Figure 5.7b). Such 

difference highlights the role of BDD in facilitating charge transfer and stabilizing the 

WO3 nanostructure.  
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Figure 5.7 Electrochemical performance of WO₃, BDD, and WO₃/BDD electrodes under 

dark conditions: (a) Cyclic voltammograms at 5 mV s⁻1, (b) GCD curves at a current 

density of 5 mA cm⁻2, (c) Cyclic voltammograms of the WO₃/BDD electrode at different 

scan rates, and (d) its GCD curves at different current densities. 

 

In addition, the Pristine WO3 electrode exhibits well-defined redox peaks associated with 

NH4
+ insertion/extraction. However, the current density is relatively low, due to its 

intrinsically poor conductivity. The BDD electrode shows nearly featureless capacitive 

behavior with negligible currents, reflecting its role as conductive support rather than an 

active host for ammonium ion storage. In contrast, the WO3/BDD composite displays 

significantly enlarged redox peaks as well as a broader enclosed area. Compared to a 

pristine WO3 electrode, peak separation is also reduced. This indicates that the conductive 

BDD backbone not only enhances electron transport but also lowers electrode 

polarization, thereby accelerating the intercalation kinetics of a WO3 electrode. At the 
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same current density, a pristine WO3 electrode shows relatively short discharge times and 

noticeable IR drops, consistent with its sluggish charge transfer and high internal 

resistance. The BDD electrode alone delivers negligible capacitance. The WO3/BDD 

electrode demonstrates substantially longer discharge durations and highly symmetric 

charge/discharge profiles with minimal IR drop, confirming both improved capacity and 

enhanced reversibility. These results clearly show that the composite integrates the 

faradaic storage capability of WO3 with the superior conductivity of BDD, yielding a 

synergistic improvement in electrochemical performance in terms of ammonium ion 

storage. For example, even in the absence of illumination, the WO3/BDD electrode still 

delivers superior capacitive behavior and reversible NH4
+ storage, providing a robust 

foundation for further investigation of its photo-assisted performance. 

Subsequently, the photo response of this WO3/BDD composite material was examined. 

At a bias potential of 0 V (vs. OCP) (Figure 5.8a), the WO3/BDD composite exhibits a 

photocurrent density of approximately 0.005 mA cm⁻2, which is excellently stable 

throughout the measurement period, as seen from the consistent rectangular wave 

responses and a minimal decay even over 20 light-on/off cycles. The enhanced 

performance becomes even more pronounced at a bias potential of +0.5 V (vs. OCP) 

(Figure 5.8b), where the photocurrent densities go up to about 0.020 mA cm⁻2. This 

photocurrent response remains almost unchanged with sharp on/off transitions and 

throughout the extended measurement period. 

 
Figure 5.8 I-t curves of WO3/BDD composite under illumination and dark conditions at 

a bias potential of (a) 0 V and (b) +0.5 V (vs. OCP). 
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The effect of light exposure on these composite materials was investigated during 

ammonium ion storage. The CV responses of a WO3/BDD electrode under both dark and 

illuminated conditions display well-defined redox peaks that are associated with the 

reversible NH4
+ insertion/extraction (Figure 5.9a,b). Clearly, the overall current response 

is markedly enhanced across all scan rates upon illumination. This result indicates that 

photogenerated electrons actively participate in the redox process and increase the 

availability of reduced tungsten sites for the NH4
+ storage.  

 

Figure 5.9 Electrochemical characterization of the WO3/BDD composite when the light 

is off (dark) and on (light): Cyclic voltammogram at (a) 1 mV s⁻1 and (b) 5 mV s⁻1, (c) 

Mott-Schottky plots, and (d) Nyquist plots. 

 

In addition to the current enhancement, the redox peaks exhibit a noticeable potential shift 

under light illumination. This shift can be attributed to the increased carrier density and 

the reduced interfacial resistance in the illuminated state since the energetic barrier is 
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lowered for electron transfer and consequently the reaction kinetics is accelerated. 

Combination of these peak shifts with the bigger current response leads one to believe 

that illumination not only increases the reaction rate but also modifies the interfacial 

energetics of the electrode. In this way more efficient and reversible NH4
+ storage is 

realized on this composite electrode. 

The properties of this electrode were also investigated by means of the Mott-Schottky 

analysis in both dark and light (Figure 5.9c). Positive slopes are seen these Mott-Schottky 

plots, the sign of a n-type response that arises from the highly defective and amorphous 

nature of WO3 in conjunction with the heavily doped BDD substrate. A systematic 

reduction in this slope is caused by light illumination, indicating an increase in the 

effective carrier density and a narrowing of the depletion layer at the electrode/electrolyte 

interface. The extrapolated interception shifts towards more positive potential under light, 

signifying a reduction in band bending and a decrease in the energetic barrier for electron 

transfer. Additionally, the Mott-Schottky curve under illuminated conditions shows an 

extended linear region and a more pronounced low-potential plateau, reflecting trap 

filling and improved electrostatic screening. These changes confirm that illumination 

improves interfacial electronic conductivity and facilitates faster charge injection. Related 

EIS measurements (Figure 5.9d) show nearly identical Nyquist plots under dark and 

illuminated conditions. For example, minimal differences are seen in measured charge 

transfer resistances. This fact indicates that the primary photo enhancement occurs 

through improved charge separation and transport, rather than fundamental changes in 

interfacial kinetics. The relatively low charge transfer resistance confirms the effective 

charge transport that is facilitated by the BDD support, while the unchanged impedance 

characteristics suggest stable interface properties during photoelectrochemical operation 

on this composite electrode.  
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Figure 5.10 Comparative photoelectrochemical performance: (a) Direct comparison of 

photocurrent response between BDD and WO3/BDD at a bias potential of 0 V (vs. OCP), 

and (b) capacitance enhancement under dark and illuminated conditions across different 

electrodes. 

 

The direct photocurrent comparison (Figure 5.10a) clearly demonstrates the superior 

performance of the WO3/BDD composite electrode compared to a BDD electrode. On the 

composite electrode (red line) a photocurrent density of ~0.005 mA cm⁻2 is achieved, 

nearly double that (~0.003 mA cm⁻2) using a BDD electrode. This enhancement validates 

that WO3 provides the primary photoactive component while BDD serves as an efficient 

charge transport medium. Both materials exhibit gradual decay over the measurement 

period, but the composite maintains consistently higher photocurrent levels throughout 

all tests, confirming the effectiveness of the heterojunction design for enhanced light 

harvesting and charge separation.  

The capacitance comparison (Figure 5.10b) provides crucial insights into the photo-

assisted energy storage mechanism of ammonium ion storage. On a BDD electrode 

minimal photo enhancement is found, with virtually identical capacitances under dark 

and illuminated conditions in that this electrode plays a single role as a conductive support 

rather than an active storage material. On a WO3 electrode, moderate photo enhancement 

is seen, indicating that illumination improves its charge storage capability through 

photogenerated carrier participation in these electrochemical processes. The WO3/BDD 
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composite exhibits the most significant photo enhancement effect, with substantially 

higher capacitances under illumination compared to both its dark-state performance and 

the individual components. Th synergistic effect between WO3 and BDD is thus supposed 

to exist for such enhancement. This probably arises from multiple factors. For example, 

this p-n junction can facilitate efficient charge separation, prevent recombination losses 

that typically limit photoelectrochemical performance. The excellent conductivity of the 

BDD enables rapid electron extraction from WO3, maintaining high concentrations of 

active sites for NH4
+ storage. The internal electric field at the heterojunction interface can 

also provide additional driving force for charge transfer processes. 

This capacitance enhancement directly translates to improved NH4
+ storage performance, 

as a higher capacitance indicates increased charge accumulation capability, which 

corresponds to enhanced NH4
+ insertion capacity. The results confirm that photo assisted 

operation significantly improves the energy storage performance of the composite system 

beyond what can be achieved through simple additive effects of the individual 

components. 

 

5.5 Conclusions  

In this chapter, a novel WO3/BDD composite has been successfully designed and 

evaluated as an advanced electrode material for photo-assisted NH4
+ hybrid 

supercapacitors. The integration of WO3 with the highly conductive boron-doped 

diamond scaffold enables the construction of a p–n junction, which significantly improves 

charge separation, electron transport, and structural stability. Comprehensive 

electrochemical characterizations under dark conditions demonstrate that the composite 

electrode exhibits substantially higher capacitance, lower polarization, and enhanced rate 

performance compared to pristine WO3, while maintaining the robustness and wide 

potential window characteristic of BDD. Upon illumination, the electrode displays 

markedly enhanced photocurrent responses, enlarged CV areas, peak shifts toward lower 

overpotentials, reduced charge-transfer resistance, and increased carrier density. These 
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findings confirm that the intrinsic built-in electric field at the WO3/BDD interface. 

Together with the superior conductivity of BDD, this composite electrode effectively 

facilitates photocarrier utilization for NH4
+ storage. 

Overall, this p-n junction design establishes a new paradigm for composite electrode 

development, where the exceptional properties of diamond are leveraged to address the 

fundamental limitations of conventional energy storage materials while maintaining the 

proven ammonium ion storage capability of WO3. The WO3/BDD composite electrode 

features a synergistic improvement in both electrochemical and photoelectrochemical 

performance. It is thus a promising platform for the development of high-performance, 

light-assisted hybrid supercapacitor devices. Moreover, it highlights the great potential of 

diamond-based materials for next-generation electrochemical energy systems. 
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6 Summary and outlook  

6.1 Summary 

This dissertation presents a systematic investigation of advanced tungsten oxide-based 

electrode materials for the construction of high-performance ammonium-ion hybrid 

supercapacitors after addressing critical challenges of poor conductivity, limited ion 

accessibility, and insufficient cycling stability with aid of innovative material design and 

photo-enhancement strategies. (Figure 6.1) 

In more detail, folded nanocrystalline-stacked amorphous WO3 electrodes have been 

synthesized via a rapid electrochemical deposition method. The innovative architecture 

combines nano-structural fragmentation with controlled amorphization, creating a 

hierarchical framework where ~5 nm crystallites are loosely assembled within an 

amorphous matrix. This design provides abundant grain boundaries, shortened diffusion 

pathways, and enhanced structural flexibility for accommodating volumetric changes 

during cycling. The a-WO3 electrode achieves an exceptional areal capacitance of 2783 

mF cm⁻2 with excellent rate performance and pseudocapacitive-dominated charge storage 

behavior. When assembled into a full-cell device with polyaniline cathode, the system 

delivers remarkable energy and power densities of 620 mWh cm⁻2 and 23,980 mW cm⁻2, 

respectively, with 81.5% capacity retention after 3000 cycles. Mechanistic studies reveal 

that NH4
+ storage occurs through reversible hydrogen bonding rather than conventional 

coordination interactions, resulting in lower diffusion barriers (~0.38 eV), reduced lattice 

strain, and enhanced reversibility compared to traditional metal-ion systems. 

The WO3/TiO2 heterojunction composites have been designed to harness photo-enhanced 

energy storage capabilities through synergistic optical and electrochemical properties. 

These Type II heterojunctions have been engineered by means of aligning the band 

between WO3 and TiO2. A key design strategy of preparing island-like distributed WO3 

nanocrystals on TiO2 substrates is through controlling electrochemical deposition 

parameters. This island-like growth mode ensures simultaneous exposure of both 
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materials to the electrolyte, achieving true synergistic effects rather than simple serial 

coupling. In the meanwhile, the heterojunction interface area is maximized for efficient 

charge separation and transport. Under illumination, the optimized WO3/TiO2 composite 

demonstrates 40% capacity enhancement compared to dark conditions, with significantly 

reduced charge transfer resistance and improved charge carrier dynamics. The 

photoelectrochemical measurements confirm enhanced light absorption, improved carrier 

separation efficiency, and accelerated ion transport kinetics. This work thus offers the 

potential of Type II heterojunctions for solar-rechargeable energy storage devices with 

dual functionality. 

Furthermore, WO3/diamond composite materials that leverage the exceptional properties 

of BDD have been synthesized to address fundamental limitations of tungsten oxide 

electrodes. The strategic combination creates a p-n junction configuration where the 

intrinsic electric field between p-type BDD and n-type WO3 provides enhanced charge 

separation efficiency. Superior electrical conductivity, chemical stability, and mechanical 

properties of diamond provide synergistic enhancements when integrated with WO3. The 

BDD serves as highly conductive nodes within the composite matrix, creating percolating 

networks that dramatically improve electron transport while in the meanwhile maintain 

structural integrity during repeated charge/discharge cycles. Photoelectrochemical 

characterization proves significantly improved photocurrent response, enhanced capacity 

under illumination, and extended cycling lifetime when compared to pristine WO3. In 

conclusion, the p-n junction design is effective for photo-assisted energy storage 

applications. 

Collectively, these three above-shown approaches, namely structural engineering, 

heterojunction construction, and conductive scaffold integration, can be synergistically 

applied to unlock superior NH4
+ storage performance with intrinsic photo-enhanced 

functionality. The dissertation not only provides detailed mechanistic insight of revealing 

how defects, band alignment, and internal electric fields govern charge storage and 
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transport, but also establishes generalizable design principles for next-generation photo 

responsive electrode materials. 

In summary, this work contributes to the advancement of sustainable energy storage by 

demonstrating the feasibility of combining solar energy harvesting with aqueous NH4
+ 

storage in a single electrode system. Beyond AIHSs, the strategies presented here can be 

extended to other aqueous-ion chemistries and multifunctional electrochemical devices, 

paving the way toward integrated light-assisted energy storage technologies that are 

efficient, safe, and environmentally benign. 

 

Figure 6.1 Graphical summary of this thesis. 

 

6.2 Outlook 

6.2.1 Advanced characterization of nanocrystalline structures 

In this work folded nanocrystalline-stacked architectures with ~5 nm crystallites have 

been successfully synthesized. However, the structural characterization was primarily 

limited to TEM and XRD techniques. Due to the highly disordered nature of these 

materials, conventional XRD only provided minimal structural information. Advanced 

characterization techniques are thus needed to comprehensively understand their 

nanocrystalline structure and defect chemistry. For instance, in situ TEM during 

electrochemical deposition might be powerful, especially to reveal real-time 
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nanocrystalline formation and growth mechanisms; in situ small-angle X-ray scattering 

(SAXS) is expected to provide statistical information about particle size distributions and 

structural evolution during synthesis. These comprehensive characterizations can 

certainly provide fundamental insights into the relationship between nanocrystalline 

structure, defect chemistry, and electrochemical performance, enabling rational 

optimization of synthesis parameters for enhanced NH4
+ storage capabilities. 

 

6.2.2 Dual-ion systems and multi-chemistry integration 

The concept of photo-assisted NH4
+ storage demonstrated in this work needs to be further 

extended to dual-ion systems, where NH4
+ insertion can be coupled with other charge 

carriers such as H+ or Zn2+. This is because such hybrid configurations may combine the 

fast kinetics of hydrogen intercalation with the high capacity of multivalent cations, 

eventually enabling devices that simultaneously benefit from rapid charge–discharge 

rates and enhanced energy density. Taking coupling WO₃-based photoanodes with Zn2+-

storage cathodes as an example, the resultant aqueous Zn–NH4
+ dual-ion cells are 

expected to feature superior stability and multifunctionality. Differently, a NH4
+/H+ co-

insertion device can further reduce intercalation barriers through synergistic hydrogen 

bonding. Exploring these dual-ion chemistries under light illumination may also open 

new opportunities for integrated solar-rechargeable devices that deliver higher energy 

densities, extended lifetimes, and broader applicability in sustainable energy storage. 

 

6.2.3 Advanced characterization of photo-enhancement mechanisms 

While several heterojunction architectures — WO3/TiO2 type-II structures and 

WO3/BDD p–n junctions — have been proposed in this dissertation to explain the 

observed photo-enhanced NH4
+ storage, the current evidence remains insufficient, 

according to conducted electrochemical measurements, band alignment estimations, and 

theoretical considerations. The next step is therefore critical about how to clearly clarify 
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the direct experimental validation of these heterojunction mechanisms. Advanced 

techniques are supposed to provide real-time insights into carrier generation, separation, 

and recombination dynamics at the electrode/electrolyte interface, and reveal the 

structural and electronic evolution of the heterojunction during operation. Establishing 

such direct evidence will be essential for moving from conceptual designs toward rational, 

predictive engineering of photoactive heterostructures with robust and reproducible 

performance. 

6.2.4 Mathematical simulation and AI-assisted design 

Beyond experimental investigations, mathematical modeling and artificial intelligence 

(AI) can play pivotal roles in accelerating the understanding and design of photo-assisted 

ammonium-ion storage systems. Multiphysics simulations—combining electronic 

structure calculations, ion diffusion dynamics, and photoelectrochemical kinetics—can 

quantitatively predict charge-transfer pathways and optimize interfacial energetics. In 

parallel, AI-assisted data analysis and machine learning algorithms can identify hidden 

correlations between structural parameters and electrochemical performance from large 

experimental datasets. Such digital approaches are expected to guide the rational selection 

of electrode materials, predict optimal heterojunction configurations, and enable 

autonomous optimization of synthesis conditions. The integration of mathematical 

modeling with AI-driven design will therefore represent a powerful direction toward 

intelligent, predictive, and efficient development of next-generation light-assisted energy 

storage devices. 
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