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Abstract 

Two novel nanoarchitectures – including the highly branched spikecube exemplified by -SnWO4 

and the biomimetic nanopeapod manifested in Au@Nb@HxK1-xNbO3 –were put forward for the 

first time in this thesis, particularly aiming at enriching the library of pattern designs for 

sunlight-driven photo(electro)chemical applications. 

Specifically, -SnWO4 spikecubes were entitled on the basis of the peculiar morphology, wherein 

bundles of nanopillars were self-aligned with quasi-periodicity onto each sharp face of hexahedral 

cube cores. The reinforced surface roughness stemmes from the nanoarms with a well-defined 

length(spike)-to-diameter(cube) aspect ratio of 0.3 and gives rise to a nearly 5-fold increase in 

specific surface area, suggesting more solid surface readily accessible to the reactants to trigger 

desirable catalytic reactions under illumination of a photoflux. Noteworthily, this geometric 

engineering was particularly carried out on a Scheelite-type (ABO4) -SnWO4 crystal in terms of 

the characteristic twisted coordination structure mediated by the stereoactive electron lone pair, 

allowing additional textural modifications. Specifically, the interaction between the “non-bonding” 

electron pair on Sn(II) and the O-2p orbitals tailored the electronic band structure of -SnWO4 with 

a visible-light-active band gap of 2.91 eV and a subtile conduction and valence band positions, 

endowing the photoexcited electron-hole pairs on -SnWO4 with strong reducing and oxidizing  

power, respectively. Consequently, an outstanding photocatalytic activity in degrading organic dyes 

was observed for the -SnWO4 spikecubes with an enhancement more than 150% in comparison 

with a benchmark visible-light-active WO3 photocatalyst, which originated mostly from the synergy 

of the aforementioned effects. 

Moreover, the biomimetic peapod-analogous blueprint additionally introduced in this dissertation 

aims at further subduing photoelectrocatalytic response over a longer wavelength regime far beyond 

ultraviolet (UV) and blue light. Metal-specific plasmonic nanoantennas were alternatively 

employed in this design in terms of the straightforward adaptability in light harvesting ability via 

size, geometry and configuration. Particularly, semi-infinite sub-10 nm Au@Nb core-shell 

nanoparticle (CS-NP) chain with nanometric breaks residing unidirectionally inside the cavity of 

tubular HxK1-xNbO3 nanoscrolls (NSs). This biomimicry endowes Au@Nb@HxK1-xNbO3 

nanopeapods (NPPs) with broadband light responses, wherein the niobate NSs and the Au@Nb 

CS-NP absorb UV and visible light via interband transition and surface plasmon resonance, 

respectively. More importantly, the strong near-field plasmon coupling between neighboured 

Au@Nb CS-NPs allows the Au@Nb@HxK1-xNbO3 NPPs to absorb near-infrared (NIR) light. 
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Consequently, the characteristic absorption spectrum matches well with the full solar spectrum.  

Moreover, the 3D Schottky junction in the NPP structure additionally favors the transfer of 

plasmon-promoted “hot” electrons from bimetallic Au@Nb to HxK1-xNbO3 to participate in the 

subsequent chemical conversion. Overall, a quadruple enhancement relative to an antenna-less 

photocatalyst and NIR-triggered water splitting as the proof-of-concepts manifest that the 

Au@Nb@HxK1-xNbO3 NPPs can readily convert the photon energy into useful chemical fuels. 
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Zusammenfassung 

Zwei neuartige Nanoarchitekturen – darunter -SnWO4 als hoch verzweigter Spikecube und die 

biomimetischen „Nanoerbsen“, die durch Au@Nb@HxK1-xNbO3 repräsentiert werden – wurden in 

dieser Arbeit zum ersten Mal erwähnt und stellen eine Erweiterung der Bibliothek aus 

Morphologien für die mit Sonnenlicht angetriebenen photo(elektro)chemischen Anwendungen der. 

Insbesondere -SnWO4-Spikecubes sind aufgrund ihrer eigenartigen Morphologie, bei welcher 

Bündel aus „Nano-säulen“ durch Selbstanordnung regelmäßig auf den Flächen der Würfel 

gewachsen sind. Die hoch Oberflächenrauheit rührt vom wohldefinierten 

Länge(Spitze)-zu-Durchmesser(Würfel)-Seitenverhältnis von 0,3 der Nanoarme her und ruft eine 

nahezu 5-fache Zunahme der spezifischen Oberfläche hervor, was viel Oberfläche andeutet, die für 

Reaktionspartner zum Initiieren der erwünschten katalytischen Reaktionen unter einer 

Photoflux-Beleuchtung leicht zugänglich ist. Darüber hinaus wird diese geometrische Besonderheit 

insbesondere an einem scheeliteartigen (ABO4) -SnWO4-Kristall hinsichtlich der charakteristisch 

verdrillten Koordinationsstruktur, welche durch das einzelne stereoaktive Elektronenpaar induziert 

wird, erzielt. Dies ist die Voraussetzung für zusätzliche strukturelle Modifikationen ermöglicht. Die 

Wechselwirkung zwischen dem “nicht-bindenden” Elektronenpaar bei Sn(II) und bei den 

O-2p-Orbitalen verändert die elektronische Bandstruktur des -SnWO4 zu einer im sichtbaren Licht 

aktiven Bandlücke von 2,91 eV, was für die Erzeugung Lichtangeregter Elektron-Loch-Paare bei 

-SnWO4, sehr hilfreich ist. Daruas folgend konnte eine Erhöhung von mehr als 150% im Vergleich 

mit einem im sichtbaren Licht aktiven WO3-Photokatalysator als Bezugspunkt festegestellt werden, 

die von der Synergie der obengenannten Bandstruktur-Effekte herrührt. Folglich wurde an den 

-SnWO4-Spikecubes eine herausragende photokatalytische Aktivität beim Abbau der organischen 

Farbstoffe festgestellt. 

Zudem zielt der biomimetische Entwurf einer Erbsenschote, den diese Doktorarbeit beinhaltet, auf 

eine weitere Adaption der photoelektrokatalytischen Reaktion an eine größere Wellenlänge weit 

hinter ultravioletten (UV) und blauen Licht. Metallspezifische plasmonische Nanoantennen wurden 

in diesem Design eingesetzt. Hinsichtlich der unkomplizierten Anpassungsfähigkeit in der 

Einstellung des Lichtertrages über Größe, Geometrie und Konfiguration sind diese einfach 

einsetzbar. Insbesondere ist eine Sub-10 nm Au@Nb Core-Shell-Nanopartikelkette (CS-NP) mit 

nanometrischen Brüchen in eine Richtung im Innern der Kavität der rohrförmigen 

HxK1-xNbO3-Nanoschnecken (NSs) vorhanden. Diese Biomimikry erlaubt den 

Au@Nb@HxK1-xNbO3-Nanopeapods (NPPs) Breitband-Lichtreaktionen, wobei das Niobat NSs 
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und das Au@Nb CS-NP das UV- und sichtbare Licht durch einen Interband-Übergang bzw. durch 

die Oberflächenplasmonenresonanz absorbieren. Darüber hinaus ermöglicht die starke 

Nahfeld-Plasmonenkupplung zwischen dem benachbarten Au@Nb CS-NPs im 

Au@Nb@HxK1-xNbO3 NPPs, das nahe Infrarotlicht (NIR) zu absorbieren. Folglich ist das 

charakteristische Absorptionsspektrum nach dem vollen Sonnenspektrum ausgerichtet. Zudem 

bevorzugt die 3D-Schottky-Verbindung in der NPP-Struktur den Übergang der 

plasmonengeförderten “heißen” Elektronen vom bimetallischen Au@Nb zum HxK1-xNbO3 um diese 

mit in die nachfolgende chemische Umwandlung einzubinden. Alles in allem zeigt die vierfache 

Erweiterung eines antennenlosen Photokatalysators zu einer mit NIR initiierten Wasserspaltunge, 

dass Au@Nb@HxK1-xNbO3 NPPs die Photonenenergie leicht in nützliche chemische Brennstoffe 

umwandeln kann. 
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1. Introduction and Brief History  

Nature is the starting point for advancing science and technology. Replication and adaption of 

natural systems including elements, structures and processes, so-called biomimicry, routinely help 

humans to solve problems throughout their existence.[1] One of the extensively studied themes in 

this field is the photosynthesis in plants. The featured solar-to-chemical energy conversion involved 

in this course has triggered worldwide scientists and engineers to emulate using man-made 

materials. This is generally called artificial photosynthesis. The first demonstration was performed 

in 1839 by Becquerel.[2] In his study, the charge transfer involved in a sunlight-driven chemical 

reaction was manifested in an electric current flowing from an illuminated silver chloride electrode 

immersed in an acidic chemical medium to a metallic counter electrode via an external circuit (Fig. 

1.1). Extensive studies followed up his unprecedented work with a systematic investigation on such 

photoelectrochemical phenomena in other semiconducting materials, such as Si, Ge, GaAs, ZnO, 

CdSe, KTaO3, SrTiO3 and TiO2.[3-28] These pioneering works prior to 1970 substantially established 

the fundamentals of photoelectrochemistry. Afterwards, the work by Fujishima and Honda in 1972 

was of particular importance.[29] They used TiO2 as the electrode material, which was irradiated 

under a photoflux to split water (H2O) and which is similar in many respects to natural 

photosynthesis. The significance of their results lies in reinforcing the availability of oxygen (O2) 

and especially of hydrogen (H2), which is the next-generation clean fuel, upon water cleavage under 

renewable sunlight casting. More importantly, the sustainability and environmental benignity in the 

context of this photoelectrosynthesis effectively alleviate contemporary public concerns with the 

oncoming exhaustion of fossil fuel and global temperature increases. 

Although the solar fuel generation is of primary importance, other nowadays critical issues in 

addition to the global warming including food crisis and water stress can also be mitigated via 

artificial photosynthesis. In particular, the reduction of primary greenhouse gas carbon dioxide (CO2) 

to carbohydrates,[30] the production of ammonium (NH4
+) and nitrate (NO3

-) fertilizers from 

atmospheric nitrogen (N2)[31] and the remediation of raw and waste water[32] are all possible via 

photoelectrocatalysis, thus stimulating a tremendous research activity in this realm. Further 

important early contributions emerged between 1978 and 1979 by Bard,[33] who established the 

principles of photoelectrocatalysis (PEC) not only applicable to a cell configuration but also 

appropriate for a particulate system (miniaturized metallic counter electrode granulates the 

semiconductor colloids), and by Nozik,[34] who formulated such concept of a short-circuited 

photoelectrocatalytic cell as a “photochemical diode”.  
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Figure 1. 1. (a) Electrochemical cell and (b) suspended metallized powder configurations for 
carrying out photoelectrocatalysis using n-type semiconductor. Energetics of the (c) 
photoelectrochemical cell and (d) photochemical diode (framed region in Fig. 1.1b). Abbreviations 
used: h , photon energy; Eg, bandgap of the semiconductor; ECB, conduction band edge of the 
semiconductor; EVB, valence band edge of the semiconductor; EF,sc, Fermi level of the 
semiconductor; EF,m, Fermi level of the metallic counter electrode; EF, Fermi level of the metallized 
semiconductor. 

Their formulations advanced the development in many aspects, including i) the material scope 

branching out into semiconductors having high electrical resistivity that cannot work as an electrode, 

ii) the synthetic field opened up to additional more facile but less expensive protocols, and iii) the 

efficiency record of solar-to-chemical conversion going up to a new plateau owing to strong light 

scattering within the suspended particles (Fig. 1.2). Later in the early eighties, Grätzel’s group 

excellently exemplified their argumentation with a series of experimental evidences using a variety 

of semiconducting colloids.[35-37] More importantly, most colloids were characterized by a particle 

size of few tens of nanometers, rendering these reports acknowledged as another significant 

milestone highlighting the fusion of modern nanoscience with photoelectrochemistry. The use of 

nanomaterials in the bias-free photochemical diode brings numerous advantages, including 

shortening the migration pathway of photogenerated carriers (electrons (e-) and holes (h+)) within 

semiconducting materials and increasing the surface area for carrier transfer across the solid/liquid 

Introduction and Brief History
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interface.[33,34] Most significantly, the specific size quantization effect renders the optoelectronic 

properties, e.g. the bandgap, the carriers’ lifetime and the catalytic activity of these nanoscale 

granules, size-adaptable.[38-40] 

 

Figure 1. 2. Chronological summary of significant milestones, including dimensional migration and 
nanostructuring strategies, in photoelectrochemistry. Abbreviations used: Lh, mean free diffusion 
length of the hole (h+); Le, mean free diffusion length of the electron (e-). Geometries of the 
exemplary nanoparticle and nanotip are characterized by the radius (r), the diameter (d) and the 
height (H). 

The intriguing consequences of nanoengineering likewise work well in photoelectrochemical 

cell and lead to the exploitations in advanced nanoarchitecture that are extensively studied in 

bilateral classes.[41-44] This study deals with such burgeoning interests via putting forward two 

modern nanoarchitectures including the highly branched spikecubes exemplified by -SnWO4 and 

the biomimetic nanopeapods manifested in Au@Nb@HxK1-xNbO3 for the first time to enrich the 

library of pattern designs for photoelectrocatalysis (Fig. 1.3).[45,46] In-depth discussions on these 

hierarchical structures begin with an argumentation on the interplay between the textural properties 

and the local chemical bonding between the constituent elements. The elaborations of the 

dependency of the architectural geometry on the coordination environment of these chemical 

systems and the synthetic methodologies follow up to gain a substantial insight into making and 

especially integrating the nanomaterials at a satisfactory precision level. All in all, this thesis 
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contributes to the synergism of overall atomic and nano-/micro-scopic treatments on the 

macroscopically photoelectrocatalytic activity.  

 

Figure 1. 3. (a) SEM image of multiarmed -SnWO4 spikecube (scale bar: 2 m) and (b) TEM 
image of bioinspired Au@Nb@HxK1-xNbO3 nanopeapods (scale bar: 50 nm) (adapted from 
reference[45,46]). 
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2. Principles of Heterogeneous Photoelectrocatalysis  

In order to favor straightforward understanding of most discussions on the 

photoelectrocatalysis carried out by the topical -SnWO4 spikecubes and Au@Nb@HxK1-xNbO3 

nanopeapods artifacts throughout this dissertation, some fundamental nature and basic categories of 

photoelectrochemistry are first reviewed in this chapter.[33,34] The literal and schematic 

interpretations mostly deal with n-type semiconductors in terms of i) their popularity in the reported 

literature due to the better stability than that of p-type semiconductors and ii) the coincidence that 

both -SnWO4 and HxK1-xNbO3 are n-type semiconductors. 

2.1 Review of Energetics 

 

Figure 2. 1. Energetics evolutions in a (a-d) photoelectrochemical cell and (e-g) photochemical 
diode. (a,d) Energy diagrams of isolated solid and liquid constituents. (b,f) Formation of the 
semiconductor-electrolyte junction upon mutual contact. Effects of (c,g) suprabandgap light (h  > 
Eg) illumination and (d) electrical bias on the electronic structure of overall systems. Terms are 
defined in the text. 

All phenomena associated with the “Becquerel effect” started exclusively with the formation 

of a semiconductor-electrolyte junction at a solid-liquid interface (Fig. 2.1). The 

semiconductor-electrolyte junction established in the presence of an initial difference in the Fermi 
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level (chemical potential of electrons) between these two phases. The Fermi level in the n-type 

semiconductor (EF,sc) before contact with the electrolyte is located closely below the energy of the 

conduction band edge (ECB). The Fermi level in the liquid phase is dictated by the presence of redox 

couples, and the energy is derived from the concentrations and standard potentials. Fig. 2.1a 

illustrates the conditions of a concurrent presence of the redox couple O and R 

 ReO  (2.1) 

in which the Fermi level is given by 

 )
][
][ln(0

, O
RTkVE BredoxredoxF  (2.2) 

where V°redox (V vs. Normal Hydrogen Electrode (NHE)) is the standard redox potential of the redox 

couple O/R, kB the Boltzmann constant, T (K) the absolute temperature and [R] and [O] are their 

concentrations (mol cm-3), respectively. When the semiconductor is brought into contact with the 

electrolyte, charge transfer occurs at the boundary until the chemical potential of the electrons ( ) 

in the two phases are equivalent (Fermi level equalize). Fig. 2.1b depicts the conditions that the 

initial Fermi level in a n-type semiconductor is above that of the redox couple O/R in the solution, 

leading to an electron transfer from the semiconductor to the electrolyte. Upon the acceptance of the 

electron ( ReO ), the electronic structure of the acceptor (O) changes, particularly, the 
unoccupied electronic state becomes occupied. 

 OeO  (2.3) 

The free energy change associated with this charge uptake step is a measure of the electron affinity 

(A) of O. 

Given the polar nature of the liquid electrolyte, the dipoles in the solvent molecules 

coordinated to the redox species as a solvation sheath re-orientate in response to this charge 

variation. 

 RO  (2.4) 

Such spontaneous relaxation of the solvation shell results in an additional energy release, the 

well-known solvent reorganization energy ( s). Values for s can be few tenths of an electron volt 

(eV) up to 2 eV.[47] Moreover, thermal agitation of the solvation structure leads to a Gaussian 

distribution of the energy states (Do(E)) for the redox species O, 

Principles of Heterogeneous Photoelectrocatalysis 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 

7 

 ]
4

)(
exp[)(

2
,

kT
EE

ED
s

sredoxF
O  (2.5) 

as depicted in Fig. 2.2. Herein, EF,redox (eV) described in terms of a Fermi distribution function 

corresponding to the energy state with a 50% probability of electron occupancy[47,48] for the redox 

couple O/R is 

 AIE redoxF ,  (2.6) 

I is the ionization potential of the coupled redox species R. Noteworthily, charge transfer occurs 

only at an overlap of the unoccupied redox states (DO(E)) with occupied semiconductor states. In 

particular, DO(E) only becomes zero at energies of E and is at the maximum when E = 

EF,redox + s. 

 

Figure 2. 2. (a) Energy diagram of an n-type semiconductor at the initial instant upon contact with 
the electrolyte with the redox couple O/R. The valence band, conduction band, and the Fermi level 
(EF,SC) of the semiconductor and the distribution of the energy states for the redox species, the 
Fermi level (EF,redox), s, A of the electron acceptor O and the ionization potential (I) of the electron 
donor R are labeled alongside. Charge transfer carried out at the solid-liquid boundary and reaching 
(b) the electronic equilibrium at the established semiconductor-electrolyte junction. The developed 
depletion layer is characterized by the width (w) and the extent of the band bending (VB). 

This interfacial charge transfer results in a semiconductor that is positively charged in regard 

of the electrolyte. In particular, these charges exclusively distribute within a region adjacent to the 

interface with the electrolyte, which is designated as “space charge layer” (or “depletion layer” in 

terms of this space exhausted of majority charge carriers). As a consequence, an electric field is 

generated and expressed by the bending of the conduction and valence band edges in an upward 

direction. The extent of band bending (VB) in the space charge layer is characterized by the 

difference between EF,sc and V°redox. Specifically, the energy position of the Fermi level is 

Review of Energetics
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customarily expressed in units of eV with respect to vacuum (zero reference point) in solid state 

physics. In electrochemistry, the standard redox potential for redox couples is otherwise given in 

units of volt (V) with respect to NHE as the zero reference point corresponding to the standard 

redox potential of the proton-hydrogen (H+/H2) redox couple. The association between these scales 

has been corroborated by the effective work function (or Fermi level) of -4.5 eV with respect to 

vacuum for the standard H+/H2 redox couple at equilibrium[49] and is expressed as, 

 ).(5.4)( NHE vs V qVeV E ii  (2.7) 

wherein q is the electronic charge. This upward band bending sets up a potential barrier particularly 

against excess electron transfer into the liquid phase, which is analogous to the rectifying function 

in the Schottky junction. The width of the depletion layer (w) is determined by, 

 DB qNVw /2 0  (2.8) 

wherein  is the dielectric constant of the semiconductor, 0 the permittivity of free space, VB (V) the 

degree of band bending, q the electronic charge and ND (cm-3) is the charge carrier density in the 

n-type semiconductor (equivalent to the density of donors). In typical cases w ranges from 10 nm to 

several micrometres.[34,47]  

Concurrently, on the liquid side charged ions of opposite sign (negative in this case) adsorb 

onto the surface of the semiconductor for charge offset. In contrast to the semiconductor, the 

sorption of counter-ions develops only within the well-known Helmholtz double layer bearing a 

characteristic thickness of a few angstroms ( ) in terms of the carrier density in solution much 

higher than that in the semiconductor.[33,34,47,48,53] The presence of a Helmholtz layer is of special 

importance in terms of the electrolyte composition and responsible for the conduction and valence 

band edges of the semiconductor at the solid-liquid boundary (Fig. 2.3).[53] In other words, 

polarizing the semiconductor through an artificially applied bias (Fig. 2.1d) doesn’t change the 

relative energy positions of band edges to that of the redox couple in the electrolyte. Such energetic 

dependency of the band edges exclusively on the chemistry at the phase boundary fairly mirrors 

another characteristic, namely the Fermi level pinning effect, in a Schottky junction.[34] Altogether, 

the junctions between semiconductor and liquid electrolytes are in many respects similar to a 

Schottky junction. 

When suprabandgap light is casting at the semiconductor-electrolyte contact (Fig. 2.4), 

photons having energy h , where h is the Planck constant and  is the frequency (Hz) of the incident 

photon, are absorbed by the semiconductor to create electron-hole pairs. 
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Figure 2. 3. Conduction and valence band edges of a semiconductor oxide plotted as a function of 
the pH value of coupled aqueous electrolyte. On the pH-E diagram, the ECB and EVB of a 
semiconductor linearly correlate to the pH value with a slope of 0.059 V/pH at 25 °C and 1 atm, 
lying alongside the thermodynamic limits of water electrolysis. This linear dependency is known as 
the Nernstian relation,[50-53] suggesting that in aqueous solutions H+ and OH- are the primary 
adsorbed species on the surface of a semiconductor within the Helmholtz layer.[50] Two energy 
scales (eV and V vs. NHE) are shown in parallel for comparison (adapted from reference [47]). 

 

Figure 2. 4. Sequence of main processes in a photoelectrochemical cell, including charge 
generation upon suprabandgap light irradiation (1), subsequent individual charge transfer (2) or 
opposite-signed charges recombination (3) and eventual electrode/electrolyte interfacial redox 
reactions (4). The number of redox couples present in the electrolyte classifies the 
photoelectrochemical cell into (i) electrochemical photovoltaic cell and (ii) photoelectrocatalytic 
cell, respectively. 

 SCSC heh  (2.9) 
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The electron-hole pairs (excitons) of particular interest are those created in the depletion layer in 

terms of the built-in electric field resulting in their efficient separation, in which the electrons in the 

conduction band (CB) move towards the bulk of the n-type semiconductor while geminate holes in 

the valence band (VB) migrate to the solid-liquid phase boundary. 

 bulklayer depletion ee  (2.10) 

 unction  jliquidtorsemiconduclayerdepletion hh  (2.11) 

Most excitons photogenerated beyond the space charge layer suffer from recombination, 

 )( torsemicondcuheathe bulkbulk  (2.12) 

except for those that successfully escape from that process by virtue of the minority holes diffusion 

into the depletion layer. The photogeneration and subsequent separation of electron-hole pairs in the 

depletion layer brings about EF,SC arising to the pristine energy level (Fig. 2.1c), namely the energy 

position prior to the initialization of charge transfer at the semiconductor-electrolyte junction (Fig. 

2.1a). This original energy status corresponds to a measure of the semiconductor potential with 

respect to NHE, wherein no excess charge is present in the semiconductor and which is designated 

as the “flatband” potential (Vfb). The holes effectively scavenged to the solid-liquid phase boundary 

react with redox specie R in the electrolyte at a potential corresponding to the band edge of VB at 

the semiconductor-electrolyte interface (EV,SEI), leading to the oxidation of R to O. 

 ORh jliquidtorsemiconduc unction  (2.13) 

More or less, the charge carriers may trigger undesirable self-oxidation of the semiconductor 

depending on the thermodynamic redox potentials of the electrode decomposition reaction (Fig. 

2.5).[33,54] 

  (2.14) 

Concurrently, the majority electrons delivered toward the semiconductor bulk are subsequently 

shuttled from the semiconductor via an external circuit to the metallic counter electrode and thereat 

injected into the electrolyte to drive a reduction reaction. 

 mbulkSCbulk ee ,,  (2.15) 

 ROe mbulk,  (2.16) 
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Specifically, the most negative potential available for this photoexicted electron is Vfb. Two distinct 

photoelectrochemical cells, i) electrochemical photovoltaic cell and ii) photoelectrocatalytic cell, 

are generated based on the nature of electrolyte (Fig. 2.4).[33,34,53] 

 

Figure 2. 5. Thermodynamics regarding photodecomposition of semiconductors. The cathodic 
reduction and anodic oxidation of semiconductors are always associated with the photogenerated 
electrons in the CB and geminate holes in the VB as the electronic reactants. The Fermi energies 
related to these redox degradations are characterized as h+Edecomp. and e-Edecomp., respectively. The 
thermodynamic stability of a semiconductor/electrolyte system depends decisively on the relative 
position of the decomposition Fermi levels (h+Edecomp. and e-Edecomp.) to the conduction and valence 
band edges (ECB and EVB) of a semiconductor at the solid-liquid boundary. The semiconductor is (a) 
thermodynamically steady, provided that h+Edecomp. is more positive (on scale of V vs. NHE) than 
EVB and e-Edecomp. is more negative (on scale of V vs. NHE) than ECB. In contrast, semiconductors 
become (b) thermodynamically unsteady at inverse conditions. Most n-type semiconductors studied 
to date were either (c) cathodically or (d) anodically stable (adapted from reference [54]). 

In electrochemical photovoltaic cells, the electrolyte comprises one effective redox couple O/R 

only and the oxidation reaction (Eqn. 2.13) at the semiconductor side is entirely reversed at the 

metal electrode side (Eqn. 2.16). In other words, no net variation in the composition of the 

electrolyte occurs. In this mode, the incident photon energy is thoroughly converted into electrical 

work in the ideal case, rendering photocurrent and photovoltage for usage. In the 

photoelectrocatalytic cell, multiple redox couples are concurrently present in the electrolyte, leading 

to distinct oxidation (Eqn. 2.13) and reduction reactions 

 '', ROe mbulk  (2.17) 
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at the anode and cathode, respectively. Consequently, a chemical change of the electrolyte takes 

place. Noteworthily, the radiant energy in this system is either employed to overcome the activation 

barrier of the overall cell reaction only or further converted into the chemical free energy of the 

substances generated from the electrolyte (Fig. 2.6). 

 
Figure 2. 6. (a) In the photoelectrocatalytic cell, an exergonic ( G < 0) reaction (R + O’  O + R’) 
is accelerated in the presence of the illuminated semiconductor electrode. (b) In the 
photoelectrosynthetic cell, an endergonic ( G > 0) reaction is triggered in the presence of an 
illuminated semiconductor electrode, leading to the conversion of radiant to chemical energy. 

 In this regard, the photoelectrocatalytic cell that can store the photon energy in chemical fuels 

is particularly specialized and designated as “photoelectrosynthetic cell”. In particular, the 

photoelectrosynthetic cell is characterized by a cell reaction with a positive free energy change ( G 

> 0). 

The principles of photoelectrosynthetic and photoelectrocatalytic cells can be extended to the 

design of particulate systems (Fig. 2.1e-g). Such configuration was labeled as “photochemical 

diode”, made of a photoelectrocatalytic or photoelectrosynthetic cell collapsing into monolithic 

particles without an external circuit. For instance, a particulate metal electrode fused into a 

powdered n-type semiconductor forming ohmic contacts between is the prototype of a 

Schottky-type photochemical diode (Fig. 2.1e). In analogy to the cell counterpart, the reaction is 

carried out by simply immersing the photochemical diodes in an electrolyte containing the redox 

couples (Fig. 2.1f) with the semiconductor faces illuminated (Fig. 2.1g). The photoprocess (Eqn. 

2.13), e.g. photooxidation of organic solutes or water solvents, is performed at the irradiated 

semiconductor side while the concomitant reduction (Eqn. 2.17) of dissolved O2 to O2·
- or water to 

H2 proceeds at the dark metal site. 

Principles of Heterogeneous Photoelectrocatalysis 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 

13 

The dimension of a photochemical diode is arbitrary, in which microscale particles ensure 

adequate light harvesting (Fig. 2.7a), and the depletion layer is fully-developed (Fig. 2.7b), as long 

as the particle diameter (d) matches the light penetration depth ( -1). It is larger than the width of 

space charge layer (w). Alternatively, nanoparticles render optimal charge collection (Fig. 2.7c), 

provided that the particle size is in the same range of the mean free diffusion length of hole/electron 

(Lh/Le). Additionally, nanoparticles offer abundant solid/liquid interfaces, allowing numerous 

charges available to the redox couples to carry out certain reactions, such as sluggish water 

oxidation with four-electrons/four-protons involved (Fig. 2.7d). 

 eHOOH 442 22  (2.18) 

 

Figure 2. 7. Effects of particle size in (a) light absorption, (b) development of space charge layer, (c) 
charge collection and (d) interfacial charge transfer rate for photochemical diode. More than 90% of 
the incident light is absorbed by the photochemical diode when the particle diameter is more than 
2.3-fold the value of -1.[44,55] The space charge layer is instantaneously formed in a microscale 
photochemical diode but gradually degenerates upon downscaling the dimension to the nanoscale. 
When the particle size is smaller than the number of w, the conduction and valence bands are 
essentially flat, which can hardly separate the photogenerated electron/hole pairs. Ideal charge 
collection is yet feasible when the particle diameter is further reduced to the same scale of Le/Lh. 
The characteristic high surface area of nanoscale photochemical diodes promotes a charge transfer 
rate to perform reactions with slow kinetics. Abbreviations used: , wavelength-dependent 
absorption coefficient (cm-1); r, particle radius. 
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photoelectrocatalyst, integrating ingredients at different length scales into an elaborate architecture 

for desired functionalities.[41-44] This places exceptional demands on systematics of material 

property and preparation, characterization and analysis, and particularly the interplay between 

micro- and nanoscale components, as illustrated in the sections below. 

2.2 Systematics of Elements Constructing Semiconducting Photoelectrodes and Particulates as 
Photoelectrocatalyst 

 

Figure 2. 8. Elements making up photoelectrocatalytic materials (adapted from reference [41]). 

The electronic structure of a semiconductor is featured by the presence of a bandgap, namely 

an energy interval with very few electronic states between the conduction band and the valence 

band having high densities of states.[56] In the context of photoelectrocatalysis, identifying the 

highest occupied and lowest unoccupied electronic levels in the semiconductor is of great 

importance since they primarily dictate the charge transfer at the semiconductor-electrolyte junction. 

Particularly, the highest occupied energy levels (HOMO) corresponding to the top of valence band 

(EVB) are a measure of the ionization potential (I) of the bulk material. The lowest unoccupied 

energy levels (LUMO) corresponding to the bottom of conduction band (ECB) are a measure of the 

electron affinity (A) of the bulk material.  

On this basis, Butler and Ginley formulated an empirical evaluation of the band edges.[50] In 

the argumentations, the band edges can be derived from the bulk electronegativity ( ) of a material, 

which is the geometric mean of the electronegativities of the constituent elements. Moreover, their 

The pros and cons of the particle dimension call for engineering a hierarchical
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study manifested that the calculated band edges were in good agreement with those extracted from 

experimental measurements, e.g. the most reliable Schottky-Mott method.[34,48]  

On such basis, elements are categorized into four groups responsible for forming i) crystal as 

well as electronic structures, ii) crystal structure alone, iii) impurity levels, and iv) additional 

co-catalyst, respectively (Fig. 2.8). For non-transition metal oxides, sulfides and nitrides bearing 

metal ions with d0 and d10 configurations (e.g. Ti4+ and Zn4+), the conduction band consists mostly 

of the metal d and sp orbitals, respectively.[47,57] The valence bands are otherwise composed of O 2p, 

S 3p and N 2p orbitals for these metal oxides, sulfides and nitrides, respectively.[41,44,47,58] The 

valence band edges in non-transition metal oxide photocatalysts are located at energy levels 

approximating the absolute electronegativity of oxygen (-7.54 eV), endowing the photogenerated 

holes in the valence band with strong oxidizing power. However, the conduction band edges of 

these oxides are otherwise close to the reduction potential of H2/H+ redox couple, situating far from 

the valence band edges. Consequently, most have large bandgaps and respond only to ultraviolet 

(UV) light.  

In contrast, the valence band edges in non-transition metal nitrides and sulfides are in general 

more negative (on the redox potential scale) than those of oxides in terms of the smaller 

electronegativities (on the electron energy scale) of nitrogen (-7.30 eV) and sulfur (-6.22 eV). As a 

result, most nitrides and sulfides have favorable bandgaps, allowing the electrons to be excited by 

the visible light, whereas the created holes in the valence band have minor oxidizing power. 

Likewise, the discrepancy in electronegativity between nitrogen, sulfur and oxygen renders these 

non-oxides prone to anodic photocorrosion in aqueous electrolytes.[41,54] 

 2222 222 HSMoOOHMoS  (2.19) 

 2332 4)(6 HHNOOHGaOHGaN  (2.20) 

The instability limits their employment to photoelectrocatalysis in the presence of sacrificial 

reagents (e.g. S2- and SO3
2-) and passivation layers.[41,44] In the photoelectrocatalysis community, 

the basic scientific focus on them is particularly placed on visible light sensitization of metal oxide 

photoelectrochemical cells or photochemical diodes,[59] interfacial charge transfer,[60] and quantum 

confinement effects.[61,62] With respect to the visible light sensitization, orbitals of Pb 6s in Pb2+, Bi 

6s in Bi3+, Sn 5s in Sn2+ and Ag 4d in Ag+ can likewise form valence bands above that of O 2p 

orbitals in metal oxide photocatalysts.[41] The valence band engineering is dictated by the quantity 

of these metal cations incorporated into the parental metal oxides and the eventually formed crystal

structure. 
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Additionally, doping also plays an important role in tailoring the band structure.[41,63] Unlike 

the valence band treatment, discrete electronic states are created in the band gap of the metal oxide 

host. Transition metal cations with partially filled d orbitals (e.g. Cr3+, Ni2+ and Rh3+) are effective 

dopants to endow the metal oxide photocatalysts with visible light response.[41] 

In contrast, orbitals of alkali, alkaline earth and lanthanide ions do not participate in the 

electronic structure adaption and merely contribute to the crystal structure formation. Noble metals 

(e.g. Au, Pt and Rh) and some transition metal oxides (e.g. NiO, RuO2, IrO2) function as 

co-catalysts to favor the metal oxide photocatalysts to readily tackle challenging photoinduced 

processes. The presence of co-catalysts at the semiconductor-electrolyte junction not only relaxes 

the activation barrier of the reaction but also allows spatial separation of photogenerated 

electron-hole pairs.[41,44] 

2.3 Toolbox for Realizing Material Design and Nano-origami of Photoeletrocatalysts 

Extensive pioneering works on the photoelectrochemistry of simple unitary and binary 

semiconductors date back to the early fifties with Ge, TiO2 and CdS as prototypical examples.[4-11] 

Virtually, the studies on nonoxidic photoelectrocatalysts are of a rather fundamental nature in terms 

of the aforementioned photocorrosion issue. Although the TiO2 photoelectrocatalyst is of 

longstanding practical interest in terms of its stability, low cost and nontoxicity, superior efficiency 

is reported particularly for photocatalytic downhill reactions (in terms of Gibbs free energy change) 

in particulate photochemical diode configurations.[64-66] Contrarily, additional electrical (external 

voltage) or chemical (pH difference between catholyte and anolyte) biases are indispensable to 

perform a photoelectrosynthetic uphill reaction owing to the inferior ECB of TiO2.[65-67] 

Consequently, photoelectrosynthetic water splitting and carbon dioxide reduction are mostly carried 

out in cell configuration.[29,30,67] Such obsession can be circumvented by conduction band 

adjustment via crystallographic control. 

For instance, TiO2 occurs naturally in three polymorphs (Fig. 2.9), namely rutile (tetragonal, 

space group P42/mnm), anatase (tetragonal, space group I41/amd) and brookite (orthorhombic, space 

group Pbca). As a bulk material (particle size > 35 nm), rutile is the most stable phase with ECB 

coinciding with the thermodynamic potential (0V vs. NHE) for proton reduction (H+/H2).[65] By 

contrast, brookite and anatase turn out to be thermodynamically favored in TiO2 nanocrystals with 

the dimension ranged from 11 to 35 nm and less than 11 nm, respectively. The potential of the 

conduction band electrons in the anatase-TiO2 is more negative (on the redox potential scale) by 

approximately 200 mV than that of rutile. Among these polymorphs, brookite has the most negative 
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ECB that allows photoelectrosynthesis most likely carried out in the simplest photochemical diode 

scheme. Such phase-dependent energetics is likewise adopted by other chemical systems including 

iron oxides, molybdenum disulfides and so forth.[68,69] 

 

Figure 2. 9. Crystal and band structures of TiO2 polymorphs at pH = 0 (adapted from reference 
[65-67]). 

The methodology for nanocrystal preparation herein is grouped based on the phase of the 

reaction reservoir, wherein the nanoparticles are formed. Particularly, the great versatility in 

solution- and vapor-phase processes renders these methods (e.g. hydrothermal and polyol-mediated 

approaches) that are known for the synthesis of pure anatase,[65,71] brookite[65,70] and biphasial 

anatase/brookite colloids.[65,71] Moreover, excellent manipulation of the geometry, e.g. morphology, 

crystal facets and size, is manifested in the derived nanocrystals, which further fine tunes the 

electronic structure to fit specific functional demands. 

Alternatively, the band structure of TiO2 can likewise be reframed via developing new titanates 

with multinary composition.[41,63] For example, ternary SrTiO3 and quaternary K2La2Ti3O10 

demonstrate a more negative ECB position (on the redox potential scale) than that of parental TiO2, 

allowing these materials to perform photosynthetic uphill reactions in particulate configuration.[41] 

Efficient photoelectrocatalysts are additionally available in other chemical systems including 

niobates (e.g. K4Nb6O17 and Ca2Nb2O7) and tantalates (e.g. NaTaO3 and Ba4Ta4O15). Noteworthily, 

these multicomponent oxidic photoelectrocatalysts are mostly layered perovskite structures in terms 
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of the versatility to accommodate most of the metallic ions in the periodic table together with a 

significant number of other anions (Fig. 2.10).[63] 

 

Figure 2. 10. (a) Ideal ABO3 cubic Perovskite structure (octahedral BO6 units with A cation located 
in the middle of the cubic cage) and other perovskite-related layered variants including (b) 
Dion-Jacobson phases with a general formula An-1BnO3n+1 typified herein by RbLaNb2O7 (yellow, 
NbO6 units; green, Rb atoms; lilac, La atoms), (c) Ruddlesden-Popper phases with a general 
formula An+1BnO3n+1 exemplified herein by Li2CaTa2O7 (yellow, TaO6 units; blue, Ca atoms; red, Li 
atoms; green, O atoms) and (d) Aurivillius phases with a general formula (An-1BnO3n+1)2- illustrated 
herein by Bi2WO6 (yellow, WO6 units; lilac, Bi atoms; green, O atoms). In all cases, n represents 
the number of the perovskite-like layers (adapted from reference [63]). 

The most straightforward synthesis employs solid-phase techniques (viz. solid state reaction), 

wherein parental metal oxides and alkali/alkaline earth carbonates as starting materials are calcined 

in air at high temperature.[41] Most oxides produced inthis way are well-crystalline, which favors the 

migration of photogenerated charges. The formation of large particles upon sintering supports the 

development of space charge layer to boost the separation of charge carriers. These effects are 

advantangeous for the photoelectrocatalytic activity. On the other hand, giant particle size results in 

long delivery distances, which increase the recombination probability of electrons and holes, and 

low surface area, which impairs the adsorption of redox couples at the solid-electrolyte interface. 

These effects are disvantangeous and thereof call for nanoengineering, wherein soft chemistry again 

offers a powerful toolbox. 

The simplest scheme employs a soft-chemical transformation of oxides preformed in the solid 

state reaction to generate a variety of nanoarchitectures that retain many of the textural features of 

the precursor phase. To preserve most of the bond connectivity in the parental structure, reactions 
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must be carried out at a sufficiently low temperature. Many of these reactions involve ion-exchange, 

intercalation, and oxidation-reduction chemistry at discrete reaction sites within the solid.[72,73]  

In particular, ion exchange is the most common dimensional reduction formalism for layered 

pervoskites.[72] The interlayer cations or structural units, which serve as a “bridge” to form bonds 

between basal lattice planes, can readily be interchanged at low temperature. For instance, the 

mobile interlayer K+ cations in the layered K2La2Ti3O10 can be exchanged by protons from warm 

strong acid (e.g. H+ in HCl) to form K2-xHxLa2Ti3O10 (Fig. 2.11). This protonated titanate is a solid 

acid that can intercalate a variety of organic bases, such as the sterically bulky 

tetra-(n-butyl)ammonium hydroxide.[72] Consequently, the interlayer gallery opens up and swells 

with solvent until the forces that hold the layers together are overcome. Eventually, the solid 

delaminates to form a colloidal suspension consisting of molecular sheets and/or tubes.[72,74]  

 

Figure 2. 11. Schematic illustration of stepwise nano-origami of multinary layered perovskite 
preformed during the initial solid-state reaction, and subsequent ion-exchange and scrolling to 
generate texture-preserved tubular nanocrystals. 

Specifically, these exfoliated perovskite colloids are nanoscale and monocrystalline, leading to 

shortened and fluent transport of photogenerated charges and rendering them readily available to 

the redox couples due to enhanced surface areas.[44,72] Similar efficacy is yet observed in the 

self-aggregate, as evidenced by the agglomerate of HCa2Nb3O10 nanosheets that clearly outperform 

the non-exfoliated condensed counterpart in photoelectrocatalytic H2 generation by up to one order 

of magnitude.[75,76] Such conclusion stimulates the prevalence of this soft-chemical multistep 

process (colloidal synthesis and subsequent integration) for the fabrication of photoelectrocatalysts 

serving as either the photochemical diode or the photoelectrode in the cell system.[42] Most 

importantly, additional flexibility is propoble in the configuring process, including hierarchical 

architecture formation, and moreover, the incorporation of additional guest nanocrystallines into the 

host framework, to further refine the quality of the consequent nano-assemblies. 
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The feasibility of soft-chemically merging diverse nanomaterials opens up a new processing 

route complementary to the preceding strategies, aiming mostly at endowing those individual 

parental constituents with additional functionalities. Particularly, the broadband light harvesting and 

charge rectification abilities are of primary interest.[42,44] The former originates from the inevitable 

trade-off in the aforementioned energetics engineering between the redox power and the light 

absorption capability. For instance, the overall Gibbs free energy change of approximately 2 eV 

specific to the overall photoelectrosynthetic water splitting establishes the bandgap threshold of the 

semiconducting photoelectrocatalyst employed solitarily to trigger this reaction.[77] Nevertheless, 

such limitation breaks down upon decoupling the sub-tasks of light absorption from water 

electrolysis. To this end, molecular organic dyes, semiconducting quantum dots (QDs) and 

plasmonic metal nanoantennas are highly appealing photosensitizers.[78-80] Moreover, the 

heterojunction formed between the host semiconductor and guest sensitizer allows the 

inter-component transfer of photogenerated charge carriers while the electric field developed at the 

interface effectively suppresses the backflow and recombination. This concomitant charge 

rectifying characteristics is of great importance to the bias-free photochemical diode in view of the 

undesirable charge loss thereof readily quenched.[44,81,82] 

In addition to these synergies, exceptional collective properties stemming from the inter-entity 

coupling can be introduced to the nanocomposites via engineering the spatial arrangement with 

nanoscale resolution over micro- and macroscopic distances.[83-86] For instance, when the surface 

electrons (excitons) in adjacent nanocrystalline semiconductors are electronically coupled, new 

bonding and antibonding states are formed at the interface, endowing the nano-assembly with a 

reframed energy band. Such short-range phenomenon has been reported for clusters of anatase-TiO2 

nanocrystals and paired CdTe nanoparticles separated by less than 2 nm, giving rise to a much 

narrower bandgap of these nano-assemblages than that of the isolated counterparts.[84,85] Virtually, 

the electronic coupling can be found in the nano-assemblies consisted of either semiconducting or 

metallic nanoparticles and in the nanocomposites (Fig. 2.12). Moreover, such interplay becomes 

profound in large-scale arrays owing to additional aid resulting from long-range dipole-dipole 

interactions.[43] The bandgap narrowing allows those nano-systems to more efficiently take 

advantage of longer wavelength light in the solar spectrum for photoelectrocatalytic use, which 

urges tremendous research interests in hierarchical composite nanostructures with well-organized 

patterns. 

Given the electronic coupling valid only at few nanometres scale, conventional top-down 

photolithography, however, turns out to be highly challenging for such nano-origami in terms of 
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practical and theoretical limits of the resolution.[87,88] Contrarily, bottom-up soft chemistry offers 

breakthroughs to these confinements.[89-96] In consequence, a rich library of one-, two- and 

three-dimensional nanoarchitecutres with precisely controlled inter-particle distances and ordering 

over multiple length scale was generated by such fabrication platforms including template-assisted, 

molecular-linker-mediated (e.g. DNA and surfactant molecules) and block-copolymer-based 

self-assemblies.[97-100] 

 

Figure 2. 12. Exemplary nano-assemblies including naphthalene-analogous planar arrays (upper 
left corner), core-satellite (upper right corner) and biomimetic peapod (lower right corner) 
superstructures that allow the electronic coupling of surface plasmons on metallic building blocks, 
and inverse opal architecture (lower left corner) that allows the optical coupling between incident 
light and the solid photonic crystal, respectively (adapted from reference [46,97-99]). 
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3. Analytical Tools for Photoelectrocatalyst Characterization  

Evidently, burgeoning progresses are ongoing in the exploitation of promising 

photoelectrocatalysts and versatile toolkits for additional optimization via nanoengineering and 

integration. In response to such proliferation, the characterization metrics to give systematic insights 

into the material, the treatment and the interplay with photoelectrochemical performance are 

streamlined to boost the advances further.[42] The following section discusses the measurements, 

which are of central importance to the photoelectrocatalyst, and moreover, particularly performed 

on the topical -SnWO4 spikecubes and Au@Nb@HxK1-xNbO3 nanopeapods of this monograph, in 

detail. 

3.1 X-ray Powder Diffraction (XRD) 

X-rays with energies ranging from ca. 100 eV to 10 MeV are classified as electromagnetic 

waves with featured wavelengths corresponding to ca. 10 to 10-3 nm.[101] Given such wavelengths 

comparable to the spacings between atoms in a crystal, X-rays are preferentially employed to obtain 

atomic scale information of materials.[102-106] Such knowledge is highly prized, provided that the 

atomic structure of chemical systems intimately defines the ultimate macroscopic properties.[107] 

Particularly, X-ray diffraction crystallography for powder samples is a highly mature discipline that 

is prevalently deployed to probe the spatial arrangement of atoms in a variety of substances.[102-106] 

Virtually, only X-rays with wavelengths in the range of a few angstroms (Å) to 10-1 Å (viz. hard 

X-ray with energies of ca 1 to 120 KeV) are used for this application. 

X-rays are generated upon rapid deceleration of high-speed charged particles (typically 

electrons) with high kinetic energy.[102,105,106] Such process is carried out in a X-ray tube, which is 

the primary X-ray source in laboratory X-ray diffractometers (Fig. 3.1), via applying a high voltage 

up to several tens of kV between two electrodes. Consequently, the electrons are extracted out from 

the cathode and accelerated across the voltage field toward the anode (metallic target). When the 

electron beam bombards the target, interacts with the atoms therein (deflection) and slows down, 

X-rays are radiated from the anode with the energy derived from the kinetic energy loss of the 

incoming electrons. Given the decelerated patterns varied with electrons, continuous X-rays with 

various wavelengths, the well-known Bremsstrahlung, are generated. Particularly, when the 

electrons give up all the kinetic energy in a single inelastic deflection, the consequently originating 

X-rays have the maximum energy (E0) and shortest wavelength ( SWL) that can be estimated from 

the accelerating voltage (V) between two electrodes, 
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 qVE0  (3.1) 

 qV
hc

SWL  (3.2) 

wherein q the electronic charge, h the Planck constant and c is the speed of light. 

 

Figure 3. 1. Basic concept of an X-ray diffractometer (adapted from reference [105]). 

Noteworthily, beyond a certain voltage threshold (viz. the excitation potential), the incident 

electrons have sufficient kinetic energy that can be transferred to the core electron of a target atom 

to allow the ejection from the inmost K shell (1s orbital). In consequence, the atom becomes excited 

due to the created core hole, which is then restored to the stable state upon refilling this vacancy by 

the outer shell electron (e.g. L or M shells) having more positive energy. Excess energy is given out 

in such process upon emitting discrete characteristic X-rays bearing featured wavelengths (energies) 

specific to the target metal. Standard descriptive nomenclature for the characteristic X-ray depends 

on the electron shells performing such electronic transition. For instance, the transitions between 

shells L  K or M  K emanate K  and K  X-rays, respectively. Given the XRD measurement 

required monochromatic X-ray, the presence of these strong and sharp characteristic X-rays renders 

the study of crystal structure feasible. The most popular target materials implanted in the X-ray 

tubes include copper (Cu) and molybdenum (Mo) yielding nearly monochromatic K  lines bearing 
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wavelengths of 1.54 and 0.71 Å. To extract these K lines superimposed by the Bremsstrahlung, a 

filter made of materials having an atomic number (Z) one or two less than that of target metal with 

the X-ray absorption edge somewhat preceding the wavelength of the characteristic X-rays is 

inserted into the incident ray path. Moreover, a crystal monochromator in conjunction with the 

X-ray diffractometer can further reinforce the monochromatism of the characteristic X-rays. 

When monochromatic X-rays encounter the powder specimen under investigation, the 

oscillating electric field of this electromagnetic wave primarily brings the charged electron in 

preference to the nucleus of the material atom into a sinusoidal vibrating motion. Consequently, the 

electron is periodically accelerated and decelerated, and hence emits new X-rays having equivalent 

wavelength and energy to the incident radiation. In this sense, X-rays are elastically scattered by the 

electron (Thomson scattering) and the scattered beam is coherent with the incoming ray. Virtually, 

diffraction is simply a scattering phenomenon, wherein appreciable coherently scattered X-rays 

mutually reinforce one another, giving rise to a set of diffracted radiations. To meet this end, the 

scattered beams must propagate in a specific direction, particularly at an exit angle  with respect to 

the diffracted plane of atoms that is equivalent to the angle  of incident X-ray, wherein the 

scattered waves are thoroughly in phase to allow constructive interference. 

 

Figure 3. 2. Diffraction of X-rays by the lattice atomic planes in the crystalline powder specimen 
(adapted from reference [105]). 

Significantly, such scenario depicted in Fig. 3.2 is formulated mathematically as 

  (3.3) 

that is named Bragg’s law after W. L. Bragg who first defined this relation. In this expression,  is 

the wavelength of X-ray, B the scattering angle (Bragg angle) and nd is an integer representing the 
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order of diffraction. On such basis, the collection of these diffracted X-rays in the measurement 

evidently allows one deriving the distribution of atoms in the materials. 

Particularly, the powder method of X-ray diffraction is likely the most leading technique to 

this end. Literally, “powder” indicates that the monocrystalline solid under investigation is 

physically in the powder form, whereas such single crystals are hardly encountered in materials 

research. In a broader sense, this term refers to crystalline domains (grains) that are randomly 

oriented in a polycrystalline sample. In this sense, the method is likewise frequently employed for 

studying polycrystals in a variety of states, including bulk, thin films and particles suspended in a 

liquid.  

Experimentally, X-rays diffracted by a powder smaple are registered by an electronic detector 

(counter in Fig. 3.1) implanted in a modern, computer-integrated diffractometer and expressed in a 

pattern plotted as the radiation intensity as a function of the diffraction angle (2 ). Structural 

analysis begins with fingerprinting the measured diffraction profile with the aid of a collection 

comprising an army of well-characterized diffraction patterns of diverse standards, which are 

summarized by the International Center for Diffraction Data (ICDD).[108] Particularly, the full 

agreement in the angular position and amplitude distribution of the collected diffraction lines with 

those in the diffraction pattern of a known substance substantiate the presence in the sample. 

Moreover, such correspondence allows resolving the lattice planes (hkl) and the associated 

interplanar distances (dhkl) indexed respectively by distinct diffraction lines to specify the atomic 

arrangement. In consequence, the crystalline phase and lattice parameters of interest are accordingly 

concluded. 

In contrast, additional important information regarding the grain size in polycrystalline 

materials is gleaned from the discrepancy in the line width of experimental Bragg diffractions 

against those in the benchmark diffractogram. Such angular divergence originates mostly from the 

attenuation (destructive interference) of scattered X-rays at angles deviated from the exact Bragg 

condition (Eqn. 3.3) more or less influenced by the periodicity of crystallographic planes within the 

grain.[102,105,106] This dependency renders the estimation of the crystal size (tc) from the measured 

width (B) feasible using the well-known Scherrer formula. 

 
B

c B
t

cos
9.0  (3.4) 

In this equation, tc represents the diameter of crystallites defined in a direction perpendicular to a set 

of Bragg planes that correspond to a specific diffraction line, B the full-width at half maximum 
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(FWHM) of this broadened diffraction peak, B the associated Bragg angle, and  is the wavelength 

of X-rays.

In this study, X-ray powder diffraction carried out on a STADI-P diffractometer (STOE & CIE, 

Darmstadt, Germany) using a Ge-monochromatized Cu-K 1 radiation (40 kV, 40 mA) employed for 

probing the crystal structure and phase of the topical -SnWO4 spikecubes and 

Au@Nb@HxK1-xNbO3 nanopeapods. Samples were prepared by depositing the powdery solids on 

an adhesive Scotch tape and immobilized via the attachment to a cellulose acetate flake. The 

diffractograms were registered within an angular interval of 5°  2   70° and analyzed with the 

Win-XPOW software package via computerized searching the ICDD database for rational 

candidates. 

3.2 Ultraviolet-Visible (UV-VIS) Spectroscopy 

Ultraviolet (UV) and visible (VIS) radiation occupy the spectral regions distinct from that of 

X-rays at longer wavelengths in the electromagnetic spectrum with characteristic values of 10 to 

400 nm for UV and 400 up to nearly 800 nm for VIS light, respectively.[101,109,110] Particularly, the 

regime from approximately 190 to 900 nm is employed in a commercial UV-Vis spectrometer as 

the working range in view of the absorption of UV with wavelengths less than 180 nm by the 

atmospheric gases.[110] Given these UV and VIS photons bearing respective energies up to 6.9 and 

3.1 eV that are enough to promote electronic transitions in molecules and materials, UV-VIS 

spectroscopy is another ubiquitous technique for qualitatively characterizing the optical and 

electronic properties of materials.[109-113] Moreover, the linear relationship between the absorption 

 

Figure 3. 3. The dispersive absorption band arises from the concurrent rotational, vibrational and 
electronic (ro-vibronic) transitions in molecules (adapted from reference [111]). 
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intensity and the absorber concentration (elucidated in the third paragraph) renders such method 

attractive for the quantitative analysis as well. 

Given the electronic transition having characteristic energy difference specific to the material, 

the UV-VIS absorption spectrum can be useful for identification. This is true for atoms, lanthanide 

ions and some molecular complexes including transition metals, giving rise to sharp absorption 

bands at characteristic wavelengths in the absorption spectrum. However, for most molecular 

compound, electronic levels are superimposed by the vibrational and rotational energy levels, 

resulting in multiple transitions with diverse energies (Fig. 3.3). Consequently, the associated 

UV-VIS spectra mostly demonstrate broad features in absorption bands, leading to the necessity of 

coupling additional analytics (e.g. elemental analysis, Raman spectroscopy, nuclear magnetic 

resonance spectroscopy, etc.) for accurate qualitative description. Nevertheless, such characteristics 

otherwise facilitate the quantitative investigation. In this regard, UV-VIS spectroscopy is 

preferentially employed as a diagnostic tool to register the concentration variation of reactants or 

products during the reaction. In this application, absorption measurements are in general carried out 

at a single wavelength. 

When the radiation interacts with the analytes, a number of processes occur including 

absorption, scattering, reflection, interference, fluorescence/phosphorescence (absorption and 

reemission) and photochemical reaction (absorption and bond breaking), leading to the decrement 

in light intensity. Particularly, only the loss of light owing to the absorption in order to prompt the 

charge transition is of particular interest. 

Experimentally, UV-VIS spectroscopy measures such attenuation via the detector positioned 

downstream the sample and expresses the amount in terms of either transmittance (Tph) or 

absorbance (Aph).  

 0/ IIT tph  (3.5) 

 phph TA log  (3.6) 

In Eqn. 3.5, I0 and It are the incident and transmitted radiant energy registered on unit area in unit 

time, respectively. Evidently, the dissipation of light depends greatly on the extent of light-absorber 

interactions that is determined by the travel distance of the light through the sample (the interaction 

path length) and the concentration of the absorbing species in the matrix. Particularly, Lambert is 

credited for mathematically formulating the former effect for the first time.[111] 
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  eT kb
ph  (3.7) 

In this expression, e is the base of natural logarithms, k a constant and b is the path length (in units 

of centimetres). The formulation describing the latter effect is otherwise put forward by Beer and 

the combination of these two laws gives the well-known Beer-Lambert law. 

 bc 
ph

molareT  (3.8) 

   bc TA molarphph log  (3.9) 

In Eqn. 3.9, molar is the wavelength-dependent molar absorptivity or molar extinction coefficient 
and expressed in units of L mol-1 cm-1.[113] Significantly, this linear expression is the rule of thumb 
for the quantitative analysis that is primarily carried out on molecules and inorganic complexes in 
the liquid matrix. 

Although quantification is of greater interest, clues to the chromophores (functional groups 

containing unsaturated  bonds) and the extent of electronic delocalization (conjugation) of the 

molecular system are alternatively available from the UV-Vis spectra.[111] Particularly, such 

qualitative study is otherwise favored in applied sciences (e.g. optoelectronics and solar energy 

conversions) on materials including plasmonic metals, semiconductors and so forth.[110] Such 

preference originates mostly from the distinct spectral features, e.g. narrow absorption bands 

localized at specific wavelengths and evident absorption edges, allowing for reliable qualitative 

description. In this sense, the spectral profile in lieu of absorbance grabs more attention to this end. 

Information including physical dimension and morphology, the chemical composition and the 

surface state of the plasmonic metal can be resolved from the wavelength of the characteristic 

absorption peaks. In contrast, the band gap of a semiconductor is determined from the wavelength 

at the point of inflection on the featured absorption edge. Particularly, the measurement of powder 

semiconductors is in general carried out in the reflectance geometry that is in contrast to the 

molecular and metallic analytes measured in the transmittance mode. In this way, the extent of light 

extinction is expressed in terms of relative reflectance (R ), which is ascribed mostly to concurrent 

scattering and absorption processes. 

 referencesample RRR  (3.10) 
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In this expression, Rsample and Rreference are the reflectance of the sample and the reference standard, 

respectively. The inherent scattering and absorption emerge from R  via the conversion to the 

Kubelka-Munk function (F(R )), 

 
R
R

S
KRF

2
)1()(

2

 (3.11) 

wherein K and S are the coefficients of absorption and scattering, respectively.[114] 

To extract the absorptive component (K) of real interest from F(R ), the sample under 

investigation is experimentally diluted with a “white” standard (e.g. barium sulfate) having a known 

S at different wavelengths. In this way, F(R ) is exclusively K-dependent on the premise that S of 

the diluted sample can be approximated by that of the diluent. Significantly, the overall treatment 

faithfully deconvolutes the absorption from R , which is then employed in the Tauc law that 

formulates the excitonic absorption in semiconductors due to the interband transition.[115-117] 

 )()( 1
g

n EhAKh  (3.12) 

In this expression, h is the Planck constant,  the frequency of incident UV and VIS photon, A a 

proportional constant and Eg is the band gap of the semiconductor.  

Particularly, exponent n in Eqn. 3.12 can be either 2 for the transition that demonstrates the 

changes in energy and momentum simutaneously (indirect interband transition) and 0.5 for the 

excitation carried out at the absence of momentum change (direct interband transition). This value 

is specific to material under examination. This equation turns into the following format 

 )())(( 1
g

n EhARFh  (3.13) 

in view of K experimentally expressed by F(R ). On such basis, the linear dependency of 

(h F(R ))1/n on h  manifested in the consequent Tauc plot is employed to yield Eg of the material 

via extrapolating the line to the abscissa with variable h .   

In this work, the UV-VIS spectra of -SnWO4 and Au@Nb@HxK1-xNbO3 in powder form were 

registered by a Cary 100 spectrometer from VARIAN (Palo Alto, USA) in a spectral interval of 

250-900 nm. The measurements were carried out in a reflectance geometry with an integrating 

sphere from LABSPHERE (North Sutton, USA). The collected spectra were further resolved for 

qualitatively characterizing Eg of the inherent semiconductors. Additionally, quantitative studies of 

the molecular dyes including zwitterionic rhodamine B (RhB, C28H31ClN2O3, 99%) and cationic 
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methylene blue (MB, C16H18N3SCl, 95%) over the lapse of 1.5- and 4-h photooxidation reactions 

were performed in a dual-beam transmittance mode. The measurements were collected with 

collimated VIS-light beams at monochromatic wavelengths of 554 and 665 nm, respectively. These 

analytes were dissolved in water and hold in the 10-mm-path-length cuvettes made of quartz glass 

of quality 6Q. The deuterium and the quartz halogen lamps were employed as the UV- and 

VIS-light sources, respectively.  

3.3 X-ray Absorption Spectroscopy (XAS) 

In the former introduction to XRD, the utility originates primarily from the close match between 

the wavelength of X-ray and typical interatomic distance.[102-106] Thus, the positions of the 

constituent atoms in the basic unit of a periodic structure can be derived from the informative 

interference patterns. Moreover, another fortuitous property of X-ray, particularly the photon energy 

that is of the order of the core-level binding energies for essentially every element in the periodic 

table, reinforces the diagnostic power of the X-ray technique.[110,118-128]  

Such property opens a way for X-ray-matter interaction, viz. absorption in addition to scattering. 

Particularly, X-ray is absorbed by an atom (analyte) distributed in either the chemical elements or 

compounds (matrix). In analogy to the UV/VIS-light-absorber interactions, electronic transitions 

from particularly the tightly bound core levels to either the vacant valence orbitals or continuum 

states are available via this new channel (left panels in Fig. 3.4). 

In this connection, standard descriptive nomenclature for such process depends exclusively on 

the core electron participating in the excitation (Fig. 3.5). For instance, K-shell or K-edge absorption 

refers to the transition of electrons from the inmost 1s orbital (principle quantum number (n) of 1). 

At the L-shell (n = 2), electronic excitations can be promoted either from the 2s orbital, giving rise 

to the L1-edge absorption. Alternatively, L2 and L3 absorption edges are attributed to the electronic 

transitions from the 2p1/2 and 2p3/2 orbitals formed upon spin-orbit coupling, respectively.  

The attenuation of X-rays due to absorption after penetrating the specimen with thickness ts 

follows the Lambert’s law (Eqn. 3.7).[110,119,118-127] 

 stE
t eII )(

0  (3.14) 

In this expression, (E) is the X-ray absorption coefficient, I0 and It are the X-ray intensities 

incident on and transmitted through the sample, respectively. Given the specific energy difference 

to the electronic transition, such energetic dependency of the probability for X-ray absorption 

manifests substantially in (E), rendering this variable of primary interest in the measurement. On
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Figure 3. 4. (Upper right panel) X-ray absorption fine structure (XAFS) divided into (blue tinted 
region) the X-ray absorption near edge structure (XANES) and (yellow tinted region) the extended 
X-ray absorption fine structure (EXAFS) regions. (Upper left panel) Deconvoluted XANES 
demonstrates the overall X-ray absorption originated from (lower left panel) diverse electronic 
excitations. (Inset in upper right panel) Schematic illustration of the interference of outgoing (black 
circles) and backscattered (green circles) photoelectron waves leads to the oscillatory behavior of 
EXAFS. (Lower right panel) Fourier transformed EXAFS reveals the coordination shells around the 
absorbing atom (adapted from reference [118-128]). 

 
Figure 3. 5. Schematic diagram of saw-tooth-like X-ray absorption edges of an isolated atom at 
discrete photon energies corresponding to the characteristic binding threshold of particular atomic 
levels (adapted from reference [120]).
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such basis, the number and distribution of available valence states can be derived from the 

modulation of (E) at discrete photon energies, which is of great interest to the coordination 

chemistry (left upper panel in Fig. 3.4). 

Significantly, K and L1 absorption edges are preferentially employed in this approach to 

estimate those states comprising p orbitals. By contrast, L2 and L3 absorption edges are otherwise 

utilized to evaluate the valence states bearing s or d orbitals. Such discrepancy originates mostly 

from the electronic transitions subjected to the well-known selection rules for electric dipole 

interactions. Particularly, the Laporte rule ( l = ±1) dictates the K- and L1-edge absorption (s states 

with orbital angular momentum quantum number (l) of 0) ascribed virtually to the transitions 

between shells s  p while the L2- and L3-edge absorption (p states with l = 1) is attributed 

substantially to the transitions between shells p  s or p  d, respectively. 

Noteworthily, ionization of the atomic level commences at photon energies equivalent to the 

binding threshold of the core electrons, giving rise to a tremendous increment of (E) due to the 

emission of photoelectrons toward the vast continuum states. This step-like spectral feature is 

named the absorption edge (Fig. 3.6a). 

Above this edge, excess photon energy is converted into kinetic energy of the photoelectrons 

propagating away from the atom in the form of an outgoing spherical wave. When an additional 

atom is in the close proximity, the photoelectron wave is scattered by the electrons of this 

neighboring atom and returns back to the absorbing one (Fig. 3.6b). The interference of these 

photoelectron wavelets perturbs (E) at the absorbing site, provided that the presence of the 

photoelectron scattered back to the absorbing atom modulating the availability of the electronic 

state that is necessary to carry out photoionization. Given the absorption measurement in general 

carried out in a photon energy scanning method, the energy along with the corresponding 

wavelength of the photoelectron accordingly alter.[110,119,123-126] Consequently, the interference of 

the outgoing and backscattered photoelectron wavelets continuously goes in and out of phase, 

giving rise to the oscillatory behavior of (E). 

Evidently, the interference pattern is of high relevance to the local arrangement of atoms that 

trigger the scattering. In other words, short-range structural information complementary to the 

long-range clues gleaned via the XRD technique can be extracted from the absorption measurement. 

Moreover, the backscattering amplitude and the phase shift as a function of the photon energy are 

highly element-specific. Such dependency further renders the elements making up the overall 

coordination environment around the absorbing atom distinguishable. 
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collected full spectrum designated as X-ray absorption fine structure (XAFS) is in general divided 

into two regimes in order to derive diverse informations of interest.[110,118-128] 

The X-ray absorption near edge structure (XANES) comprises literally the spectral features in 

close proximity to the main absorption edge over an energy span of ca. 30 eV before and beyond 

the edge. X-ray absorption within this region is characterized primarily by the electronic transitions 

to the empty valence states, rendering the empirical analysis of the electronic structure feasible. 

Moreover, these states are highly susceptible to the chemical bonding and the oxidation state of the 

atomic absorber, such sensitivity allows the evaluations of the formal valence state and the 

coordination context. 

 

Figure 3. 6. (a) Schematic diagram of X-ray absorption via the photoelectric effect. The tightly 
bound core electron is liberated from the absorbing atom in this process, giving rise to the 
photoelectron. The photoelectron travels outward in the form of a spherical wave. (b) In this 
simplest picture, the outgoing photoelectron wave (black circles/wave) is scattered by an adjacent 
atom as a point obstacle and return back to the absorbing one (cyan circles/wave). The consequent 
interference modulates the amplitude of the photoelectron wave function and in turn (E) of the 
absorbing atom (adapted from reference [119]).  

By contrast, the extended X-ray absorption fine structure (EXAFS) refers verbally to the 

oscillatory spectral features present at ca. 30 eV above the edge. At higher photon energies, X-ray 

absorption arises substantially from the photoelectric effect ejecting the photoelectron to the 

continuum states. EXAFS is thus irrespective of coordination chemistry but depends exclusively on 

the local atomic arrangement around the absorbing atom. Quantitative information including the 

coordination number, interatomic distances, structural and thermal disorders close to the absorbing 

site can then be extracted. 

Although X-ray absorption occurs always due to an effective electronic transition, the 
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Evidently, the principal challenge to experimentally collect the XAFS lies in the radiation 

source to provide a broadband X-ray necessary for the energy scan. Such requirement is difficult to 

meet with conventional laboratory X-ray tube but satisfied by the employment of a synchrotron 

facility.[110,119,123-126] 

In a modern synchrotron, polychromatic radiation is produced in this way: electrons emitted 

from the source are first accelerated in a linear accelerator. The velocity along with the energy is 

further promoted after entering a booster ring. Afterwards, those charged particles are transferred to 

the storage ring implanted with a series of bending magnets that force the electrons to circulate over 

a million times each second. Particularly, the electromagnetic radiation is emitted upon the change 

in the moving direction of the charged particles due to traversing the magnetic field. The 

synchrotron radiation is thus characterized by a continuous energy spectrum ranging from infrared 

to hard X-rays, high intensity, strong polarization and a pulsed nature. 

The radiation is eventually delivered through the beamlines to a number of end-stations for 

usage in a variety of experiments. Hence, each beamline is particularly configured in order to meet 

the characteristics of the analytic technique. In a typical XAS beamline, mirrors are employed to 

collimate and focus the X-ray and the apertures and the slits are utilized to define the beam size. A 

double-crystal monochromator that uses Bragg’s law (Eqn. 3.3) to diffract X-ray is implanted to 

allow energy selection through the desired scan range.[102-106] The XAFS of the specimen mounted 

on a sample stage in the end-station is collected either in a transmission mode, wherein the 

intensities of incoming and transmitted X-ray are measured to derive (E) as a function of photon 

energy via Eqn. 3.14.[110,119,123-126] Alternatively, the decay products in the X-ray absorption process 

including either fluorescent X-ray measured in a fluorescence mode or Auger electrons collected in 

an electron yield mode provide additional approaches to indirectly estimate (E). 

In this work, the synchrotron radiation at the National Synchrotron Radiation Research Center 

(NSRRC) in Taiwan was employed as the energy-tunable X-ray source to collect the XAFS of 

-SnWO4 at the W L3-edge and O K-edge, respectively. The W L3-edge absorption was measured at 

beamline 17C in a total fluorescence yield (TFY) mode under ambient conditions.[129] The radiation 

from the storage ring was monochromatized by a Fixed-Exit Si(111) double-crystal monochromator 

and the intensity of X-ray was measured by two ionization chambers filled with helium gas. The 

measurement was carried out in a "normal incidence-grazing exist" geometry, in which solid 

-SnWO4 was illuminated by the X-ray at nearly normal incident angle and the detector was placed 

at a grazing exit to collect the fluorescence signal. Particularly, a filter with a slit of 5~10 mm was 
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placed before the detector. In this way, the detection integral was refined upon circumventing the 

probable attenuation of (E) stemmed mostly from self-absorption effect. 

The EXAFS region of the collected XAFS was subsequently processed and quantitatively 

analyzed using the Athena data analysis package implemented with the IFEFFIT codes.[130] In this 

way, the local coordination structure around the absorbing W element in the -SnWO4 matrix was 

derived. 

By contrast, O K-edge absorption was measured at beamline 20A implanted with a horizontal 

focusing mirror (HFM), a vertical focusing mirror (VFM), a spherical grating monochromator with 

4 gratings, and a toroidal refocusing mirror to ensure a mean energy resolution of 5000.[131] XAFS 

was collected in a total electron yield (TEY) mode at room temperature. A geometry of powdery 

-SnWO4 fixed by the Scotch tape on the sample holder in an ultrahigh vacuum (UHV) chamber 

was employed to carry out the measurement. 

The XANES region of the collected XAFS was numerically analyzed via the real space full 

multiple scattering (FMS) simulation.[132,133] In this way, the projected density of states (pDOS) of 

O 2p, W 5d and Sn 5s/5p orbitals making up the unoccupied states of the -SnWO4 matrix was 

deconvoluted. 

Likewise, the XAFS of Au@Nb@HxK1-xNbO3 was collected at the NSRRC in Taiwan but at 

beamlines 16A and 01C at the Nb L3-edge and Au L3-edge, respectively. Particularly, the 

measurements were carried out in the presence and absence of additional simulated sunlight.[134,135] 

The XANES region of the collected XAFS was employed for comparison to reflect the availability 

of electronic states at the Nb 4d and Au 6s-6p-5d hybridized orbitals, respectively. 

3.4 Dynamic Light Scattering (DLS) 

The static light-scattering in classical text, particularly the well-known Rayleigh scattering, 

underlies the dynamic light scattering (DLS) method employed for the size distribution analysis of 

particles in solution or suspension.[112,136-138] Rayleigh’s theory dated back to 1871 deals mostly with 

the scattering from the particles that are much smaller compared to the wavelength of the light. In 

such a case, the scattered beams propagate in all directions with the perturbations in light intensity 

(Is).  
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In this expression, I0 and  is the intensity and wavelength of the incident light, Rp the distance to 

the particle,  the scattering angle, n the refractive index of the particle and r is the radius of the 

particle. 

In practice, such colloidal sized particles are no longer stationary when distributed in solution 

but undergo random motions due to the multiple collisions with the thermally driven solvent 

molecules, the well-known Brownian motion.[112,137,138] 

 tx 2)( 2  (3.16) 

In Eqn. 3.16, 2)( x is the mean squared displacement in time t, and D is the diffusion coefficient. 

Particularly, D is of relevance to the hydrodynamic diameter d of the particle, 

 
d

TkD B

3
 (3.17) 

wherein kB is the Boltzmann constant, T the temperature and  is the viscosity of the solution. 

Consequently, the particles constantly move, giving rise to the Doppler shift between the 

wavelengths of the incident and scattered light, respectively. Moreover, such temporal fluctuations 

are likewise present in light intensity in terms of the interference of the light scattered from 

respective colloids continually changed with the variable interparticulate distance. The rate of such 

intensity modulation depends on the velocity of the Brownian motion, wherein smaller particles 

diffuse faster than larger ones (Eqn. 3.16-17). On such basis, the size distribution of the particles in 

solution can be extracted from this time-dependent perturbation of the scattered light. 

Experimentally, the specimen under investigation is exposed to the monochromatic light 

emitted from a laser with the wavelengths of either 633 or 532 nm.[137-140] The light scattered by the 

analytes follows the Rayleigh scattering but only the radiation exiting at a particular scattering angle 

 with respect to the incident beam is measured by the detector. The scattering intensity is collected 

at consecutive time intervals in order to derive the rate of the intensity fluctuation via a digital 

processing board. Such information is eventually utilized by a software package to determine the 

particle size. Three distribution indexes are in general employed in the particle size analysis 

including the intensity, the volume and the number distributions, respectively.  

Literally, the intensity distribution refers to the size distribution weighted by the scattering 

intensity, leading to a six-power dependence of such index on the particle size according to the 

Rayleigh approximation (Eqn. 3.15). Likewise, the volume distribution verbally suggests the size 

distribution weighted by the volume of the particle, giving rise to a three-power dependence of this 
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index on the particle size. In contrast, the size weighting is absent from the number distribution, 

resulting in this index faithfully reflecting the absolute number of the particles. 

The DLS method employed in the -SnWO4 and Au@Nb@HxK1-xNbO3 studies for the size 

analysis was carried out using the Nanosizer ZS apparatus from Malvern Instruments (Herrenberg, 

Germany). This equipment was implanted with a 4.0 mW He-Ne laser emitting red light at the 

wavelength of 633 nm. The scattered light through those topical artifacts in the suspension form 

hold in the cuvettes was collected by a detector positioned at a scattering angle of 173°. The number 

weighted distribution is utilized in the overall particle size analyses. 

3.5 Scanning Electron Microscopy (SEM) 

In the former introductions to diverse analytic techniques, the electromagnetic radiations 

typified by the wavelength ( ) including X-ray and UV-VIS light were employed as the exclusive 

probes. Although an electron is in general regarded as a particle carrying a single negative charge (e) 

of 1.6 10-19 coulomb (C) and having a rest mass (me) of ca. 9 10-31 kilogram (kg), such wave 

nature is likewise present in this elementary particle.[102,110,141,142] Such wave-particle duality renders 

the electron technique absolutely powerful and flexible for material characterization, as elaborated 

below. 

The electron employed in the scanning electron microscopy (SEM) has a characteristic kinetic 

energy of 0.1 to 30 keV that arises from traversing an electric field with an accelerating voltage (V). 

Particularly, the wavelength ( ) of the electron is dictated by the momentum (p) according to the de 

Broglie formula. 

 
mv
h

p
h

 (3.18) 

In this expression, h is the Plank constant, m and v are the mass and the velocity of the electron, 

respectively. Given the most useful accelerating voltage (typically few tens of kV) for SEM 

resulting in v a significant fraction of the velocity of light (c), the relativistic effect leads to the 

increment in m. 

 212 ])(1[ cv
mm e  (3.19)

Given the kinetic energy of the electron otherwise associated with the relativistic change of mass, 
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 2)( cmmqV e  (3.20) 

the exclusive dependence of  on V is readily worked out upon the combination of Eqn. 3.18-20.  

 )2( 22222 cVqqVmh e  (3.21) 

  (3.22) 

Eqn. 3.22 is derived from the substitution of the values for h (6.62 x 10-39 Js), q (1.602 x 10-19 C), 

me (9.108 x 10-31 kg) and c (2.998 x 108 ms-1) in Eqn. 3.21, respectively. 

Microscopy literally refers to the technical field of employing the microscope to transform the 

objects of interest that are beyond the resolution limits (ca. 0.1 millimetre at a viewing distance of 

25 centimetre) of the naked eye into an image. The resolution limit is defined as the minimum 

distance (dmin) by which two objects can be separated and still appear as two distinct entities. A 

microscope is an optical system designed for promoting the resolving power that is formulated 

mathematically as 

 
conn

d
sin
612.0

min  (3.23) 

via the employment of the lens. In this expression,  is the wavelength of the imaging radiation, n 

the relative refraction index of the medium between the object and the lens, and con is the 

semi-angle of the cone of the radiation from the object plane accepted by the lens. 

Evidently, the resolution limit reduces with the decrement in  and the increments in n and con. 

In this sense, the resolving power of an electron microscope far exceeds that of an optical 

microscope (ca. 150 nm using the green light source with the wavelength of 400 nm), provided that 

the derived wavelength of the electron from the characteristic working voltage in SEM (Eqn. 3.22) 

is of the order of few thousandths to few tenths nanometres that is significantly small in comparison 

with that of the visible light employed in an optical microscope. Particularly, SEM takes advantage 

of such exceptional resolution for the material investigations on the processing, the properties and 

the behavior that depend remarkably on the microstructure. 

The experimental configuration of a modern scanning electron microscope (SEM) is depicted 

in Fig. 3.7. On the top of the column is the electron gun that produces and endows the electrons 

with the kinetic energy of 0.1 up to 30 keV via an external bias. Several electron sources including 

thermionic tungsten (W) and lanthanum hexaboride (LaB6) electron guns are available to SEM 

while the field emission gun is the mainstream in the modern SEM. The electromagnetic lenses and 
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the apertures underneath the electron gun are aimed at focusing the diameter of the electron beam to 

the desired and, eventually, smallest possible size. The electrons are deflected due to the magnetic 

field produced upon applying a current to those electromagnets made of the coils of wire. 

In consequence, the electron beam is focused to a spot, wherein the size (1-100 nm in diameter) 

refers to the probing area on the materials. Significantly, the smaller the probing area is, the 

superior the resolution and the magnification can be. Moreover, the small convergence angle ( con) 

of the electron probe suggests an insignificant change of the spot size along the beam direction. In 

other words, the resolution is yet agreeable when the sample lies more or less above or below the 

focal plane. The range of such deviation is termed the depth of field (hdf). 

 
.

min

tan conv
df

dh  (3.24) 

Such advantage alternatively favors the three-dimensional information extracted from the 

plane image. A high column vacuum of 10-6-10-7 Torr is indispensable for the electron beam to 

avoid defocusing of the electron beam by scattering of the electron by the gas molecules. The 

electrons impinge on the bulk specimen and interact with the sample in the so-called interaction 

volume. Its size depends on the material composition, the energy and the incident angle of the 

 

Figure 3. 7. Schematic overview of a scanning electron microscope (adapted from reference 
[102,110,141,142]). 
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the electron beam. However, only the electrons successfully escaped from the sample via either 

elastic or inelastic scattering carry useful information for analysis. Such emission volume is in 

general a fraction of the total size of the interaction volume that depends strongly on the scattering 

mechanism (Fig. 3.8). 

Backscattered electrons (BSEs) have, by definition, a kinetic energy more than 50 eV. A 

special case is the elastically backscattered electrons, which carry information of the average atomic 

number and material density of the specimen. Secondary electrons (SEs) are otherwise emitted 

away from regions close to the sample surface due to their small kinetic energy. In contrast, 

high-energy BSEs may exit from the sample even if they are generated at a large distance from the 

sample surface. On such basis, low-energy SEs are mostly employed to reveal the topographical 

features including the surface texture and roughness of the materials. By contrast, high-energy 

BSEs are preferentially utilized to disclose the chemical compositions of the specimen. 

Noteworthily, this information discussed herein originates only from one single spot that the 

electron beam impinges. To form an image, the electron probe needs to move from place to place 

across the specimen. Particularly, such scanning process is carried out linearly via the magnetic 

deflection by the scan coils (Fig. 3.7) over a rectangular domain. 

 

Figure 3. 8. Electrons and X-ray photons are generated upon the electron-probe-specimen 
interaction. The characteristic tear drop interaction volume depends on their physical properties and 
energies (adapted from reference [102,110,141,142]). 

Detectors are used for the collection of the electrons emitted from the sample. This includes 

the Everhart-Thornley (ET) detector and the annular solid-state BSE detector, respectively. The ET 

detector for the SE collection is classically arranged below the lenses and apertures in an 

asymmetric geometry. Particularly, the ET detector highlights the material topography (e.g. edges, 
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corners, steps and surface roughness) and the collection efficiency is strongly dependent on the 

relative position of those physical features and the detector (Fig. 3.9). Moreover, modern SEMs 

contain in addition a so-called ”in-lens” detector. The electrons are efficiently collected by the field 

of the objective lens that leads to an image with an improved signal-to-noise ratio. 

The SEM image is built upon the registered intensities of those informative electrons, which is 

eventually projected onto the viewing cathode ray tube (CRT). Particularly, the photograph is 

constructed in a scanning method that mimics the movement of the electron beam across the 

specimen. Moreover, bilateral scanning procedures synchronize, leading to a point-to-point transfer 

of the intensity information to the final picture. On such basis, the material under investigation is 

manifested in a grayscale image, wherein the magnification is defined as the side length of the 

photograph divided by that of the scanned region on the specimen. Given the invariable dimension 

of the recording device, magnification is modulated via readily altering the size of the scanned 

region. A typical magnification range for the SEM is ten- to sub-million-fold. 

 

Figure 3. 9. The dependency of the secondary electron collection efficiency on the 
specimen-detector geometry, wherein most electrons emitted from the leftest tear drop interaction 
volume are prevented from the detector by the tip. More significantly, the dependency of the 
secondary electron yield on the incident angle of the primary electrons, wherein more secondary 
electrons are available from shape tip, tilted surface and the corner than that from a flat plane 
(adapted from reference [142]). 

The contrast level of a grayscale SEM photograph is dictated by the number, the emission 

angle, and the energy of the signal electrons. Significantly, the interpretation of the contrast depends 

strongly on the distinct behaviors of the SE and BSE, resulting in a variety of highly informative 

images. For instance, the number factor literally refers to the quantity of the electron sampled from 
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the material, which underlies the contrast in the BSE compositional image in terms of the yield 

highly element-dependent. By contrast, the emission angle factor is of great relevance to the 

probe-specimen-detector configuration, provided that only a fraction of ejected electrons are 

available to the detector due to the limited size and shape. On such basis, the asymmetric geometry 

particularly employed by the standard ET detector is aimed at punctuating this factor, leading to the 

minor irregularities on the material surface manifested in high contrast in the SE topographic image 

(Fig. 3.9). 

In this monograph, the topography of the topical -SnWO4 was registered in the SE detection 

mode using a scanning electron microscope (Supra 40 VP) from Zeiss (Oberkochen, Germany). 

Given the characteristically small sampling volume of the SE effectively quenching the overlap of 

information from closely neighbored surface features (Fig. 3.8), the morphology of -SnWO4 was 

successfully resolved in detail in the final photograph. A Schottky field-emission cathode was 

implemented in this SEM as the electron gun with the working voltage spanned from 1 up to 20 kV. 

The ET and the in-lens detectors were employed for the SE collection. The measurement was 

performed on the powdery -SnWO4 immobilized on a smooth silicon wafer fragment that was 

attached to the aluminum sample carrier from PLANO (Wetzlar, Germany) via conductive silver 

adhesive. The fixation was carried out via drop-casting the -SnWO4 suspension and the natural 

evaporation of ethanol solvent following up. 

3.6 Energy Dispersive X-ray Spectroscopy (EDXS) 

In the foregoing section, the emphasis was placed exclusively on the SEM image built upon 

the informative electrons that undergo either elastic or inelastic scattering in the material. 

Particularly, the energy loss of the primary beam in an inelastic process can be transferred to the 

core electron of the specimen atom to allow the ejection from the inner shell.[102,110,141] The created 

core hole is then refilled by the outer shell electron at a higher energy level, which in turn relaxes 

the excited atom. Excess energy is given out in this relaxation in the form of emitting either a 

photon (the characteristic X-ray) with energy equivalent to the difference in binding energy of the 

two electron levels that participate in the transition. Alternatively, an electron (the Auger electron) 

can likewise be ejected from the atom with the kinetic energy equal to that of aforementioned X-ray 

minus the binding energy of the shell, wherein the Auger electron initially resides. 

Given the X-ray photons and the Auger electrons having energy specific to the atom, they are 

preferentially employed for identification of the elements within the material matrix.[110,141] 

Noteworthily, all the elements on the periodic table except hydrogen (H) and helium (He) have at 
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least one characteristic X-ray line with the photon energy less than 10 keV. This phenomenon 

absolutely favors such chemical analysis carried out by the SEM with available working voltage up 

to 30 keV, provided that the emission efficiency reaches the maximum at the specimen bombarded 

by the electron beam with the kinetic energy nearly three times that of the emitted X-ray photon. 

Such preference leads to the majority of commercially available SEM nowadays implemented with 

an energy dispersive X-ray detector to further reinforce the diagnostic power of the electron 

microscopes. 

The working principle for the X-ray detection is built upon each incoming photon producing a 

number of electron-holes pairs in the semiconducting detector that consists of either silicon (Si) or 

germanium (Ge). Particularly, the number of the photogenerated charges depends on the energy of 

the detected X-ray photon (in silicon such excitation takes 3.8 eV for one electron-hole pair 

formation). A bias on the semiconductor separates the electrons and holes, giving rise to the charge 

flow with the magnitude faithfully reflecting the X-ray photon energy. Given the low resistivity of 

Si, the photogenerated current is significantly diluted by the charge flow triggered merely due to the 

presence of the bias. Such noise can be experimentally minimized upon cooling the overall detector 

to liquid nitrogen temperature (77 K). To prevent the condensation of likely contaminants on the 

very cold surface of the detector, a thin protection window made of either beryllium (Be) or a 

polymer is additionally placed before the detector. Such design somewhat compromises the 

detectability to the light elements with characteristic Z less than 10 in terms of the significant 

absorption of Be and carbon (C) toward low energy X-rays. 

Noteworthily, the registered intensities of diverse X-ray photons are in general translated into a 

set of peaks dispersed over an energy spectrum, wherein the energetic distribution is employed 

particularly in a qualitative analysis to fingerprint the elements present in the material. Alternatively, 

the intensity information can likewise be translated into the bright dot superimposed on a SE 

topographic image, wherein the dot density is a qualitative measure of the concentration of the 

constituent element. Such technique is termed X-ray mapping that aims particularly at highlighting 

the respective distribution of individual element over the material on a grey level or color scale. 

Significantly, the spatial resolution of the X-ray map is limited to 1 m, provided that a high energy 

electron probe is essential to trigger efficient emission of characteristic X-ray, which in turn leads to 

the smallest sampling volume of approximately 1 m3 for a practical analysis. 

In addition to the foregoing qualitative analyses, elemental quantification can likewise be 

carried out with the registered X-ray intensities otherwise. Particularly, quantitative analysis calls 

for a great deal of care in the experimental conditions in order to perform a nearly artefacts-free 
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measurement, as elaborated below. In general, the EDXS detector is implemented in the SEM in an 

asymmetric geometry as the standard ET detector, which is close to the sample (Fig. 3.7). Such 

configuration provides an intuitive overlook of the specimen and moreover, favors the X-ray 

collection efficiency. Nevertheless, this arrangement otherwise accentuates the emission angle 

factor introduced in the preceding discussion on the contrast in the SEM image. In other words, 

X-ray emitted from the regions on the specimen, which are not in the line of sight, is unavailable to 

the EDXS detector. Such effect turns out to be significant on a rough sample, highly likely giving 

rise to the topographic artifact in the quantitative analysis. 

This issue can be experimentally ruled out upon performing the measurement preferentially on 

the specimen this is flat on the scale of the electron beam diameter. Moreover, a flat sample for 

analysis can concurrently circumvent the radiated X-ray passing through the specimen again. In this 

way, the X-ray fluorescence referring to secondary characteristic X-ray originated from the 

interaction between primary X-ray and the specimen atom is effectively quenched. 

The quantitative study on a flat sample is in general performed in this way: characteristic 

X-rays from the sample that is mostly a chemical compound are first measured for a finite duration. 

Prolonged detection allows the intensity registered in the energy spectrum becoming much 

pronounced and readily discernable. The concentration is then derived from the comparison with 

that collected under identical condition from a standard compound with a well-defined 

stoichiometry, which is known as the Cliff-Lorimer ratio method. Significantly, the discrepancies in 

the density and the average atomic weight between the material under investigation and the standard 

compound call for the corrections to the comparison, which is known as the ZAF technique. 

The first letter, Z, refers to the atomic number (Z) correction to the X-ray generation efficiency 

of an atom, provided that the local atomic weight of the matrix dictates the extent of the primary 

electrons available for the X-ray generation and in turn the sampling depth (Fig. 3.8). The second 

character, A, refers to the absorption correction to the X-ray emission efficiency due exclusively to 

the X-ray absorption by the matrix. Particularly, the magnitude of A turns out to be significant for 

the analysis of a light element present in a heavy atom matrix in view of the heavy element readily 

absorbing low energy X-rays emitted from the lighter one. The last letter, F, refers to the secondary 

X-ray fluorescence that is a minor factor in comparison with A, provided that fluorescence is a very 

inefficient process. Noteworthily, such correction procedure is nowadays computerized in the 

modern SEM. More importantly, the employment of the “virtual standards” allows the foregoing 

comparison process likewise computerizable, leading to the quantitative analysis remarkably 

simplified and highly reliable. 
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In this dissertation, characteristic X-rays emitted from the heavy elements in the topical 

-SnWO4 artifact were employed for describing the chemical composition. The EDXS detector 

from AMETEC (Berwyn, USA) mounted on the Supra 40 VP SEM was utilized to this end. In this 

quantitative analysis, the working voltage and distance were 20-30 keV and ca. 8.5 mm, 

respectively. The reliability of the analysis was otherwise ensured upon pressing powdery -SnWO4 

solid into a smooth pellet that was then immobilized on the conductive carbon tape from PLANO 

(Wetzlar, Germany) and attached to the aluminum sample carrier. 

3.7 Transmission Electron Microscopy (TEM) 

In analogy to scanning electron microscopy (SEM) introduced in the foregoing section, 

material characterization by virtue of transmission electron microscopy (TEM) likewise employs a 

beam of electrons directed at the specimens under investigation. Nevertheless, the electrons 

employed in TEM are in general accelerated to an energy up to the order of 100 to 300 

keV.[102,110,141] In consequence, the penetration capability of such high-energy electrons renders 

TEM virtually a bulk technique, giving access to micro- or ultrastructural details internal to 

materials having a thickness no more than a fraction of a micron.[110,141] 

The electron beam passing through such thin specimen contains two components, elastically 

and inelastically scattered electrons, respectively. Given the wave nature of the electron, the 

argument used to explain the diffraction of X-rays is likewise applied to interpret the 

electron-matter interactions. Concretely, any scattered electron waves that are in phase with one 

another will reinforce, leading to a strong beam of electrons. Contrarily, the scattered waves that are 

out of phase will not reinforce. The condition for reinforcement follows Bragg’s law (Eqn. 3.3), 

suggesting that elastically scattered electrons at the Bragg angle ( B) most likely emerge from the 

specimen. Given the very short wavelength of the electrons employed in TEM (Eqn. 3.22),[141] Eqn. 

3.3 is thereof further simplified and written as 

 Bhkld2  (3.25) 

In this equation,  and dhkl are the wavelength of the electron and the interplanar distance of the 

crystal lattice (hkl), respectively. Particularly, Eqn. 3.25 suggests only the planes of atoms that are 

nearly parallel to the electron beam giving rise to strong diffraction.  

The analysis of the spatial distribution of these scattered electrons, which is also known as an 

electron diffraction pattern, reveals a great deal of information about the atomic arrangement in the 

specimen, as elaborated below. These diffracted electrons through an angle of 2 B by the crystal 
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planes of spacing dhkl hit the photographic negative in the TEM, which positions at a distance L 

from the specimen, at A (Fig. 3.10). By contrast, incident primary electron pass through the 

specimen without interaction hit the screen otherwise at O. The distance from the diffracted to this 

undiffracted beam on the electron diffraction pattern is rED. Simple geometry suggests the 

diffraction angle (2 B) 

 B
ED

L
r 2  (3.26) 

The combination of Eqn. 3.25 and Eqn. 3.26 gives 

  (3.27) 

Eqn. 3.27 is referred to as the camera equation and suggests that rED is inversely proportional to dhkl. 

More importantly, it allows one to determine dhkl via measuring rED on the electron diffraction 

pattern in the TEM. The approximate value (±5%) of L, which is known as the camera constant (in 

units of nano- to centimetres), is in general synchronously displayed on the console of a modern 

TEM during the measurement.[110] 

 
Figure 3. 10. Geometry for the formation of the electron diffraction pattern (adapted from reference 
[141]). 

A well oriented monocrystalline specimen with several sets of crystal planes that are 

approximately parallel to the electron beam gives rise to a diffraction pattern consisting of a regular 

array of diffraction spots (Fig. 3.11a). Significantly, the vector pointing from the reflection of the 

undiffracted electrons to the corresponding Bragg reflection is oriented in the direction 

perpendicular to the crystal planes with a distance of L/dhkl (Fig. 3.11b). This is readily reminiscent 

of the reciprocal lattice that employs a point, which locates at a distance of 1/dhkl from the origin, to 

represent the real crystal plane (Fig. 3.11c). The diffraction vector describing the position of such 
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reciprocal lattice point with respect to the origin is in general denoted by g. Such strong 

resemblance renders a straightforward interpretation of the electron diffraction pattern in terms of 

the reciprocal lattice. Labeling individual diffraction spots with appropriate crystal planes (hkl) 

begins with identifying the transmitted beam that is in general the brightest spot in the center of the 

diffraction pattern. In the closest proximity to this spot, two independent diffraction points are 

subsequently indexed in terms of g. The indices of other diffraction spots are eventually derived via 

linear combination of these two diffraction vectors. Most of the work in this procedure involves 

measuring the angles and the distances between the reciprocal lattice vectors. The identification is 

completed at specifying the normal to the plane of the electron diffraction pattern, which is known 

as the zone axis. 

 

Figure 3. 11. (a) Diffraction pattern (right panel) of a single perfect crystal specimen (left panel), (b) 
wherein the vector pointing from the reflection of the undiffracted electrons to the corresponding 
Bragg reflection (right panel) is oriented perpendicularly to the lattice plane (left panel) with an 
interval of L/dhkl. (c) This set of crystal planes (left panel) are otherwise expressed in terms of a 
series of reciprocal lattice points (right panel) that likewise aligned in an orthogonal direction with a 
spacing of 1/dhkl. (d) Diffraction pattern (right panel) of a specimen containing a small number of 
crystallites (left panel). (e) Those diffraction points start to merge into rings when a large number 
( 5) of randomly oriented grains are present in the specimen (adapted from reference [141]). 

Such index practice becomes complicated when the crystalline specimen contains a small 

number of grains that are diversely orientated, provided that the electron diffractogram in such a 

case is the sum of individual diffraction patterns (Fig. 3.11d). Significantly, the spots are not 

arbitrarily distributed but fall on the ring with a constant distance to the undiffracted spot. Moreover, 

those points start to merge into rings when a large number of randomly oriented grains are present 

L /d
hkl

1/d
hkl
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in the specimen (Fig. 3.11e). In these cases, a computer program to calculate such diffraction 

patterns significantly simplifies the analysis. 

Although quantitative diffraction information is more readily derived from X-ray than electron 

techniques, electrons have an important advantage over X-rays in that they can be focused using 

electromagnetic lenses. This allows material characterizations at specific regions that are of real 

interest. Modern TEMs offer two methods to this end, including selected-area electron diffraction 

(SAED) and convergent-beam electron diffraction (CBED) techniques, respectively. In the SAED 

method, the diffraction pattern is confined to a selected area of the specimen via the employment of 

an aperture that is intuitively called the selected-area aperture (Fig. 3.12a). SAED can be performed 

on regions as small as 0.5 m in diameter. By contrast, CBED technique provides the only access to 

the diffracting pattern from a region smaller than ca. 1 m in diameter. 

 

Figure 3. 12. (a) Selected-area electron diffraction mode, (b) apertureless imaging mode (c) bright 
field imaging mode and (d) axial dark field imaging mode in the TEM (adapted from reference 
[110]). 

In addition to diffraction, the undiffracted and deflected electrons that successfully leave the 

thin specimen can alternatively be employed for real-space image formation with resolutions on the 

order of a few tenths to a few nanometres (Fig. 3.12b). Particularly, the TEM image formed upon 
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exclusive collection of the undiffracted electrons is termed the bright field image (Fig. 3.12c). The 

background appears bright without the specimen in the bright-field TEM image. Contrarily, only 

the scattered electrons contribute to the dark field image formation and a black background is seen 

in the absence of the specimen (Fig. 3.12d). Experimentally, the transition between these two 

imaging modes is carried out via inserting an objective aperture at a specific location in the back 

focal plane of the objective lens. Noteworthily, additional caution must be exercised in the dark 

field imaging mode in view of the image-forming diffracted electrons traveling far from the optical 

axis (Fig. 3.12b). Such geometrical optics highly likely introduces large spherical aberration that is 

detrimental to the image resolution. This issue is successfully addressed in the TEM via tilting the 

incident electron beam by an angle equal to the characteristic diffraction angle of the specimen (Fig. 

3.12d). In this way, the imaging electrons travel along the optical axis and pass through a centred 

aperture that ranges from ca. 5 to 20 m in diameter. 

There are three basic factors that account for the contrast level of a grayscale TEM photograph. 

For instance, when the primary electron beam passes through thick specimens or particular regions 

of a thin specimen, which are thicker or of higher atomic mass, strong incoherent elastic scattering 

takes place. In consequence, those regions show darker in the bright field TEM image. Such 

mechanism is termed mass-thickness contrast.[110,141] Mass-thickness contrast is based on incoherent 

elastic Rutherford scattering and takes place in amorphous materials and crystalline samples that are 

oriented in such a way that Bragg reflections are only weakly excited. Particularly, the quadratic 

dependence of the Rutherford scattering cross-section on the atomic number (Z) underlies the 

appearance of a Z-contrast image that is emphatically exploited in scanning transmission electron 

microscopy (STEM). Particularly, an annular detector is employed in the STEM mode of operation 

to collect these scattered transmitted electrons through relatively large angles. The Z-contrast 

imaging is highly useful in deriving compositional information, and moreover, a chemical map with 

a resolution of a few nanometres of the specimen with complex microstructures. 

Significantly, when the specimen under investigation is a crystalline material, additional 

contrast is superimposed on the mass-thickness effect. This extra contrast builds on electron 

diffraction discussed in the foregoing paragraphs, wherein strong elastic scattering occurs when the 

crystallites in the specimen are well oriented to satisfy the Bragg condition. Given either 

undiffracted or diffracted electron beam underlying TEM imaging, the variation in diffraction 

intensity due to the presence of the lattice imperfections, e.g. dislocations, grain/phase boundaries 

and precipitates, is responsible for the contrast formation. Such diffraction contrast renders TEM a 
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TEM image is employed to define the nature of those crystal defects.[102,110,141]  

Noteworthily, when the zone axis of the grain in the crystalline specimen is parallel to the 

incident electron beam, many strong diffracted beams are produced (Fig. 3.11a). Moreover, if an 

apertureless imaging mode or a large objective aperture is employed (Fig. 3.12b), the undiffracted 

and several diffracted electron waves are allowed to mutually interfere and contribute to the image 

formation. In such a case, the resultant image contrast is dictated by the relative phases of the 

electron waves involved. This is in contrast to the mechanisms of aforementioned mass-thickness 

and diffraction contrasts, which employ exclusively the amplitude of the scattered electron beam, 

and is thereof termed phase-contrast imaging.[141] The interference pattern is manifested as a set of 

fringes in the image and ideally each dark fringe represents a lattice plane. In this way, the atomic 

structures of the materials are resolved and such structural image is called a high-resolution 

transmission electron microscope (HRTEM) image. 

In this monograph, TEM was carried out to investigate the geometry and the morphology of 

topical Au@Nb@HxK1-xNbO3 nanopeapods. An aberration-corrected FEI Titan3 80-300 microscope 

operated at 300 kV was employed to this end. The specimen was prepared via drop casting the 

Au@Nb@HxK1-xNbO3 nanopeapods suspended in the hexane medium onto a 300 mesh copper grid 

with a carbon support film. The crystal structure and phase of the Au@Nb@HxK1-xNbO3 

nanopeapods were otherwise characterized using a Philips CM200 FEG/ST microscope operated at 

200 kV. The chemical composition of the Au@Nb@HxK1-xNbO3 nanopeapods was studied by 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

combined with EDXS. The measurements were performed with a FEI Osiris ChemiSTEM 

microscope at 200 kV and equipped with a Bruker Quantax system (XFlash detector) for EDXS. 

The concentration profiles of different elements within the Au@Nb@HxK1-xNbO3 nanopeapods 

were determined from the EDX spectra measured along a line-scan that passes through the center of 

a Au@Nb@HxK1-xNbO3 nanopeapod. EDXS elemental maps of the Au@Nb@HxK1-xNbO3 

nanopeapods were additionally registered, which were subsequently employed to investigate the 

spatial distribution of diverse constituents. The maps were analyzed using the ESPRIT software 

(version 1.9) from Bruker. 

 

 

powerful tool not only for visualizing those crystallographic faults. Moreover, their visibility in the 
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4. Nanoengineerings for the Spikecube and Peapod Formation  

Topical -SnWO4 spikecube and Au@Nb@HxK1-xNbO3 nanopeapod artifacts throughout the 

dissertation were virtually prepared via a bottom-up approach, wherein the materials were built up 

either molecule-by-molecule from homogeneous building blocks or cluster-by-cluster from 

heterogeneous entities.[45,46] A polyol-mediated approach was employed for the -SnWO4 spikecube 

formation.[45] A soft-chemical multistep process was adopted to prepare the Au@Nb@HxK1-xNbO3 

nanopeapods (Fig. 2.11), which began with structural transformation of the precursor potassium 

hexaniobate (K4Nb6O17) preformed in the solid state reaction into the tubular protonated 

mononiobate (HxK1-xNbO3).[46] Heterogeneous integration and deposition of core-shell Au@Nb 

then followed up. The following section discusses the chemical background and the case studies, in 

which the nanoengineering was readily carried out via manipulating the reaction energetics and 

kinetics to derive those artifacts with the morphology that remarkably deviated from that favored by 

thermodynamics. 

4.1 Polyol Synthesis 

Polyol refers to multivalent alcohols, wherein several H-atoms of the hydrocarbon are 

substituted by hydroxyl functional groups (-OH).[143,144] This family begins with the ethylene glycol 

(EG) as the smallest prototype and comprises a large number of derivatives including diethylene 

glycol (DEG), triethylene glycol (TrEG) and polyethylene glycol (PEG), wherein those large 

molecules are mostly built up molecular-by-molecular from the EG monomer. In addition, 

propanediol (PDO), butanediol (BD), glycerol (GLY) and pentaerythritol (PE) likewise belong to 

this group. The presence of plural OH groups renders the boiling point of the polyols much higher 

than that of water, and moreover, allows most chemicals to be readily dissolved with a solubility 

comparable to that in water. Such nature renders these liquid-phase polyols highly promising as 

alternative mediators employed in the crystal growth at high temperature. Moreover, these 

functional groups endow the polyols with strong reducing power in terms of the facile oxidation of 

the alcohol to the aldehyde, the carboxylic acid, and eventually CO2.[145] On such basis, the 

employment of polyols in the synthesis starts with the formation of elemental metals and alloys 

with high crystallinity. More importantly, the oxidative derivatives readily chelate the crystals via 

the carboxyl groups, which in turn quenches the access of the precursor ions to the solid nuclei 

effectively.[145] In this regard, the polyol synthesis is preferentially employed for the preparation of 

high quality small particles in the form of stable colloids with very minor agglomeration, wherein 
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the particle size and shape are highly monodisperse and uniform, respectively. Such assets render 

this approach readily gained popularity in the fabrication of nanocrystalline metals, metal oxides, 

metal chalcogenides and non-metal elements.[143] 

In this monograph, DEG with the characteristic boiling point up to 244 °C was employed in the 

synthesis of -SnWO4.[45,143] The reaction was carried out in a three-neck flask equipped with a 

reflux condenser and a magnetic stirring bar embedded in PYREX glass. 3.6 mmol of sodium 

tungstate (Na2WO4·2H2O, 99%, Sigma-Aldrich) as the precursor were first dissolved in 150 mL of 

DEG at lightly elevated temperature of 60 °C. To this solution, 6 mL of an aqueous solution 

containing equimolar tin chloride (SnCl2·2H2O, 98%, Sigma-Aldrich) was added. Upon the 

injection, instantaneous complexation between Sn2+ and [WO4]2- at the water/DEG interface 

occurred, 

 4
2

4
2 SnWOWOSn  (4.1) 

leading to the precipitation of -SnWO4. This nucleated solid was subsequently passivated by the 

DEG molecules via surface adsorption. The overall system was then subjected to diverse thermal 

treatments with reaction temperatures of 120, 140, 160 and 180 °C, respectively. The overall 

reaction was carried out under nitrogen atmosphere for 1 h. Afterwards, centrifugation was 

employed to collect -SnWO4 that was further purified by repetitive dispersion/precipitation cycles 

with ethanol to remove DEG and excess precursors. 

Given the synthesis performed in the context of a polyol-mediated approach, the crystal 

growth of -SnWO4 is mostly dictated by the majority DEG chelator. The coordinating behavior 

results in -SnWO4 prepared at 120 and 140 °C in the form of spherical nanoparticle with narrow 

size distribution that are validated by means of SEM and DLS, respectively (Fig. 4.1a,b). In contrast, 

the crystallinity of -SnWO4 is otherwise ruled by the thermal treatment. Particularly, the 

broadened Bragg peaks manifested in the diffraction pattern, which stems most likely from the 

significant overlap of characteristic diffraction lines of -SnWO4, suggests poor crystallinity (Fig. 

4.1c,d). This issue is readily addressed via further raising the reaction temperature, as evidenced by 

the isolation of individual Bragg diffractions in the XRD patterns measured for -SnWO4 

synthesized at 160 and 180 °C (Fig. 4.2a,b). 

Surprisingly, the thermal treatment concurrently triggers morphologic transitions of -SnWO4, 

wherein spherical nanoparticles (insets in Fig. 4.1a,b) transforms into hexagonal microcubes 

enclosed by sharp crystal facets (Fig. 4.2c) that are further covered by a dense array of 

quasi-periodic nanotips (Fig. 4.2d). At the initial stage, the growth of the faceted -SnWO4 

Nanoengineerings for the Spikecube and Peapod Formation
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Figure 4. 1. (a,b) Size distribution histograms and (c,d) XRD patterns (reference: ICDD No. 
1070-1497, -SnWO4) collected for -SnWO4 nanoparticles prepared at (a,c) 120 and (b,d) 140 °C, 
respectively. Insets: Representative SEM images are shown alongside (scale bar: 100 nm). 

 

Figure 4. 2. (a,b) XRD patterns (reference: ICDD No. 1070-1497, -SnWO4) and (c,d) SEM 
images (scale bar: 2 m) collected for -SnWO4 cubes and spikecubes prepared at (a,c) 160 and 
(b,d) 180 °C, respectively. 
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microcubes is carried out at the expense of the nanoscale colloids, which thus is regarded as an 

Ostwald ripening process. Particularly, the dissolution of highly energetic nanoparticles due to the 

appreciable surface-to-volume ratio is remarkably accelerated via the rise in temperature. The 

deposition rate of those redissolved particles on the solid nuclei that yet remains in the mother 

liquor depends otherwise on the facet exposed at the surface. In such context, the relative growth 

rate of different lattice planes primarily directs the final crystal shape, as illustrated in Fig. 4.3 that 

takes an imaginary two dimensional octagonal nuclei enclosed alternatively by two edges with one 

demonstrating higher growth rate than that of another as a simple example.[146] Evidently, the 

elongation of the solid edge with slow growth rate is carried out at the expense of the dot edge with 

faster growth rate, giving rise to a rectangular margined with the slow growing edges. 

 

Figure 4. 3. Shape evolution during the nucleus growth of an imaginary two-dimensional seed. The 
length of the dot and slid arrow refers to the growth rate. Rapid addition to the dot edged leads to 
the elongation of the solid edges and the absence of the dot edges (adapted from reference [146]). 

Given the starting -SnWO4 nanoparticles present in the three-dimensional space, the growth 

of these polyhedral seeds leads to the formation of hexagonal cubes. Specifically, this isometric 

geometry is in favor with -SnWO4, provided that the unit cell has been reported likewise in the 

shape of a cube.[147-149] In this connection, the side surfaces terminated by the low index {100} 

facets is concluded. Such exclusive coverage with a single set of planes over the crystal surface 

suggests an isotropic deposition rate of -SnWO4 to each facet of the solid hexahedra.[146] In 

consequence, these seeds grow in size over the reaction time whereas the shape changes no more, as 

manifested on SEM images (Fig. 4.4), wherein the majority of -SnWO4 crystallizes as cubes with 

the particle size falling in the range of ~2-9 m. 

In another run of synthesis at 180 °C, those cubes are further transformed into highly branched 

spikecubes (Fig. 4.2d) that are named for the first time in this study after the peculiar morphology, 

wherein numerous one-dimensional nanotips, nanopyramids and nanocones are built vertically on 

each side surface of the -SnWO4 cubes. Significantly, this anisotropic growth suggests the 
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thermodynamically-driven Ostwald ripening process quenched at temperatures beyond 160 °C, 

which is validated by the cubic seed underlying the majority of spikecube bearing a characteristic 

size (dc) consistent with that of the faceted cubes (Table 4.1). Moreover, the growth mechanism in 

such case is presumably under kinetic control, provided that the multiarmed shape is characterized 

by a larger surface area and consequently a higher surface energy that is disfavored by 

thermodynamics. Particularly, the dynamic water content plays a key role in such mechanistic 

transition, as elaborated below. 

 

Figure 4. 4. SEM overview image of the -SnWO4 cubes prepared at 160 °C (scale bar: 10 m). 

Table 4. 1. Geometric features of the -SnWO4 spikecube. 
Spike 

 

Arm length (hl) 0.7 - 2 m 
Base diameter (db) 200 nm 
Cube 
Particle size (dc) 2 - 9 m 

In a synthesis that is carried out under conditions similar to those employed in the preparation 

of -SnWO4, except for the exclusion of water, Na2WO4 is the major product (Fig. 4.5). This 

suggests that -SnWO4 that is the fundamental building block of a nucleus and a crystal is 

unavailable in the absence of H2O. Such intimacy between H2O and -SnWO4 renders the growth 

mechanism in the context of the polyol synthesis to be further hydrodynamically adaptable in view 

of the temporal and thermal fluctuations in the H2O content during the reaction. In the infancy of 

the synthesis of the -SnWO4 spikecube, the presence of H2O allows abundant -SnWO4 to be 

available to the birth of the nuclei that further grow into the crystals over the reaction time. During 

the temperature rising up to 160 °C, the crystal growth is likewise in the context of an Ostwald 

ripening process that can be accelerated by the thermal treatment, giving rise to a micrometer-sized 
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cube. Such microcrystal otherwise denotes a substantial expense of the -SnWO4 in solution. 

Moreover, the reaction temperature is then raised to 180 °C that is nearly twice the normal boiling 

point (100 °C) of H2O, presumably leading to only a trace level of H2O yet present in the DEG pool. 

Overall, the rapid depletions of H2O and -SnWO4 signify the growth rate to be significantly 

decelerated, and moreover, the growth mechanism transits from the thermodynamic to the kinetic 

mode when the diffusion rate turns out to be the limiting factor.[146,150,151] 
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Figure 4. 5. XRD pattern of Na2WO4 collected in a polyol synthesis similar to that employed in the 
preparation of -SnWO4, except for H2O being absent. (reference: ICDD-No. 0012-0772, Na2WO4). 

The diffusion flux (J) of -SnWO4 impinging on the microcrystal facet is approximated by the 

Fick’s law, 

 
4SnWOCDJ  (4.2) 

wherein C -SnWO4 is the concentration of -SnWO4 in the majority DEG phase, C -SnWO4 the 

concentration gradient over the diffusion layer at the microcrystal surface and D is the diffusion 

coefficient. Particularly, the precipitation of -SnWO4 from the DEG reservoir on the microcrystal 

approximately renders the concentration at the crystal surface to zero. Such premise leads to the 
magnitude of C -SnWO4 mostly dictated by C -SnWO4. Particularly, C -SnWO4 is highly likely at a 

minimum level after the majority birth of -SnWO4 microcubes, which is validated by low aspect 

ratio between dc and the geometry including the length (hl) and the base diameter (db) of the 

anisotropic nanospikes building on the microcubic seed (Table 4.1). On such basis, minuscule
C -SnWO4 is concluded. Moreover, the well-known Stokes-Einstein relation (Eqn. 3.17) suggests 
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Figure 4. 6. Schematic illustration of the growth mechanism responsible for the transformation 
from a faceted -SnWO4 microcube to a -SnWO4 spikecube. (a) Diffusion of -SnWO4 from the 
DEG pool to the cubic microcrystals at low flux. (b) Deficient -SnWO4 feed leaded to the 
deposition in the form of discrete clusters in preference to homogeneous monolayer. (c) Shadowing 
effect renders the incoming -SnWO4 hardly available to the concave pit, giving rise to the voids 
distributed in the nanospike matrix. 

 

Figure 4. 7. SEM top view image of a -SnWO4 spikecube (scale bar: 5 m). 

that D depends highly on the temperature and viscosity of the solution, and the hydrodynamic size 

of the -SnWO4 nucleus. Particularly, the majority DEG is advantageous due to the high viscosity 

that is more than 30 times that of H2O, very likely leading to small D that further reduces J.[143] 

Taken together, the diffusion of -SnWO4 from the DEG pool to the cubic microcrystals, which is 

one of the kinetic elementary steps in the overall deposition scheme, turns out to be the rate 

determining step. 

Particularly, exceedingly low J results in precipitated -SnWO4 on the facets of the underlying 

hexahedral microcube hardly meeting each other, which in turn leads to the deposition in the form 

of a few tiny clusters in lieu of a homogeneous monolayer. In consequence, the crystal surface 

becomes progressively rough and the shadowing effect of such undulation leads to protrusive 
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islands in place of concave pits readily capturing the impinging Sn2+ and WO4
2- ions (Fig. 4.6). 

Such scheme is well reinforced by the presence of numerous voids within the nanospike matrix, 

which is reminiscent of the infant cavities (Fig. 4.7). Moreover, this mechanism is otherwise 

consolidated by the excellent agreement in the one-dimensional geometry of the nanospike with that 

reported in earlier studies on the chemical deposition in the kinetic columnar growth mode, wherein 

the limited diffusion rate of the adatoms otherwise results in the cluster formation on the 

substrate.[150] 

In summary, fine -SnWO4 particles with the dimension over nano- and microscopic scales 

and additional facets and morphological engineerings are readily carried out in the context of the 

polyol synthesis (Fig. 4.8). Moreover, the currently developed growth scheme for the first time 

reveals a powerful effect of the thermal treatment on the crystal quality, including not only the 

well-documented crystallinity enhancement but also a crystal form manipulation. Last but not least, 

the present work is believed to successfully provide a brand-new insight into the polyol-mediated 

crystallization, further reinforcing the knowledge of material preparation. 

 

Figure 4. 8. Size and morphological evolution of -SnWO4 as a function of reaction temperature in 
the context of the polyol synthesis. Representative SEM images of specific particles in distinct runs 
of synthesis are shown alongside.

4.2 Soft-chemical Solid-state Retrosynthesis 

Solid-state inorganic chemistry thrives on the rich library of solids that can be formed using a 

wide variety of synthetic approaches, including the simplest solid-solid reaction at high temperature 

and the versatile hydrothermal and sol-gel reactions at moderate temperature.[152-156] Particularly, 
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the solid-state approach provides the most straightforward route to diverse new solids, which is thus 

prevalently employed in the material preparation. Nevertheless, such ordinary scheme implies the 

least control over the synthesis, giving rise to most solids that are thermodynamically favorable.[41,72] 

This connotation thus calls for a secondary engineering on those preformed solids in order to yield 

additional metastable alternatives that are preferentially favored by kinetics.[72] This gives birth to 

the soft-chemical solid-state synthesis that builds on the low-temperature modification of solid 

precursors.[72,153,157-165] This moderate thermal treatment effectively quenches extensive bond 

breakings and rearrangement of the structural framework, leading to the final product structurally 

approximating the starting materials. In this connection, the soft-chemical solid-state approach is 

retrosynthetic in nature and most treatments involve metathesis reactions to interchange weakly 

bonded cations and anions in the framework structure. On such basis, the solid-state inorganic 

retrosynthesis is extensively performed on the layered materials with a particular interest in the 

perovskites (Fig. 2.10).[72,74,157] In consequence, a host of new compounds with the crystal structure 

and morphology reminiscent of the lamellar framework of the precursors are successfully designed. 

In this dissertation, potassium hexaniobate (K4Nb6O17) characterized by a layered crystal 

structure was employed as the starting material in the soft-chemical solid-state retrosynthesis of 

HxK1-xNbO3.[41,46,157,166] The overall reaction began with the preparation of this layered precursor, 

wherein reagent-grade potassium carbonate (K2CO3, 99.99%, Carl Roth) and niobium pentoxide 

(Nb2O5, 99.99%, Sigma-Aldrich) with a molar ratio of 1.1:1.5 were first ground together and heated 

in an alumina crucible at 900 °C for 1 h before continuing to 1050 °C for another 24 h.[46,157] The 

cooling product was washed three times with distilled water and acetone respectively and dried in 

the oven overnight. The purified solid was then immersed in warm (60 °C) and concentrated (3 mol 

L-1) hydrochloric acid (HCl) for at least four days.[46,157] After the acid-treatment, the product was 

centrifuged and washed with distilled water and acetone, three times in each case, and dried 

overnight. Eventually, this acid-treated solid (0.5 g) was mixed with 0.75 g of tetrabutylammonium 

(TBA) hydroxide 30-hydrate (TBAOH·30H2O, C16H37NO·30H2O, 98%, Sigma-Aldrich) and 25 ml 

of oleylamine (OAm, C18H37N, 70%, Sigma-Aldrich) in 40 mL of toluene (C7H8, 99.5%, Thermo 

Fisher Scientific).[46,167] This mixture was magnetically stirred at ambient temperature for 1 h before 

transferring into a Teflon-lined stainless steel autoclave (Parr, model 4590, 100 ml). The overall 

system was then heated to 220 °C with a ramping rate of 2 °C min-1 and the reaction was carried out 

at 220 °C for 6 h. The final product was collected by centrifugation, washed with ethanol several 

times and then dried overnight. 

Soft-chemical Solid-state Retrosynthesis

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 

60 

straightforwardly dictated by the composition stoichiometry of K4Nb6O17. A slight excess of 

K2CO3(10 mol %) aims at remedying for the material volatilization during annealing to ensure the 

phase purity of the solid precursor.[157] The intense (020) and (040) Bragg peaks at 2  of ca. 5° and 

10° in the collected XRD pattern (Fig. 4.9a) validates the layered crystal structure of K4Nb6O17, 

wherein the basal lattice planes, (-Nb6O17-)n, stacks along the b-axis (Fig. 4.9b). The formation of 

K4Nb6O17 hydrate (K4Nb6O17·3H2O) stems most likely from the reversible absorption of aerial 

moisture upon the exposure to the atmosphere.[168] 

 
Figure 4. 9. (a) XRD pattern collected for K4Nb6O17 synthesized in the context of a solid-state 
reaction. (reference: ICDD-No. 0021-1297, K4Nb6O17·3H2O (blue line); ICDD-No. 0014-0287, 
K4Nb6O17 (green line)). (b) Crystal structure of K4Nb6O17. 

The soft-chemical treatment of K4Nb6O17 starts with the ion-exchange in acid, wherein the 

interlayer potassium ions (K+) serving as the zippers bonding massive (-Nb6O17-)n sheets together 

are substituted for protons (H+).[72,157] This soft chemistry turns K4Nb6O17 into the protonated form 

(HxK4-xNb6O17) that is a solid acid, which is in favor of subsequent intercalation of basic 

TBAOH.[72] Noteworthily, the subsequent intercalation in this study is carried out in nonpolar 

toluene that highly likely suppresses the dissociations of the crystal water and hydroxide (OH-) from 

TBAOH.[46,167] This in turn results in this intercalates sterically bulky, which most likely pack 

loosely in the interlamellar sites, leading to the interlayer gallery readily swelling up with the 

solvent molecules.[72] As soon as the van der Waals forces between each basal lattice are overcome, 

HxK4-xNb6O17 delaminates and a colloidal suspension of exfoliated (-Nb6O17-)n sheets is formed. 

Significantly, (-Nb6O17-)n sheets are characterized by the lack of inversion symmetry. In other 

words, one side of the (-Nb6O17-)n sheet is sterically more shielded than another side (Fig. 4.10a,b), 

which turns out to render the lamella inherent mechanical strain.[157] The isolated (-Nb6O17-)n sheets 

release such strain upon irreversibly coiling away from the shielded side, giving rise to tubular in 

lieu of lamellar conformation (Fig. 4.10c). On such basis, this spontaneous nanoorigami is highly 
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likely entropy-driven and the negatively charged anionic surface of the (-Nb6O17-)n sheet is 

electrically neutralized by the adsorption of K+ and H+.[157] 

 

Figure 4. 10. Space-filling model of single (-Nb6O17-)4- sheet viewed along the a directions (a) out 
of and (b) into the page, respectively (adapted from reference [157]). The cations are omitted for 
clarity. (c) The atomic density at side (b) is higher than at side (a), leading to the scrolling of the 
(-Nb6O17-)4- sheets. 

Particularly, the retrosynthesis from HxK4-xNb6O17 to HxK1-xNbO3 takes place presumably in 

parallel with the morphological transformation via a hydration process with the coordinated crystal 

water of TBAOH·30H2O during the intercalation, as validated by quantitative EDXS analysis (Fig. 

4.11a).[46,166] 

    NbOKHOHO   NbK H xxxx 3121764 6  (4.3) 

 
Figure 4. 11. (a) EDX spectrum and (b) TEM image (scale bar: 70 nm) ascribe a stoichiometry of 
K0.03NbO3 and a tubular form to the final product. Given H undetectable by EDXS, a real 
composition of H0.97K0.03NbO3 is concluded. 
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Figure 4. 12. Crystal structure of layered K4Nb6O17 along the (a) [001] and (b) [010] direction, 
respectively (adapted from reference [166]). (c) Crystal structure of cubic HNbO3 perovskite. The 
cations are omitted for clarity. 

HxK1-xNbO3 yet adopts the anisotropic tubule shape of the HxK4-xNb6O17 precursor, as manifested 

by TEM images (Fig. 4.11b). Such crystal form is thermodynamically disfavored by HxK1-xNbO3 in 

view of the characteristic isometric cubic perovskite structure (Fig. 4.12c). This conclusion in turn 

reiterates that the soft-chemical solid-state retrosynthesis is carried out under kinetic control.[72] 

Particularly, (-Nb6O17-)n sheets consist of a central layer of [NbO6] octahedra shearing corners in 

the [100] direction and alternating edges and corners in the [001] direction  (Fig. 4.12a,b).[166,169] 

Such corner-shearing [NbO6] octahedra are also an inherent structural feature of HxK1-xNbO3 (Fig. 

4.12c).[170] This crystal analogy allows HxK1-xNbO3 substantially inheriting the framework of 

HxK4-xNb6O17, which in turn directs the final crystal form. 

In summary, tubular HxK1-xNbO3 nanoscrolls are successfully synthesized by the soft-chemical 

solid-state retrosynthesis from HxK4-xNb6O17. Evidently, the anisotropic shape is 

thermodynamically disfavored by HxK1-xNbO3 bearing an isometric cubic structure, which in turn 

substantiates the retrosynthesis preferentially occurring under kinetic control. Particularly, the grain 

orientation of the retrosynthetic HxK4-xNb6O17 precursor mostly dictates the final crystal form of 

HxK1-xNbO3. 

4.3 Underpotential Deposition (UPD) 

Underpotential deposition (UPD) refers to the deposition of monolayered metal adatoms onto a 

foreign metal substrate at reduction potentials being positive in relation to the characteristic 

reversible Nernst potential.[171-173] Such potential shift is virtually of relevance to the minor energy 

barrier of the heterogeneous deposition with respect to homogeneous nucleation.[171] Given the 

underpotential shift in general quantitatively characterized by means of transient electrochemical 

techniques such as cyclic voltammetry,[171-173] early investigations on UPD particularly aim at 
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correlating such phenomenon with the physiochemical properties of metallic deposit and electrode. 

Particularly, a physical model building on the work function difference between the metals well 

interprets the underpotential shift.[171] Specifically, partial charge transfer stemming from the work 

function difference renders the chemical bond between the substrate and adsorbate the ionic 

character. Particularly, the electron is exclusively transferred from the metal deposit to the electrode 

with the extent mostly dictated by the work function difference.[171] The chemical bond thus gains a 

polarity in the electron distribution, which accounts primarily for the favorable deposition of metal 

adsorbates onto an alien substrate. 

This model was very recently extrapolated to the bimetallic nanocrystal growth and employed 

predominantly in the synthesis of core-shell heterostructures that strongly demand a monolayer 

accuracy of the shell thickness.[174,175] The overall process virtually involves UPD coupled with 

seed-mediated growth and/or galvanic replacement reactions, wherein a seed-mediated approach 

aims at carrying out the bimetallic nanocrystal growth in a stepwise mode.[174] The process begins 

with preforming the nanocrystals of the core metal, which in turn serve as the primary sites for the 

subsequent deposition of the shell metal. In this way, heterogeneous deposition is exclusively 

carried out in the absence of homogenous nucleation of the shell metal, leading to a remarkable 

uniformity in size, shape, composition and structure of the final bimetallic nanocrystals. Moreover, 

the deposition of the shell metal performed at underpotentials leads to a very conformal coating 

with the thickness of only single or very few atomic layers.[174,175] Particularly, the galvanic 

replacement process allows this UPD skin exchangeable by alternative metals by means of the 

electrochemical redox reaction, which further reinforces the compositional and structural 

sophistications of the bimetallics.[174] To meet this end, the substituent must have a stronger 

oxidizing power than that of the oblation. More intriguingly, repeating the UPD and galvanic 

replacement sequentially allows the formation of multilayer core-shell heterostructures mimicking 

the pattern of an onion or matryoshka.[174] 

In this monograph, bimetallic core-shell Au@Nb nanocrystals were synthesized via 

preforming spherical Au nanocrystals that serve as the seeds for the deposition of Nb at 

underpotentials.[46,176] In a standard synthesis, the retrosynthetically preformed HxK1-xNbO3 

nanoscrolls (20 mg), 10 mg of gold chloride tetrahydrate (HAuCl4·4H2O, 99.9%, Sigma-Aldrich), 

160 L of oleic acid (OAc, C18H34O2, 90%, Sigma-Aldrich), and 165 L of OAm were added to 3 

ml of hexane (C6H14, 99%, Thermo Fisher Scientific). The reaction system was then vigorously 

stirred and heated to nearly 60 °C for 24 h before cooling to room temperature. The final product 
was purified by repetitive dispersion/precipitation cycles with ethanol and finally dispersed in either 
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deionized water or hexane for storage. Au nanocrystals as the seeding nuclei employed in the 

UPD-coupled seed-mediated approach is prepared using common solution reduction techniques, 

wherein OAm and OAc are employed as the reducing agents.[46,176] Noteworthily, in this study the 

spatial distribution of OAm over the reaction system is highly inhomogeneous. Given the 

preliminary addition of OAm in the soft-chemical retrosynthesis, OAm very likely saturates the 

cavity of the HxK1-xNbO3 nanoscrolls during the nanoorigami process described in the preceding 

unit (Fig. 4.10). This in turn kinetically accelerates the nucleation rate of Au nanocrystals in view of 

the highest collision frequency between OAm and the AuCl4
- precursor therein. In consequence, 

most Au nanocrystals seed inside the HxK1-xNbO3 nanoscrolls, as manifested in the TEM image 

(Fig. 4.13). 

 

Figure 4. 13. TEM image validated that most Au nanocrystals unidirectionally seeded inside the 
cavity of the retrosynthetically preformed HxK1-xNbO3 nanoscrolls (scale bar: 100 nm). 

Particularly, discrete Au nanocrystals with highly uniform nanometric breaks of ca. 2 nm suggest 

that the nanocrystal surface is functionalized by the oxidized OAm molecules. This is in excellent 

agreement with the reports in the literature that OAm usually plays a dual role in the nanocrystal 

growth as the surfactant in addition to the reducing agent.[174] Such conclusion is further reinforced 

by the interparticle distance that matches satisfactorily with the chain length of the OAm 

molecule.[177] Statistical analysis over hundreds of TEM images reveals that these Au nanoseeds 

crystallize into a penta-twinned decahedral structure, wherein five single-crystal, tetrahedral 

domains join together at five twin boundaries by sharing one of the edges along a 5-fold axis (Fig. 
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4.14). This is the thermodynamically stable internal structure for Au nanocrystal with intermediate 

size between 3 to 15 nm, agreeing well with another statistical conclusion from the TEM images 

that most Au nanocrystals in this study are sub-10 nm sized.[178] 

 

Figure 4. 14. (a) HRTEM image (scale bar: 3 nm) and (b) diffractogram (scale bar: 6 nm-1) of the 
Au nanocrystal in (a) with calculated diffraction pattern with Miller indices for a Au decahedron 
along its fivefold symmetry axis (Au with space group Fm-3m, a = 4.08 Å). Orange dashed lines in 
(a) delineate five twin boundaries between individual single-crystal domains (lines are guide to the 
eye). The white circle in (b) indicates the zero-order beam (ZB). 

Noteworthily, subsequent UPD-coupled seed-mediated approach for the bimetallic core-shell 

Au@Nb nanocrystal preparation is carried out in the same chemical batch in this study, wherein the 

Au nanocrystals are produced. More importantly, those preformed Au nanoseeds are in close 

proximity to the HxK1-xNbO3 nanoscrolls, which is employed exclusively as the Nb5+-containing 

precursor, in a biomimetic peapod configuration (Fig. 4.13). The biomimicry of this peapod scheme 

likewise promotes the collision frequency between the Au nanocrystals and Nb5+ that leaks out of 

the HxK1-xNbO3 nanoscrolls presumably during the phase transition, provided that HxK1-xNbO3 

contains a lower stoichiometric content of Nb than that of HxK4-xNb6O17. In this way, UPD is 

kinetically favored and feasible, provided that Nb5+ cannot be directly reduced by either OAm, a 

well-known mild reducing agent, or Au. UPD in this study succeeds in Nb5+ first absorbed on the 

surface of the Au nanocrystal, sharing a small portion of the free electron cloud through the empty 

orbital.[179] This leads to the electron cloud being spherically distributed around Au turning into an 

elliptical distribution (Fig. 4.15). 

This perturbation in electron distribution gives rise to a partial positive charge on the Au 

surface, which is subsequently neutralized by the electron transfers from OAm. In other words, Au 

serves as the electron relay in this carrier delivery, which in turn satisfies the premise that Nb5+ is 
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Figure 4. 15. Free electron cloud distribution around Au nuclei (a) before and (b) after Nb5+ 
absorption (adapted from reference [179]). 

 
Figure 4. 16. (a) Thermodynamics disfavors the homogeneous reduction of Nb5+ by OAm, but (b) 
the presence of Au nuclei presumably tuned such process thermodynamically feasible via a UPD 
route due to (c) the partial charge transfer from Nb adatoms (cyan spheres) to Au nanocrystals 
(orange spheres). Moreover, the particle positive charge (green cloud) present at Nb adatoms likely 
stimulated the deposition of next few atomic layers likewise at underpotentials. 

reduced at underpotentials by the electron transporting through the nanocrystalline Au 

substrate.[171-173] The elementary steps making up the UPD of Nb 

  NbAue Nb  Au @55
 (4.4) 

involve, 

    NbAue NbAu @55
 (4.5) 

 e NbAu NbAu 5@ 5
 (4.6) 
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wherein the reduction and oxidation potentials are of relevance to the summary of first to fifth 

ionization potential (I) of Nb and first to fifth electron affinity (A) of Nb5+, respectively. 

Particularly, the large gap in terms of work function between Nb (4.3 eV) and Au (5.1 eV) 

results in partial electron transfer ( ) from Nb to Au, which in turn increases the ionization potential 

of the Au- @Nb+  deposit (Eqn. 4.6 and Fig. 4.16). In consequence, the redox potential, which in 

terms of a Fermi distribution function corresponds to the energy state with a 50% probability of 

electron occupancy[47,48], positively shifts (on scale of V vs. NHE) with the quantity dictated by 

 pU  (4.7) 

 

Figure 4. 17. (a) HRTEM image (scale bar: 3 nm) and (b) corresponding EDXS line profile 
substantiated a monolayer deposition of Nb shell onto nanocrystalline Au decahedron at 
underpotentials. Orange and sky-blue dashed lines in (a) delineate the penta-twinned internal 
structure of underlying Au and the boundary between Au and Nb, respectively (lines are guide to 
the eye). (c) HRTEM image (scale bar: 4 nm) validated further UPD of the next few atomic Nb 
layers. (d) Diffractogram (scale bar: 7 nm-1) of the conformal core-shell Au@Nb nanocrystal in (c) 
and calculated diffraction pattern with Miller indices of bulk cubic Nb (space group Im-3m, a = 
3.32 Å) in the [115]-zone axis. The white circle in (d) indicates the zero-order beam (ZB). 

In Eqn. 4.7, Up is the underpotential shift,  the proportional coefficient of 0.5 V eV-1 and  

represents the work function difference between two metals.[171] In this study, Up amounts to 0.4 V 
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that highly likely turns the reduction of Nb5+ by the Au-absorbed-OAm that is otherwise 

thermodynamically feasible. 

In consequence, a monolayer Nb deposit builds upon the top of the Au nanocrystals, as 

evidenced by the EDXS line scans (Fig. 4.17a,b). More importantly, partial positive charge on the 

 

Figure 4. 18. (a,b) HRTEM images and (c,d) corresponding EDXS line profiles (element 
contributions from the HxK1-xNbO3 nanoscrolls were subtracted) of the bimetallic core-shell 
Au@Nb nanocrystals bred either (a,c) in or (b,d) atop (yellow framed region in (e)) the HxK1-xNbO3 
nanoscrolls (e) in a peapod-like configuration. The formation of either (a,c) conformal (scale bar: 4 
nm) or (b,d) partial Nb bridge (scale bar: 2 nm) depends on the spatial distribution of Au 
nanocrystals with respect to the HxK1-xNbO3 nanoscrolls. (e,f) Intense (002), (112) and (004) 
diffraction peaks manifested in the (f) azimuthally averaged SEAD pattern that was derived from 
the Debye-Scherrer rings in the initial SAED pattern (inset in (f), scale bar: 3 nm-1) suggested a 
(00l)-preferred orientation of HNbO3 with a cubic structure, which was ascribed to the tubular 
shape of HxK1-xNbO3 nanoscrolls evidenced in the (e) TEM image (scale bar: 50 nm). (g) 
High-angle annular dark-field scanning TEM (HAADF-STEM) image and EDXS elemental maps 
(scale bars: 20 nm) punctuated the formation of bimetallic core-shell Au@Nb nanocrystals (lilac) 
upon the concomitant distribution of Au (red) and Nb (blue) elements. 
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Nb adatoms (Fig. 4.16c) presumably stimulates the next few atomic layers of Nb to likewise deposit 

at underpotentials, leading to a monocrystalline, very thin and conformal Nb shell atop the 

nanocrystalline Au decahedron, as manifested in the TEM image and electron diffractogram (Fig. 

4.17c,d). 

Statistical analysis reveals that the form of the bimetallic core-shell Au@Nb nanocrystals 

depends strongly on the spatial distribution of the Au nanocrystals with respect to the HxK1-xNbO3 

nanoscrolls in the UPD-coupled seed-mediated growth (Fig. 4.18e). Particularly, a conformal Nb 

shell with thickness of ca. 1 nm that corresponding to atomic layer number less than six (1.5 nm 

thick)[174] is atop most of Au nanocrystals preformed inside the HxK1-xNbO3 nanoscrolls (Fig. 

4.18a,c,f,g). In contrast, a partial Nb bridge builds preferentially on a few Au nanocrystals 

scattering over the HxK1-xNbO3 nanoscrolls (Fig. 4.18b,d,e). 

In summary, an one-pot approach involving two-phase synthesis, which begins with a 

self-nucleation process of the noble Au metal that in turn serves as the seeds for heterogeneous 

deposition of the transition Nb metal, is developed for the formation of bimetallic core-shell 

Au@Nb nanocrystals. Moreover, monodisperse Au@Nb nanocrystals with sub-10 nm size are 

engineered into a biomimetic peapod pattern, wherein discrete core-shell bimetallics 

unidirectionally seed inside the retrosynthetically preformed HxK1-xNbO3 nanoscrolls with 

nanoscale resolution over sub-microscopic distance. Last but not least, the present contribution is 

believed to successfully provide a brand-new insight into the UPD-coupled seed-mediated 

crystallization, further reinforcing the knowledge of bimetallic nanocrystal growth. 
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5. Nanoarchitecture-mediated Photoelectrocatalytic Functionality  

Insofar, progress is made in illuminating the synthetic mechanisms of engineering -SnWO4 

and Au@Nb@HxK1-xNbO3 into the spikecube and peapod configurations. In the following section, 

efforts are geared toward studying the significance of such material nanoarchitectures to the 

photocatalytic and photoelectrocatalytic functionalities. Particularly, photocatalytic dye degradation 

for water remediation and photoelectrochemical water splitting for fuel generation are employed in 

this dissertation as the evaluation metrics.[41,180] Given that the prefix “photo-“ literally suggests that 

heterogeneous photoelectrocatalytsis starts exclusively with light harvesting by the materials, the 

photoabsorption ability of the topical artifacts is first studied. The suffix “-electrocatalysis” 

otherwise expresses that redox reactions are afterwards triggered by the photogenerated charge 

carriers on two topical semiconducting catalysts. Given the reducing and oxidizing powers of the 

electrons and holes determined primarily by the energetics of CB and VB, the characteristic band 

structures intimately dictated by the atomic coordination of two topical chemical systems are further 

explored. Moreover, action spectra are utilized to trace the optical dependency of the performance 

in order to exclude undesirable paradoxes from the estimation to ensure the scientific validity.[180] 

Likewise, the reaction products are additionally characterized to reinforce the reliability.[41] 

5.1  Photocatalytic Dye Degradation Metrics 

In this metrics, the consumption course of two model dyes including cationic methylene blue 

(MB) and zwitterionic rhodamine B (RhB) during irradiating spikecubic -SnWO4 photocatalyst is 

registered.[181,181] The measurement was carried out in a DURAN glass reaction cell containing a 

suspension of powdery photocatalyst (0.3 g L-1, 12 mg) under investigation in an aqueous dye 

solution (5.44 mg L-1, 40 mL) with continuous agitation using a magnetic stirrer. Before 

illumination, the suspensions were magnetically stirred in the dark for 1 h to ensure the 

establishment of an adsorption/desorption equilibrium of the dyes on the photocatalyst surface. 

During photoirradiation, 2 ml of aliquot were sampled from the reaction reservoir every 10 minutes. 

Centrifugation was applied to separate the photocatalyst from the dye solution that was then 

analyzed via UV-VIS spectrophotometry. The concentration evolution of the dye solution was 

derived from the absorbance variation registered at the signature wavelengths of 665 and 554 nm 

for MB and RhB, respectively (Fig. 5.1a). Significantly, monochromatic light with featured 

wavelength of 366 nm was utilized as the illumination source. Such scheme circumvents the 

competition between model dye and the -SnWO4 spikecube for incident photons in terms of the 
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minor overlap of respective absorption bands, as manifested in the UV-VIS absorption spectra (Fig. 

5.1a). Moreover, the incoming photons have an energy exceeding the band gap of the -SnWO4 

spikecubes, which is 3.01(±0.03) eV (Fig. 5.1b) derived from the Kubelka-Munk transformed 

diffuse reflection spectrum (Fig. 5.1a) using the Tauc law (Eqn. 3.13). Such scheme allows to 

reliably ascribe the decomposition of dye molecules to the photocatalytic effect of the -SnWO4 

spikecubes. This is further reinforced by the negligible self-photolysis of the dye molecules under 

similar conditions except for the absence of the -SnWO4 spikecubes (Fig. 5.2). 

  
Figure 5. 1. (a) UV-VIS absorption spectra (right axis) of aqueous RhB (brown dash line) and MB 
(blue dot line) solutions along with the Kubelka-Munk transformed diffuse reflectance spectra (left 
axis) of the -SnWO4 spikecubes (red solid line). (b) Tauc plot (for direct interband transition) of 
the -SnWO4 spikecubes. 

 

Figure 5. 2. Negligible attenuation in concentration (C) normalized to that (C0) before illumination 
of aqueous (a) MB and (b) RhB solutions under monochromatic light illumination (wavelength: 366 
nm) at the absence of spikecubic -SnWO4 photocatalyst. 

On such basis, normalization of the molar amount of the decomposed dye to that of the 

-SnWO4 spikecubes, which gives rise to the turnover number (TON), 

  (5.1) 
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is employed in registering the reaction course (Fig. 5.3a-c).[41] Significantly, TON measured for the 

-SnWO4 spikecubes in the studied period exhibits a linear dependency on the photoirradiation time, 

suggesting an independent degradation rate (rph) of the dye concentration (Cdye). 

In general, rph of a heterogeneous photochemical reaction that virtually builds on a 

monomolecular surface reaction mechanism is formulated as[180] 

 ssph Ckr '  (5.2) 

In Eqn. 5.2, k’ is the rate constant, Cs the adsorption capacity of solid photocatalyst and s is the 

surface coverage with the reactant. Particularly, k’ can be further deconvoluted into, 

 
r

redph

k
kI

k '  (5.3) 

wherein I is the incident light flux that can be regarded as a constant throughout this study. In 

contrast, ph is of relevance to the absorption efficiency of the photocatalyst to the light, kred and kr 

represent interfacial reaction rate constant of photogenerated electron-hole pairs with 

surface-adsorbed substance and competitive recombination rate constant, respectively. Evidently, 

these terms depend strongly on the physicochemical properties of the solid photocatalyst and are 

thus regarded as intrinsic factors. By comparison, s in general building on the 

Langmuir-Hinshelwood kinetics is formulated as,[182] 

 
.

.

1 reacad

reacad
s CK

CK
 (5.4) 

wherein Kad and Creac. are the adsorption equilibrium constant and the concentration of the reactant 

yet present in the solution, respectively. Evidently, s depends otherwise on the reaction condition 

and is thus regarded as an extrinsic factor.  

Significantly, the independence of rph from Cdye in this study suggests that the present 

photocatalysis driven by the -SnWO4 spikecubes falls into an extreme of s approximated to unity. 

Such scenario arises most likely from the moderate adsorption capacity of the -SnWO4 spikecubes 

due presumably to modest surface area (Table 5.1) that is extracted from the BET analysis (Fig. 5.4). 

In addition, little amount of the -SnWO4 spikecubes employed in the measurement more or less 

takes the responsibility likewise. In such context, intrinsic photocatalytic activity of the -SnWO4 
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Figure 5. 3. Photocatalytic degradation of organic dyes under monochromatic light irradiation 
(wavelength: 366 nm) in the presence of either (a) -SnWO4 cubes (c-SnWO4) or spikecubes 
(s-SnWO4) for RhB degradation. Either -SnWO4 spikecubes or commercial WO3 photocatalyst 
employed for (b) RhB and (c) MB degradation. Insets are the molecular structures of (a,b) RhB and 
(c) MB, respectively. (d) Photodegradation rate in terms of TOF (left axis) of -SnWO4 in cubic 
and spikecubic forms, and commercial WO3 photocatalyst and the enhancement factor (right axis) 
derived via normalizing to the TOF of -SnWO4 microcubes. 

 

Figure 5. 4. (a) Adsorption isotherms at liquid nitrogen temperature (77 K) and (b) BET plot of the 
-SnWO4 spikecubes. 
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Table 5. 1. Geometric features and specific surface area of the -SnWO4 cubes, -SnWO4 
spikecubes and commercial WO3 photocatalyst. 

Morphology Size ( m) Surface area (m2/g) 

-SnWO4 cubes (Fig. 4.2c) 2-9 1.43 ± 0.10 

-SnWO4 spikecubes (Fig. 4.2d) 
2-9 (underlying cube) 

6.52 ± 0.91 
0.7-2 (protrusive arm) 

Fine-particulate WO3
 (Fig. 5.7) 0.2 5.87 ± 0.61 

spikecubes in the form of phkredCs/kr can be straightforwardly extracted from the measured 

photodegradation rate in terms of the turnover frequency (TOF). 

  (5.5) 

More significantly, the efficacy of the nanoarchitecture on the photocatalytic activity is highlighted 

by the superior photodegradation rate (Fig. 5.3a) of the -SnWO4 spikecubes to that of the 

-SnWO4 benchmark (Fig. 4.2a) otherwise in microcubic form (Fig. 4.2c). The enhancement 

exceeds 200% (Fig. 5.3d), which stems presumably from the open framework (Fig. 4.7) and 

multibranched structure (Fig. 4.2d) of the nanospike array effectively offering additional surface 

area to that of the underlying microcubes (Table 5.1 and Fig. 5.5), which in turn reinforces Cs of the 

-SnWO4 spikecubes. Particularly, the areal increment well remedies concomitant expense in ph, 

provided that the nanospikes unlikely harvests as much light as that by the microscale cubes due 

presumably to the nanoscale dimension merely comparable to the light penetration depth (Fig. 

5.6a).[44] 

To gain further insight into the photocatalytic properties of the -SnWO4 spikecubes, 

fine-particulate WO3 with homogeneous particle size of ca. 200 nm (Fig. 5.7a), which is 

comparable to the nanospike size (Table 4.1) of the -SnWO4 spikecubes, is employed as an 

additional benchmark.[183] Such dimensional analogy gives rise to the surface area (Table 5.1) of the 

WO3 benchmark approximating to that of the -SnWO4 spikecubes, which in turn suggests similar 

Cs. Moreover, this approximation and the analogous absorption coefficient of the WO3 benchmark 

at wavelength of 366 nm to that of the -SnWO4 spikecubes (Fig. 5.7b) indicates a comparable ph. 

Surprisingly, the -SnWO4 spikecubes yet surpasses the WO3 benchmark by more than 150% (Fig. 

5.3d) in photocatalytically degrading either RhB (Fig. 5.3b) or MB (Fig. 5.3c). More importantly, 
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Figure 5. 5. (a) Adsorption isotherm at liquid nitrogen temperature (77 K) and (b) BET plot of the 
-SnWO4 microcube. 

 

Figure 5. 6. (a) Kubelka-Munk transformed diffuse reflectance UV-VIS spectra of the -SnWO4 
spikecube (red solid line) and the -SnWO4 microcube (block dash dot line). (b) Tauc plot (for 
direct interband transition) of the -SnWO4 microcube.  

 

Figure 5. 7. (a) Size distribution histogram of commercial WO3 benchmark with fine-particulate 
form (inset in (a); scale bar: 200 nm). (b) Kubelka-Munk transformed diffuse reflectance UV-VIS 
spectra of the -SnWO4 spikecube (red solid line) and fine-particulate WO3 (green dash line). 
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always shows stronger adsorption affinity, the photocatalytic activities of the WO3 benchmark and 

the -SnWO4 spikecubes extracted respectively from two measurements are nearly identical. Such 

agreement substantiates the photodegradation rate measured in this study faithfully reflecting 

intrinsic photocatalytic activity of the materials. 

In such context, the discrepancy in photocatalytic activity between the -SnWO4 spikecubes 

and the WO3 benchmark stems indeed from the differentiation in kred/kr. Particularly, earlier reports 

by Abe and co-workers argues that the bottleneck in kred/kr of the WO3 photocatalyst lying in poor 

reducing power of the photoelectrons due to the positive CB minimum (ca. +0.5 V vs. NHE).[183] 

On this account, oxygen (O) K-edge XANES is employed to study the unoccupied electronic states 

of the -SnWO4 spikecubes in order to elucidate superior kred/kr. Moreover, ab initio XANES 

computations are carried out in parallel to provide electronic perspectives on the measured spectral 

features. 

5.1.1  Nanoarchitecture-mediated Band Structure Reformation 

To meet this end, the rocksalt-like crystal structure (Fig. 5.8a) formulated by Jeitschko et al. 

for -SnWO4, wherein [WO4]2- tetrahedra (Fig. 5.8c) form a face-centered cubic lattice with Sn2+ 

filling the octahedral sites – is adopted in the simulation of the O K-edge XANES in terms of the 

excellent agreement of measured XRD pattern (Fig. 4.2b) with that in this report.[147-149] Unlike the 

fairly regular [WO4]2- tetrahedra with average W-O distances of ca. 1.75 Å, the octahedral 

coordination around Sn2+ is highly distorted due to electrostatic repulsion between the 5s2 lone pair 

of Sn2+ and the oxygen atoms (Fig. 5.8b). This in turn leads to two distinct Sn-O distances of 2.214 

and 2.810 Å and consequently two different oxygen atoms, O(1) and O(2), in -SnWO4 (Fig. 5.8d). 

Particularly, O(1) is coordinated to one W and three Sn atoms in an approximately tetrahedral form. 

By contrast, O(2) has a coordination number of only two with the bonding to one W and one Sn 

atom, respectively. Given the intimacy between the electronic states and the local chemical bonding, 

simulated O K-edge XANES is further deconvoluted into the spectra of O(1) and O(2), respectively. 

The numerical computation was carried out using FEFF implementation within the framework 

of the real space full multiple scattering (FMS) theory. All muffin-tin spheres were automatically 

overlapped by 30% (AFLOP card) to reduce the effects of potential discrepancies at the muffin tins 

and in particular to analogize the peculiar Sn2+ 5s2 lone pair that was characterized as spatially 

extended electronic orbital with the localized electron density directed toward the triangular face 

formed by the O(1) atoms of the [SnO6] coordination octahedron (Fig. 5.8c). The numerical 

computations were performed for different cluster sizes and the convergence was reached for 

although MB and RhB demonstrate significantly differential adsorption equilibria, wherein MB 
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cluster sizes of ca. 8.4 Å corresponding to 145[152] atoms around the photoabsorber O(1)[O(2)]. 

Numerical O K-edge were performed for different cluster sizes and the convergence was reached 

for cluster sizes of ca. 8.4 Å corresponding to 145[152] atoms around the photoabsorber O(1)[O(2)]. 

Numerical O K-edge XANE structures were calculated in the presence of an appropriately screened 

core hole according to the final-state rule. Theoretical features were convoluted with a 

Lorentzian-shape function to account for the core-hole lifetime (  = 0.16 eV) broadening. An 

additional broadening effect (0.3 eV) responsible for technical inaccuracies and lattice vibrations 

(Debye-Waller factor) of experimental aspect was further included during the calculation procedure. 

In addition, the projected density of states (pDOS) building on the ab initio FMS calculation for the 

photoabsorbing oxygen atom and all neighboring atoms (W and Sn) were also included. 

 

Figure 5. 8. (a) Projected stereodiagram of -SnWO4 with characteristic cubic crystal structure acts 
as theoretical standard model in numerical O K-edge XANES and W L3-edge EXAFS calculations. 
Distorted [SnO6] octahedron due to the electrostatic repulsion between characteristic 5s2 lone pair 
of Sn2+ and the lattice oxygen, which directs toward the triangular face formed by the O(1) atoms. 
(c) First oxygen coordinated shell around the W atom forms the fairly regular [WO4] tetrahedron. (d) 
Diverse oxygen bridges (left: -O(2)-, right: -O(1)-) coordinate the [WO4] tetrahedron to distorted 
[SnO6] octahedron.  

One takes into account that the well-known inaccuracies of energy-dependent 

exchange-correlation potentials during computation via a FEFF code typically lead to certain 

discrepancy between the calculated and the real Fermi levels on an energy scale of 1-2 eV.[184] This 

is particularly prominent for the systems containing f-electrons (e.g. W). On this account, an 

additional energy alignment of 1.49 eV is applied in the self-consistently obtained Fermi level using 
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a FEFF code in this study, eventually giving rise to the excellent accord with the experimental 

XANES (Fig. 5.9a). Particularly, all oscillations including the strongest absorption peak (peak A) at 

532 eV and an attached small shoulder (peak B’, 533 eV) are well reproduced in the calculated 

XANES with a minor broadening effect. Such agreement renders the simulation highly informative, 

in turn favoring the subsequent discussions. 

 

Figure 5. 9. (a) Experimental O K-edge XANE structure of the -SnWO4 spikecubes (red hollow 
sphere) along with the theoretical weight-averaged O K-edge XANE structure (blue dash dot line) 
based on the FMS calculation. (b) Numerical O K-edge XANE structures as a function of the 
nonequivalent O sites, O(1) (green dot line) and O(2) (purple dash line). (c) Projected DOS of 
(upper panel) non-metal O(1) (green dot line) and O(2) (purple dash line) relaxed 2p states, (lower 
panel), metal Sn 5s (blue dash dot dot line) and 5p (red dash line) states, and metal W 5d (grey dot 
line) state make up the weight-averaged O K-edge XANE structure (black dash dot line). (d) CB 
minimum revealed by the extrapolations of the leading edge in experimental O K-edge XANE 
structures of the -SnWO4 cubes (black hollow square) and spikecubes (red hollow sphere). 

Numerical O K-edge XANE structures (Fig. 5.9b) for two nonequivalent O sites, O(1) and 

O(2), evidently reveal that the peak position of the main absorption (peak A) in weight-averaged 
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(one O(1) and three O(2)) O K-edge XANE structure (Fig. 5.9a) is dictated by O(2) that is 

coordinated to one Sn and one W atom with respective bond lengths of 2.21 and 1.75 Å with an 

angle of 162.2° (lower inset in Fig. 5.9b).[147] In contrast, the absorption edge is otherwise 

determined by O(1) with higher coordination number (three Sn and one W) forming an off-centroid 

tetrahedron owing to the differences in the bond length between Sn-O(1) and W-O(1) and the 

closely neighbored Sn2+ 5s2 lone pair (Fig. 5.8b and upper inset in Fig. 5.9b). 

Moreover, local DOS of the constituent elements making up the -SnWO4 spikecubes further 

reveal an electronic insight into these spectral oscillations (Fig. 5.9c). Significantly, the absorption 

edge in the numerical weight-averaged O K-edge XANE structure (on energy scale relative to the 

Fermi level (E-EF)) in the first 2 eV above EF builds on the majority vacant Sn 5p states and the 

minority unoccupied Sn 5s, O(1) and O(2) 2p states. Given the higher coordination number of O(1) 

to Sn atoms (upper inset in Fig. 5.9c) and the closely neighbored Sn2+ 5s2 lone pair to O(1) (Fig. 

5.8b), the strong hybridization between O(1) 2p and Sn 5s/p states accounts for the dominance of 

O(1) over the absorption edge in the weighted average structure that is simulated on the premise of 

the O K-edge excitation. By contrast, the major absorption (peak A) in weight-averaged structure 

consists of equivalently majority vacant Sn 5p and W 5d states, fractional empty O(2) 2p orbitals 

and the minority O(1) 2p and Sn 5s states. Given the characteristic coordination of O(2) to one W 

and one Sn atom (lower inset in Fig. 5.9c), the hybridization among O(2) 2p, W 5d and Sn 5p states 

is responsible for the predominance of O(2) over the major absorption (peak A) in the numerical 

weight-averaged O K-edge XANE structures. By comparison, the featured oscillations beyond the 

major absorption (peak A) including shoulder B’ and peak C are ascribed to the hybridization 

between the majority W 5d state, the minority Sn 5p, O(1) and O(2) 2p states. 

Specifically, the element- and orbital-resolved pDOS distributions derived herein from a 

multiple-scattering formalism inclusive of the relaxation effect to describe unoccupied conduction 

band characters of the -SnWO4 spikecube are in excellent agreement with earlier reports that relate 

to the ground-state calculation within the framework of the first principle density functional theory 

(DFT).[148] Particularly, the four-fold-coordinated [WO4] tetrahedron in -SnWO4 undergoes a 

minor crystal field effect in comparison with the six-fold-coordinated [WO6] octahedron in WO3 

that is the parental origin of bimetallic tungstates. This in turn centralizes the energetic distribution 

of the W 5d orbital that makes up CB of most filial tungstates upon the hybridization with O 2p 

states via antibonding interactions.[148,185-187] In consequence, the lowest unoccupied states in CB are 

negatively shifted (on scale of V vs. NHE), boosting the reducing power of the photoelectrons at the 

expense of photoabsorption efficiency due to the concomitant increment in Eg.[148,185] Such toll is 
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low in -SnWO4 due to the presence of Sn2+, rendering additional 5p and 5s characters to CB and 

VB that otherwise consists of the O non-bonding 2p states.[148] Particularly, the antibonding 

interaction between Sn 5s and O 2p orbitals significantly shifts the highest occupied levels in VB 

toward unoccupied CB, which effectively quenches the increment in Eg.[148,185-187] Such antibonding 

interaction is stabilized via a second-order-Jahn-Teller-distortion-mediated hybridization with 

empty Sn 5p states that make up the minimum of unoccupied CB. Such interaction suggests the 

expense of unoccupied conduction states, giving rise to the CB minimum at a more negative energy 

level (on scale of V vs. NHE), which further reinforces the reducing power of the photoelectrons of 

-SnWO4. 

Evidently, the superior kred/kr of the -SnWO4 spikecubes to that of the WO3 benchmark 

originates mostly from a reframed band structure that is dictated primarily by the crystallographic 

coordination, and moreover, mediated concurrently by the second-order Jahn-Teller (SOJT) 

distortion. More importantly, the comparison of unoccupied CB structure manifested in the O 

K-edge XANES between the -SnWO4 spikecubes and microcubic -SnWO4 benchmark (Fig. 5.9d) 

obviously punctuates the important role of the SOFT effect in the band structure reformation, 

provided that the -SnWO4 spikecubes and microcubes crystallize into the same structure (Fig. 

4.2a,b). Particularly, the microcubic -SnWO4 benchmark exhibits a more dispersive distribution of 

unoccupied conduction states than that of the -SnWO4 spikecubes, as evidenced by the smooth 

leading edge in the O K-edge XANE structure (Fig. 5.9d). This in turn suggests that the lowest 

unoccupied states in CB is shifted toward the band gap, which is derived from the extrapolation of 

the leading edge in the O K-edge XANE structure. In other words, the CB minimum of the 

microcubic -SnWO4 benchmark is at a more positive energy level (on scale of V vs. NHE) with 

respect to that of the -SnWO4 spikecubes, which in turn results in a smaller Eg of 2.91(±0.03) eV 

(Fig. 5.1b), and moreover, suggests a minor SOFT distortion in the -SnWO4 microcubes. To 

corroborate this tentative argumentation, W L3-edge XAFS is additionally performed to uncover the 

atomic coordination of the -SnWO4 spikecubes and microcubes (Fig. 5.10 and Fig. 5.11). 

At first sight, excellent agreement of the spectral profile and energy position of the white line 

in the W L3-edge XAFS of the -SnWO4 spikecubes with that of the -SnWO4 microcubes (inset in 

Fig. 5.10) suggests that both adopt virtually analogous coordination framework despite of the 

pronounced surface nanoengineering (Fig. 4.2c,d). In contrast, the subtle change of the white line 

intensity may be attributed to one or more of the following effects: i) the charge transfer of the 

surface capping molecules, ii) an alternative bonding geometry around the W photoabsorber, and iii) 

the presence of a non-stoichiometric phase in either the -SnWO4 spikecubes or the microcubes. 
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Figure 5. 10. Experimental W L3-edge XAFS (inset) and XANES collected for spikecubic (red line) 
and cubic (black line) -SnWO4. 

 

Figure 5. 11. Non-phase-corrected Fourier-transformed (FT) W L3-edge EXAF structures (k)k3 for 
the -SnWO4 spikecubes (solid red line in (a) and hollow red sphere in (b)) and microcubic 

-SnWO4 benchmark (solid black line in (a) and hollow black square in (b)) as a function of radial 
distance of (a) 0-5 and (b) 3-5 Å with respect to photoabsorbing W site. 

Given the microcubic and spikecubic -SnWO4 prepared in the context of the polyol synthesis, the 

crystal surface is mostly passivated by the DEG solvent via substituting near-surface oxygen atoms 

of -SnWO4 for those of DEG molecules.[143] Such homoatomic replacement suggests the absence 

of a charge transfer effect, whereas the steric hindrance of the concomitant ethylene group of DEG 

molecules otherwise reinforces static disorder at the crystal surface.[188] This in turn reduces the 

white line intensity, which turns out to be more significant with growing substitution. On such basis, 

the -SnWO4 spikecubes are expected to show minor white line intensity in the W L3-edge XANES 

than that of the microcubic -SnWO4 benchmark in view of the nearly 5-fold higher specific surface 
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area (Table 5.1). Nevertheless, the experimental disagreement absolutely rules out such account of 

reduced white line intensity in the present contribution (Fig. 5.10). 

Hence, Fourier transforms (FT) of the W L3-edge EXAF structures with k3 weighting ( (k)k3) 

are subsequently performed to study the local coordination around the W photoabsorber (Fig. 5.11). 

The first FT maximum at a radial distance of 1.4 Å originates from the interference of 

photoabsorbing W atom with four nearest O scatters in the first coordination shell, forming four 

W-O bonds in tetrahedral [WO4] form (Fig. 5.11a). Significantly, excellent agreement in the peak 

symmetry and radial distance of the first-shell peak suggests equivalently regular [WO4] tetrahedra 

in both the -SnWO4 spikecubes and the microcubes. In contrast, a surprisingly pronounced 

deviation is present in the second FT maximum at the radial distance of 3.0-4.2 Å, which stems 

from the interference of the [WO4] tetrahedra with the nearest Sn scatters (Fig. 5.11b). Moreover, 

the second-shell peak manifests either the bimodal or the somewhat asymmetric hump-like shape 

for the -SnWO4 spikecubes and the microcubes, respectively. Such profile discrepancy suggests 

the displacement of the Sn scatters with respect to the W absorbers, and moreover, evidences 

different local atomic structures of the -SnWO4 spikecubes and the microcubic -SnWO4 

benchmark. Particularly, such structural adaption is in good accord with earlier studies on -SnWO4, 

which suggest that the relative positions of the rigid tetrahedral [WO4] building units with respect to 

the nearest octahedral [SnO6] entities can be readily modulated due to weak interactions in 

between.[189,190] 

To quantitatively specify the local structure details including the coordination number (N), the 

bond length (Rbond) and the Debye-Waller factor ( 2) of the W photoabsorbing site, theoretical 

fitting was performed on the real part of the FT W L3-edge EXAFS (k)k3 (Table 5.2 and Fig. 5.12). 

In these fitting routines, the characteristic cubic structure of -SnWO4 (Fig. 5.8a) was likewise 

adopted.[147-149] Fits were performed in the Rbond-space for the first FT maximum via modulating 

Rbond, the bond length distribution width ( ) and NS0
2, wherein N = 4 was employed that inferred 

from four O atoms in the first coordination shell around W, forming tetrahedral [WO4] building 

units in -SnWO4 (Fig. 5.8c).[147-149] In contrast, the amplitude reduction factor (S0
2) was evaluated 

graphically from scaling the average of several numerical fits to that of experimental scans, which is 

in general between 0.7 and 1.0. In this way, S0
2 = 0.72(3) was derived and then fixed in the 

subsequent fits for the second and third coordination shells that are characterized as the FT maxima 

at the radial distance of 3-5 Å in the FT W L3-edge EXAFS (k)k3 (Fig. 5.11b). 

Noteworthily, all the numerical fits trace the experimental scans in the real part of the FT W 

L3-edge EXAFS (k)k3 fairly well – particularly in the cubic case – over the entire Rbond range (Fig. 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Nanoarchitecture-mediated Band Structure Reformation

83 

5.12). Such excellent agreement suggests that the -SnWO4 spikecubes and the microcubes 

substantially adopt a cubic framework of model -SnWO4 (Fig. 5.8a), as indicated already by the 

XRD analysis (Fig. 4.2a,b) and numerical computation of the O K-edge XANES (Fig. 5.9). Four O 

atoms in the first coordination shell form the W-O bonds with an exclusive distance of 1.780 Å, 

erecting regular [WO4] tetrahedra in both cubic and spikecubic -SnWO4 (Table 5.2). 

 

Figure 5. 12. Real part of W L3-edge EXAF structures (k)k3 for (a) the -SnWO4 spikecube and (b) 
microcubic -SnWO4 benchmark. (a,b) Right panels demonstrated the individual contributions of 
distinct coordination shells as a function of Rbond. 

The minor deviations of the W-O bond length from those (1.746 and 1.764 Å) reported for the 

model -SnWO4 are much smaller than the resolution limit of the EXAFS technique,[147] which in 

other words suggests the reliability of the derived structure metrics along with the uncertainty (in 

parenthesis) summarized in Table 5.2. Moreover, the reasonable 2 and goodness-of-fits (Rf) further 

reinforce the accuracy, albeit the uncertainty otherwise becomes significant when the fits are 

performed on the coordination shells beyond the first one. This is a common issue for the EXAFS 

technique and ascribed in the present study to one or more of the following factors: i) systematic 
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errors of the EXAFS fitting procedure, wherein the background subtraction more-or-less results in 

damped XAFS oscillations,[126,119,188] ii) the mild thermal conditions employed in the polyol 

syntheses of the -SnWO4 spikecubes and the microcubes, leading to mediocre crystallinity that in 

turn attenuates the intensity of the EXAFS fluctuations,[143] and iii) the presence of the defects and 

the disorders in the materials, which otherwise strengthen the uncertainty of Rbond and 2.[188] On 

this account, the focus in this contribution is preferentially given to the nanoarchitecture-mediated 

local structure transition in lieu of absolutely quantifying the local structure parameters. 

Table 5. 2. Structure metrics derived from the numerical fitting of the W L3-Edge EXAFS of 
spikecubic and cubic -SnWO4.ab 
Absorber-backscatter pair N Rbond (Å) 2 (Å2) 

-SnWO4 spikecube  
W-O 4 1.780(1) 0.0010(2) 
W-Sn(1) 2.1(9) 4.050(74) 0.0067(8) 
W-Sn(2) 1.6(7) 4.240(66) 0.0043(59) 
W-W 0.6(3) 4.540(24) 0.0010(59) 

-SnWO4 microcube 
W-O 4 1.780(12) 0.0010(2) 
W-Sn(1) 4.0(1.7) 4.080(35) 0.0147(40) 
W-Sn(2) 0.9(4) 4.250(25) 0.0029(20) 
W-W 0.5(4) 4.540(31) 0.0010(59) 
Notation: Effective coordination number (N), interatomic distance (Rbond) and Debye-Waller parameters ( 2). 

Typical -SnWO4 with cubic structure is used as the model for EXAFS calculations.[147-149] 

Statistical error for the associated model parameters: N ± 20%; Rbond ± 1%; 2 ± 20%. 
aFitting range: k = 3.5-14.5 Å-1, Rbond = 1.0-5.0 Å. Values in parentheses are uncertainties in the least significant digit 

estimated for the corresponding structure metrics (associated with fits). 
bFit quality index Rf (R-factor = (data-fit)2/ data2) = 0.01. Values of other EXAFS model parameters not shown above 

are either fixed or fitted to a common value over all samples as follows: S0
2 = 0.72(0.03) (fixed amplitude reduction 

factor based on first-shell fitting to spikecubic -SnWO4 with improved crystallinity); E0 = 0.059 eV (fitted energy 

shift parameter). 

Numerical fits to disclose such structural transformation that is of relevance to the 

displacements of the Sn atoms in the second coordination shell (Fig. 5.11b) begin with the 

microcubic -SnWO4 benchmark. In the -SnWO4 microcubes, most Sn scatters (Sn(1)) are 

distributed at a radial distance of 4.080(35) Å with respect to the W absorber via either W-O(1)-Sn 

or W-O(2)-Sn bridge (Fig. 5.8b). Moreover, these are the majority atoms in the second coordination 

shell around the W site, which amount to 4.0(1.7), as suggested by the effective N (Table 5.2). 
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Additional Sn scatters (Sn(2)) are otherwise dispersed at a longer radial distance of 4.250(25) Å 

with respect to the W absorber. Such distribution alternatively results from electrostatic repulsion 

between the non-bonding 5s2 lone pair and the lattice oxygens that establish octahedral [SnO6] 

building units of -SnWO4, leading to the off-centroid displacement of the Sn atom in the direction 

away from the W site (Fig. 5.8c). These are the minority atoms in the second coordination shell 

around the W site, amounting only to 0.9(4), as indicated by the corresponding N (Table 5.2). The 

-SnWO4 microcubes reach good agreement with the reference -SnWO4 model employed in the 

fitting routines on the relative quantities of two distinct Sn atoms along with the overall population 

in the second coordination shell around the W photoabsorber.[147-149] Given the damped EXAFS 

fluctuations of the microcubic -SnWO4 benckmark presumably due to the mediocre crystallinity 

(Fig. 4.2a), the underestimation of the amount of Sn is highly likely present in numerical fits, which 

is responsible for minor discrepancy. 

 

Figure 5. 13. (a) HAADF-STEM images (leftest panel) and corresponding EDXS elemental 
mapping (right three panels) demonstrated the atomic distribution of heavy W (red) and Sn (green) 
elements over the surface nanospike site. (b,c) Global composition analyses via the EDXS 
technique of a -SnWO4 spikecube (b) and a microcube (c). 

Numerical fits are then performed for the -SnWO4 spikecubes likewise on the second 

coordination shell. At first sight, two distinct Sn scatters in the second coordination shell around the 

W site are successfully deconvoluted with characteristic W-Sn interatomic distances of 4.050(74) 

and 4.240(66) Å, respectively. Surprisingly, the discrepancy in either W-Sn distance between 

microcubic and spikecubic -SnWO4 is much smaller than the resolution limit of the EXAFS 
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technique, leading to the Sn scatters of spikecubic -SnWO4 to be likewise categorized into the 

same groups, viz. Sn(1) and Sn(2), respectively.[147-149] Such conformity in W-Sn radial distances 

suggests the nanoarchitecture-mediated textural adaption manifested exclusively in the respective 

quantities of distinct Sn scatters in the second coordination shell, which are characterized by the 

effective N (Table 5.2). 

Noteworthily, the population of the overall Sn scatters of a -SnWO4 spikecube is evidently 

lower with respect to those of the microcubic benckmark and the reference model.[147-149] This is 

unlikely an underestimation by numerical fits, provided that the crystallinity of the -SnWO4 

spikecubes surpasses that of microcubes (Fig. 4.2a,b), which otherwise reinforces the intensity of 

the EXAFS oscillations. In contrast, it is more likely ascribed to the nanoengineering introducing 

more undercoordinated atoms to the surface of the -SnWO4 spikecube. Particularly, the 

undercoordination preferentially is present at the O-sites in the second coordination shell in terms of 

the high stoichiometry with respect to Sn and W, as suggested by the composition analysis using the 

EDXS technique (Fig. 5.13). Particularly, local characterization suggests a homogeneous 

distribution of equivalent Sn and W over the surface nanospike sites, reaching good agreement with 

the global quantification of the -SnWO4 spikecubes and microcubic -SnWO4 benckmark on the 

stoichiometric ratio of Sn to W approximating to unity. 

This argumentation is alternatively reinforced by numerical simulation of O K-edge XANE 

structure (Fig. 5.9a and Fig. 5.14). Particularly, the absorption oscillation (peak C) far beyond the 

leading edge is dictated primarily by O(2) characterized by a lower coordination number (one Sn 

and one W) in view of the excellent accord in peak position (Fig. 5.14a). This is ascribed mostly to 

the weight-averaged O K-edge XANE structure derived primarily from weighting the individual 

contributions of the nonequivalent O(1) and O(2) atoms on the stoichiometric basis, wherein one 

O(1) and three O(2) atoms are present in the unit cell of the -SnWO4 model (Fig. 5.8a), followed 

by averaging out, resulting in the predominance of O(2) over peak C in the end.[147-149] In contrast, 

the absorption feature C in the experimental O K-edge XANE structure of the -SnWO4 spikecubes 

is at an energy position more consonant with that in the numerical O K-edge XANE structure 

derived at the O(1) site (Fig. 5.14b). Such energetic conformity clearly indicates that the surface 

undercoordination is presumably of relevance to the oxygen vacancies present preferentially at the 

O(2) sites. More importantly, these atomic defects represent more empty space available in the 

second coordination shell for the majority Sn scatters, which is responsible for the displacement 

manifested in the perturbation of the effect N of the -SnWO4 spikecubes (Table 5.2). Most 

significantly, the presence of those vacancies and disorders indicates in other words highly distorted 
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crystal structure of the -SnWO4 spikecubes. Eventually, this corroborates with the former 

argument that the nanoarchitecture-triggered structural distortion reframes the band structure of the 

-SnWO4 spikecube via a SOFT effect, which accounts for the superior photocatalytic activity to 

those of the fine-particulate WO3 and the microcubic -SnWO4 benchmark, respectively (Fig. 5.3b). 

 

Figure 5. 14. Individual contributions of (green dot line) O(1) and (purple dash line)  O(2) atoms 
to the (a) weight-averaged O K-edge XANE structure (blue dash dot line) and (b) the experimental 
O K-edge XANES of the -SnWO4 spikecube (red hollow sphere). 

In summary, surface nanoarchitecture not only endows the -SnWO4 spikecubes with superior 

adsorption capacity due to an enhanced specific surface area. Moreover, a large number of 

undercoordinated atoms are introduced to surface nanospike array, which serve as the majority 

reaction sites for the photocatalytic decomposition of dye molecules. Particularly, reinforced SOJT 

distortion preferentially at these non-equilibrium sites significantly reframes the surface band 

structure of the -SnWO4 spikecubes. Altogether, the synergistic effect of fabricating -SnWO4 

with a stereoactive lone pair into a multibranch-shaped hierarchical nanoarchitecture accounts for 

superior photocatalytic activity manifested in the dye degradation metrics. 

5.1.2 Nanoarchitecture-mediated Broadband Photoabsorption 

The photocatalytic activity of another topical artifact, viz. the Au@Nb@HxK1-xNbO3 

nanopeapods, is likewise evaluated via the dye photodegradation metrics with some modifications, 

as discussed below. The reaction was carried out in a Pyrex reaction cell containing a suspension of 

powdery photocatalyst (50 mg) under investigation in 100 mL of aqueous dye solution with 

continuous agitation using a magnetic stirrer. Before illumination, the suspensions were 

530 532 534 536
Photon Energy (eV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

N
or

m
al

iz
ed

 In
te

ns
ity

 (a
rb

. u
ni

ts
)

530 532 534 536
Photon Energy (eV)

N
or

m
al

iz
ed

 In
te

ns
ity

 (a
rb

. u
ni

ts
)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

)

 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Nanoarchitecture-mediated Photoelectrocatalytic Functionality 
 

88 

magnetically stirred in the dark for 1 h to ensure the establishment of an adsorption/desorption 

equilibrium of the dyes on the photocatalyst surface. During photoirradiation, 2 ml of aliquot were 

sampled from the reaction reservoir every 30 minutes. Centrifugation was applied to separate the 

photocatalyst from the dye solution that was then analyzed via UV-VIS spectrophotometry. The 

concentration evolution of the dye solution was derived from the absorbance variation registered at 

the signature wavelengths of 665 and 554 nm for MB and RhB, respectively (Fig. 5.15a). 

Noteworthily, a diffusive simulated AM 1.5 G sunlight at a fluence of 100 mW cm-2 was utilized 

herein as the illumination source. 

 

Figure 5. 15. (a) UV-VIS absorption spectra (left axis) of aqueous RhB (brown dash line) and MB 
(royal blue dot line) solutions. (right axis) AM 1.5 G solar spectrum (black solid line) is plotted 
alongside for comparison. (b) Kubelka-Munk transformed diffuse reflectance spectra (right axis) of 
the Au@Nb@HxK1-xNbO3 nanopeapods (blue half-filled circles) and hollow HxK1-xNbO3 
nanoscrolls (green dash dot line). UV-VIS absorption spectrum (left axis) of sub-10 nm Au 
nanoparticles (orange dashed line) is plotted alongside for comparison. (c) Tauc plot (for indirect 
interband transition) of hollow HxK1-xNbO3 nanoscrolls.

Such scheme originates from the characteristic photoabsorption property of the 

Au@Nb@HxK1-xNbO3 nanopeapods toward not only UV but also visible up to near-infrared (NIR) 

light (Fig. 5.15b). This broadband light harvesting ability is ascribed to the constituents, and more 

importantly, the biomimicry of the peapod design, as elucidated below. The outmost 

semiconducting HxK1-xNbO3 nanosheathes of the Au@Nb@HxK1-xNbO3 nanopeapods exhibit a 

band gap of 3.07 eV (Fig. 5.15c) that is derived from the Kubelka-Munk transformed diffuse 

reflection spectrum (Fig. 5.15b) using the Tauc law (Eqn. 3.13). This accounts primarily for the 

photoabsorption of the Au@Nb@HxK1-xNbO3 nanopeapods toward the UV light (Fig. 5.15b). In 

contrast, the inmost core-shell Au@Nb bimetallics are responsible for the photoabsorption of the 

Au@Nb@HxK1-xNbO3 nanopeapods toward the visible light. In the present contribution, the 
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coinage metal Au characterized by the sub-10 nm nanocrystal size (Fig. 4.14a) harvests visible 

photons preferentially with the wavelength of ca. 525 nm through an excitation of localized surface 

plasmon resonance (LSPR), as manifested in the UV-VIS absorption spectrum (Fig. 5.15b). 

Virtually, LSPR is theoretically feasible in any metal, alloy or semiconductor with a large 

negative real dielectric constant and a small positive imaginary part of the dielectric constant (Fig. 

5.16a,b).[191-193] Surprisingly, the refractory metal Nb satisfies such requisites (Fig. 5.16a,b) and 

earlier numerical calculations suggest that the resonant wavelength of LSPR specific to 10 nm sized 

Nb nanocrystal is approximately of 400 nm (Fig. 5.16c).[192-194] The core-shell form of the Au@Nb 

bimetallic in general leads to the LSPR of the Au core rapidly shielded by the Nb shell.[195] Such 

masking effect is more-or-less circumvented in this study due to the superior LSPR of Au to that of 

Nb (Fig. 5.16c), and more importantly, the formation of a very thin Nb shell of only few atomic 

layers thick (Fig. 4.17a).[194,195] This in turn gives rise to the coexistence of characteristic LSPRs of 

the Au core and the Nb shell in the Kubelka-Munk transformed diffuse reflection spectrum of the 

Au@Nb@HxK1-xNbO3 nanopeapods, which exhibits a somewhat flatter nature at wavelengths of 

400-550 nm (Fig. 5.15b). Certain red-shift of the resonant wavelength of two LSPRs of bimetallic 

Au@Nb is otherwise ascribed to the localized increase in the surrounding refractive index, provided 

that these sub-10 nm Au@Nb nanocrystals are brought into contact to tubular HxK1-xNbO3 

nanoscrolls to form the Au@Nb@HxK1-xNbO3 nanopeapods (Fig. 4.13).[195,196] 

 

Figure 5. 16. (a) Real (solid lines) and (b) imaginary parts (dashed curves) of the dielectric 
functions of Au (green), Ag (purple) and Nb (blue), respectively. (c) Calculated absorption spectra 
of 10 nm sized spherical Nb nanoparticles dispersed either in vacuo (dash line) or in a dielectric 
medium (solid line) with the refractive index of 1.33 that is equivalent to that of water (adapted 
from reference[192,194]). 

Evidently, the building units of the Au@Nb@HxK1-xNbO3 nanopeapods account only for the 
photoabsorption toward UV and visible light with wavelengths up to 550 nm. In other words, the 
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bathochromic absorption band in the red-NIR region (Fig. 5.15b) is attributed to the biomimicry of 

the peapod design, as elaborated below. Statistical analysis over hundreds of TEM images clearly 

reveals the narrow distribution of the particle size of bimetallic core-shell Au@Nb nanocrystals, 

which are characterized by an average diameter of 8.8 ± 1.3 nm (Fig. 5.17a). Particularly, most 

Au@Nb nanocrystals are in close proximity (Fig. 5.17c) with a highly uniform interparticle 

distance of ca. 2 nm (Fig. 5.17b). 

 

Figure 5. 17. Statistical analysis of (a) the particle size (solid arrays in the representative TEM 
image (scale bar: 50 nm) in the inset) of the core-shell Au@Nb bimetallic, (b) the interparticle 
distance (dash arrays in the representative TEM image (scale bar: 50 nm) in the inset) expressed in 
units of the Au@Nb particle size (solid arrays in the representative SEM image) and (c) the length 
of continuous yet discrete Au@Nb chain (dash frames in the representative TEM image (scale bar: 
50 nm) in the inset) expressed in numbers of Au@Nb nanocrystals per chain over hundreds of TEM 
images. The statistics is made on the premise that the Au@Nb nanocrystals distributed in the 
peapod configuration with respect to the HxK1-xNbO3 nanoscrolls. 

Given LSPR described as the resonant photon-induced collective oscillation of valence 

electrons at the metal surface, such nanometric resolution over sub-microscopic distance absolutely 

favors the near-field plasmon-plasmon coupling between these bimetallic entities.[197-200] Such 

electric near-field effect modulates the intrinsic LSPR of spherical Au@Nb nanocrystals in 

transverse mode that refers to the oscillatory direction of surface electrons of metal perpendicular to 

the chain axis (upper inset in Fig. 5.18).[196] Given the electrons of all the nanoparticles oscillating 

in the same phase, the restoring force of such electric dipole against the positive metallic nuclei 

increases due to the charge distribution of the neighbored metallic nanocrystals repelling the dipole. 

In consequence, the resonant wavelength is shifted to the blue end of the spectrum with respect to 

that of an isolated single nanocrystal. Moreover, the near-field coupling excites an addition LSPR in 
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longitudinal mode that refers to the oscillatory direction of surface electrons of metal otherwise 

parallel to the chain axis (lower inset in Fig. 5.18).[196] In contrast to the dipolar interaction in 

transverse mode, electric dipole in this case is attracted by the surface charges of neighbored 

metallic nanocrystals, undergoing otherwise a minor restoring force. As a result, such longitudinal 

dipolar interplay endows the spherical Au@Nb nanocrystals with an extra LSPR at the red end of 

the spectrum, which accounts for the bathochromic absorption band distributed over nearly the 

entire red-NIR regime up to 800 nm in the Kubelka-Munk transformed diffuse reflection spectrum 

of the Au@Nb@HxK1-xNbO3 nanopeapods (Fig. 5.15b). 

 

Figure 5. 18. Schematic illustrations of the near-field dipolar coupling between close yet discrete 
metallic nanocrystals modulates the resonant mode in the transverse direction (upper and left insets) 
and excites an additional resonant mode in the longitudinal direction (lower and right insets) with 
respect to the chain axis. 

Insofar, the broadband photoabsorption of the Au@Nb@HxK1-xNbO3 nanopeapods is 

explicitly ascribed to i) the interband electronic transition of semiconducting HxK1-xNbO3 

nanoscrolls via the absorption of the UV photons, the excitation of LSPRs ii) in transverse mode of 

bimetallic Au@Nb nanocrystals by the visible photons with wavelength up to 550 nm, and iii) in 

longitudinal mode by the red-NIR photons, respectively. On this account, additional UV-cutoff (  > 

420 nm) and colored glass (  > 610 nm) filters were further coupled with the diffusive sunlight 

irradiation source in order to unambiguously correlate the photocatalytic dye degradation 

performance with the charge carriers photogenerated through diverse mechanisms that are highly 

wavelength-dependent (Fig. 5.19). 
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semiconducting HxK1-xNbO3 nanoscrolls to photobleach the dye solution (Fig. 5.19d-i) under either 

full sunlight (Fig. 5.19a,d,g), integral VIS-NIR light (Fig. 5.19b,e,h) or red-NIR light (Fig. 5.19c,f,i) 

 

Figure 5. 19. (Right axis) Spectra of simulated sunlight (a) further equipped with either an UV 
cutoff (b) or a colored glass filter (c) that are employed as the irradiation sources in the 
photocatalytic dye degradation metrics, respectively. (Left axis) Kubelka-Munk transformed diffuse 
reflection spectrum of the HxK1-xNbO3 nanoscrolls (green dash dot line) and the 
Au@Nb@HxK1-xNbO3 nanopeapods (blue half-filled circles) employed as the photocatalysts. (Left 
axis) UV-VIS absorption spectra of MB (royal blue dot line) and RhB (brown dash line) utilized as 
the probing species (dashed line) are plotted alongside for reference. (d-f) Photocatalytic decoloring 
of RhB (d,f) and MB (e) in the absence (black hollow triangles) or in the presence of either the 
HxK1-xNbO3 nanoscrolls (green hollow squares) or the Au@Nb@HxK1-xNbO3 nanopeapods (blue 
half-filled circles). (g-i) Comparison of the wavelength-dependent photocatalytic activity between 
the HxK1-xNbO3 nanoscrolls (green columns) and the Au@Nb@HxK1-xNbO3 nanopeapods (blue 
columns) under illumination of full solar light (g), integral VIS-NIR light (h) and red-NIR light (i), 
respectively. 
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Evidently, the presence of bimetallic Au@Nb nanocrystals substantially accelerates the 
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illumination, respectively. The best decoloring performance is derived in the case of the 

Au@Nb@HxK1-xNbO3 nanopeapods under full solar irradiation (Fig. 5.19d). Significantly, only the 

minority charge carriers arose from the HxK1-xNbO3 nanoscrolls via the UV excitation involve in 

this chemical conversion. In contrast, the inmost core-shell Au@Nb nanocrystals offer the majority 

carriers via both transverse and longitudinal LSPRs that account for the acceleration that is 

expressed in terms of the enhancement factor (Fig. 5.19g), which is derived from the normalization 

of the apparent turnover frequency (TOF) to that of the HxK1-xNbO3 benchmark. 

  (5.6) 

Particularly, the Au@Nb nanocrystals contribute those charge carrier via either directly 

populating energetic electrons to adjacent HxK1-xNbO3 (direct electron transfer, DET) or resonantly 

transferring the plasmonic energy to HxK1-xNbO3 to excite more e–/h+ pairs (resonant energy 

transfer, RET).[196,201-203] The minor spectral overlap between bimetallic Au@Nb nanocrystals and 

the HxK1-xNbO3 nanoscrolls (Fig. 5.15b and Fig. 5.16c) excludes RET from the charge delivery 

mechanism. In the DET process, the electrons of plasmonic metal derive energy from the resonant 

photons, which then traverse the metal-semiconductor interface – the well-known Schottky junction 

– and migrate to CB of HxK1-xNbO3. On such basis, the internal quantum transmission probability 

( i) of this electronic injection follows the modified Fowler equation,[204,205] 

 
h

qh B
i

2)(
 (5.7) 

wherein h  and q b are the incident photon energy and energetic barrier height at the Schottky 

interface, respectively. q b is established by electronic alignment between the Fermi level of 

plasmonic Au@Nb bimetallic and the flatband potential (Vfb) of the HxK1-xNbO3 semiconductor. 

The work function of the core-shell Au@Nb nanocrystal is located in a spectrum with Au (5.1 eV) 

and Nb (4.3 eV) standing at the ends, approximating most likely to the Au boundary in view of the 

predominance of Au in the composition stoichiometry over that of Nb, as validated by the 

quantitative EDXS analysis (Fig. 5.20).[206] Vfb of the HxK1-xNbO3 semiconductor is otherwise 

estimated using the equation formulated by Scaife et al. for oxides that do not contain metal cations 

with partially filled d orbital,[207] 

 gfb E  NHE  vsV 94.2).(  (5.8) 
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Figure 5. 20. (a) EDX spectrum (performed at the framed region in the HAADF-STEM image 
(inset, scale bar: 20 nm) of the Au@Nb@HxK1-xNbO3 nanopeapods) ascribes an averaged 
composition stoichiometry of Au0.67Nb0.33 to the core-shell Au@Nb bimetallics. The quantification 
is carried out on the premise that the chemical composition of the outmost niobate nanoscrolls is 
H0.97K0.03NbO3 (Fig. 4.11), which is subtracted from the analysis. 

wherein Eg is the bandgap of the semiconductor. On such basis, Vfb of -0.13 V (vs. NHE) for the 

HxK1-xNbO3 semiconductor and a Schottky barrier height of approximately 0.7 eV between 

plasmonic Au@Nb bimetallics and the HxK1-xNbO3 nanoscrolls are concluded (Fig. 5.21). 

 

Figure 5. 21. (a) Energy diagrams of the isolated HxK1-xNbO3 semiconductor and the core-shell 
Au@Nb bimetallic. (b) Formation of the Schottky junction when the Au@Nb nanocrystal is 
enclosed by the HxK1-xNbO3 nanoscroll. 

Surprisingly, this energy barrier is nearly one quadrant of Eg of the HxK1-xNbO3 semiconductor, 

which is the key to turn visible and NIR photons that are invisible to the HxK1-xNbO3 nanoscolls 

available to the Au@Nb@HxK1-xNbO3 nanopeapods (Fig. 5.18). More importantly, those photons 

effectively energize the electrons of plasmonic Au@Nb bimetallics via the excitation of LSPRs in 

transverse and longitudinal modes, respectively. This is in favor of those hot electrons overcoming 

the Schottky barrier to enter the HxK1-xNbO3 nanoscrolls and eventually participating in chemical 

transformation of the dye molecules. The steady and efficient photobleaching courses in the 
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presence of the Au@Nb@HxK1-xNbO3 nanopeapods under photoirradiation of integral VIS-NIR 

(Fig. 5.19e,h) and red-NIR light (Fig. 5.19f,i) are the prima facie evidences. 

5.2 Photoelectrochemical Water Splitting Metrics 

Nevertheless, the argumentation regarding the visible- and NIR-light-active photocatalytic 

properties of the Au@Nb@HxK1-xNbO3 nanopeapods, which builds on the dye photodegradation 

metrics, fails to be solid and persuasive. The uncertainty originates primarily from the MB and RhB 

dyes that are highly colorful and exhibit strong absorption bands in the red and visible wavelength 

regimes (Fig. 5.19b,c). In other words, an explicit quantification of the photocatalytic performance 

in terms of either apparent or “true” quantum efficiencies hardly meets, provided that the 

determination of the extent to which the incident photons are absorbed by either the dye molecule or 

the solid photocatalyst is really difficult.[180] On this account, photoelectrochemical water splitting 

metrics is applied in addition to evaluate the photocatalytic activity of the Au@Nb@HxK1-xNbO3 

nanopeapods to reinforce the above conclusion. 

In this metrics, simulated AM 1.5 G solar light coupled with diverse spectral filters was 

likewise employed as irradiation source. In contrast to the dye metrics, the measurements were 

carried out either in the two- or the three-electrode cell configuration, wherein the 

Au@Nb@HxK1-xNbO3 nanopeapods and the HxK1-xNbO3 nanoscrolls were employed as the 

working electrode subjected to the irradiation. The photoelectrodes were fabricated upon 

drop-casting 100 L of suspension (20 g L-1) containing either the Au@Nb@HxK1-xNbO3 

nanopeapods or the HxK1-xNbO3 nanoscrolls in hexane onto a tin-doped indium oxide (ITO) 

conducting substrate without post-thermal and -chemical treatment. Either a platinum (Pt) coil or 

foil served as the counter electrode in these schemes while the three-electrode system further 

employed an additional silver/silver chloride reference electrode (Ag/AgCl in 3 M KCl, 0.207 V vs. 

NHE). An argon-purged aqueous solution containing 0.5 M sodium sulfate (Na2SO4) was utilized as 

the electrolyte. A potentiostat (CH Instruments, CHI 627D) was employed to register the current 

flowing from the working electrodes to the Pt counter electrode when irradiative perturbation was 

imposed on either the Au@Nb@HxK1-xNbO3 nanopeapods or the HxK1-xNbO3 nanoscrolls. 

Virtually, such galvanic response underlies this metrics, provided that the current amplitude 

substantially reflect the reaction rates of the faradaic electrolysis and the photoelectrolysis of water, 

respectively.[208]  

The in operando analysis of the headspace of a custom built, air-tight, single-compartment cell 

in two-electrode configuration using gas chromatography (GC, Shimadzu Corporation) 
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substantiates this argumentation (Fig. 5.22). This scheme employs topical Au@Nb@HxK1-xNbO3 

nanopeapods as the working electrode, which was exposed to continuous illumination of AM 1.5 G 

simulated sunlight for a 5-h period and anodically polarized to +1 V with regard to a Pt coil that 

served as the counter cathode. 100 L of gas were sampled from the headspace of the cell every one 

hour using a gas-tight syringe, which was then injected into the gas-sampling loop of a GC. This 

GC was equipped with a packed MolSieve 5 Å column and a thermal conductivity detector (TCD). 

Argon (Airgas, ultra-high purity) was used as the carrier gas. The photoproduct was qualified as H2 

and O2 gas, and the quantitative analysis suggests a stoichiometry of two H2 per one O2 molecule, 

corroborating water cleavage giving rise to gas evolution. Particularly, the quantification was made 

on the premise that i) the side effect of water electrolysis due to the external bias was subtracted 

from the measurement, and ii) the dissolution of the evolved gases in the electrolyte was calibrated 

using Henry’s law.[209-211] To this end, additional in operando analysis of the equivalent system 

except the absence of sunlight irradiation was employed to account for the side reaction of water 

electrolysis. 
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Figure 5. 22. Photocurrent transient (baseline subtracted) of the Au@Nb@HxK1-xNbO3 
photoelectrode polarized to +1 V (vs. Pt) under AM 1.5 G simulated sunlight illumination and the 
concurrent generation of H2 and O2. Blue and red dashed lines correspond to the integration of the 
net photocurrent converted into the amount of H2 and O2 gas using Faraday’s law, respectively.[216] 
Blue and red circled dots correspond to experimentally measured H2 and O2 gas using GC, 
respectively. 

The Faradaic efficiencies ( F) of the H2 and O2 generation on the Pt cathode and the 
Au@Nb@HxK1-xNbO3 photoanode are derived from, [212] 

 
ph

molar
F Q

  zFn
 (5.9) 
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wherein F is the Faraday constant (96485 C mol-1), nmolar the mole amount of produced H2 or O2, z 

the number of transferred electrons per mole of evolved gas (viz. 2 e– for H2 and 4 e– for O2), and 
Qph is the integrated photogenerated charge. Eqn. 5.9 suggests F of ca. 0.7, reinforcing that 

photocurrent results primarily from faradaic water photoelectrolysis along with minor reactions that 

are most likely of relevance to the formation of surface peroxo-species.[212-215] 

 eHOHOH 222 222  (5.10) 

 222 22 OHeHO  (5.11) 

On such basis, the current fluctuation was first collected for the Au@Nb@HxK1-xNbO3 

photoelectrode as a function of potential that was otherwise measured against the Ag/AgCl 

reference electrode in the three-electrode system (Fig. 5.23a).[216] A potential window from -0.25 to 

+1.3 V (vs. Ag/AgCl) was adopted in this measurement with a voltage sweeping rate of 10 mV s-1. 

Chopped full solar irradiation was casted on the photoelectrode from the back side through a quartz 

window and the colorless electrolyte at a frequency of nearly 0.15 Hz and a fluence of 100 mW cm–

2, respectively. 

At first glance, the Au@Nb@HxK1-xNbO3 photoelectrode begins to exhibit an anodic 

photocurrent at ca. 0.1 V (inset in Fig. 5.23a), which then readily grows to 0.9 A cm-2 at 1 V (vs. 

Ag/AgCl). The small photocurrent density under low external bias is ascribed to poor carrier 

rectification in the HxK1-xNbO3 nanoscrolls due to an ineffective potential barrier established at the 

Schottky interface with the bimetallic Au@Nb nanocrystals and at the liquid junction with the 

electrolyte, respectively (Fig. 5.23b).[44] In consequence, significant charge losses via electron 

tunneling at the interfaces, bulk and surface recombination markedly short-circuit the 

photoelectrochemical cell, leading to only a modicum of the carriers being available to water 

photoelectrolysis.[44] Upon anodic polarization, the energy barrier particularly at the 

electrode/electrolyte boundary is reinforced by the applied voltage, which in turn effectively 

quenches undesirable shunt losses and boosts the carrier injection efficiency into the water medium 

(Fig. 5.23c).[213] 

On this account, the temporal current fluctuations of the Au@Nb@HxK1-xNbO3 and the 

HxK1-xNbO3 photoelectrodes in response to the imposition of light are registered in the presence of 

a strong external bias up to +1 V (vs. Ag/AgCl). Specifically, the Au@Nb@HxK1-xNbO3 

photoelectrode exhibits a photocurrent that is twice the performance of the H xK1-xNbO3 
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Figure 5. 23. (a) Current-potential characteristics of the Au@Nb@HxK1-xNbO3 photoelectrode in 
0.5 M Na2SO4 solution (pH 6.8) under chopped (orange line) and continuous (green dashed line) 
AM 1.5 G illumination. The dark current is plotted alongside (dark dotted line). (b) Characteristic 
shunt losses (brown arrows) including electron tunneling (brown horizontal arrows), interface and 
bulk charge recombination (brown vertical arrows) deteriorate the carrier collection for 
photoelectrochemical water splitting in the absence of an anodic bias. (c) In the presence of a strong 
anodic potential, the reinforced band bending within the space-charge layer (light blue curve) at the 
electrode/electrolyte interface effectively rectifies the charge transport. (b,c) Purple and colorful 
oscillations represent the UV and VIS-NIR light, respectively. Parabolic blue and underneath 
rectangular green hatches in the middle represent the sp- and d-bands of the plasmonic Au@Nb 
bimetallic, respectively. Abbreviations used: EF and EF’, Fermi level. 

photoelectrode under full sunlight illumination (Fig. 5.24), agreeing very well with the evaluation 

extracted from the photocatalytic dye degradation metrics (Fig. 5.19a,d,g). More importantly, the 

photocurrent enhancement derived from the normalization of the photocurrent of the 

Au@Nb@HxK1-xNbO3 photoelectrode to that of the HxK1-xNbO3 benchmark is highly 

wavelength-dependent, which progressively multiplies under illumination with longer wavelengths 

(Fig. 5.24). Particularly, the enhancement factor reaches three and one order of magnitude under 

irradiation of integral VIS-NIR and red-NIR light, respectively. Most surprisingly, the maximum 

improvement is derived under radiation of NIR light alone, although the photon energy (<1.8 eV) is 

far below those of VIS (2-3 eV) and UV (>3 eV) photons. 

In addition to the reinforcement, one further needs to notice that the contour of the transient 

photocurrent of the Au@Nb@HxK1-xNbO3 photoelectrode (left side in Fig. 5.25) is unlike that of 

the HxK1-xNbO3 benchmark that exhibits an approximately rectangular profile in the light-on period 

(right side in Fig. 5.25). In contrast, the Au@Nb@HxK1-xNbO3 photoelectrode demonstrates an 

initial current shoot (Iin) at the light-on instant and a steady current raise follows up along with the 

elapsed photoirradiation time, giving rise to the blade-like shape (left side in Fig. 5.25). Such 

deviation suggests a non-equilibrium between the carrier generation rate under light casting and the 
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Figure 5. 24. Photocurrent-time plots (baseline subtracted) of the HxK1-xNbO3 photoelectrode (a) 
and the Au@Nb@HxK1-xNbO3 photoelectrode (b) collected in 0.5 M Na2SO4 solution (pH 6.8) in 
the presence of an anodic bias of 1 V (vs. Ag/AgCl) under irradiation of AM 1.5 G simulated 
sunlight (grey line) equipped with either a UV-cutoff filter (blue line) or diverse long-pass filters 
with cut-on wavelengths of 610 (green line), 780 (red line), 850 (brown line) and 1000 nm (black 
line), respectively. Kubelka-Munk transformed diffuse reflection spectrum of the HxK1-xNbO3 
nanoscrolls (black dashed line in a) and the spectra of AM 1.5 G simulated sunlight irradiation 
(grey dot line in b) after passing through either a UV-cutoff filter (blue dot line in b) or diverse 
long-pass filters with respective cut-on wavelengths of 610 (green dot line in b), 780 (red dot line in 
b), 850 (brown dot line in b) and 1000 nm (black dot line in b) are plotted alongside for reference. 
Inset in (a): Photocurrent-time plot (baseline subtracted) of the HxK1-xNbO3 photoelectrode under 
chopped integral red-NIR illumination in the presence of an anodic bias of 1 V (vs. Ag/AgCl). 

consumption rate upon reacting with water molecules.[213] This discrepancy may result from one or 

more of the following effects: i) the sluggish kinetics of water cleavage, wherein the overall 

reaction involves a four-electron transfer to generate H2 and O2 (2H2O 2H2 + O2),[209] and ii) the 

cascade charge delivery starts with the hot electrons photogenerated on the plasmonic Au@Nb 

bimetallics, which then traverse the Schottky junction and migrate to HxK1-xNbO3, eventually 

drifting to the semiconductor-liquid junction and injecting into the electrolyte.[46] 

Given the challenge of water splitting lying primarily in the formidable complexity of the 

oxidative half-reaction (2H2O  O2 + 4H+ + 4e-), 1 M sodium formate (Na(COOH)) is added to 

accelerate the reaction kinetics. The oxidation of formate is kinetically favorable in view of the 

one-electron process ([HCOO]-  CO2 + H+ + e-),[217] which thus accounts for the nearly doubled 

photocurrent density of the Au@Nb@HxK1-xNbO3 photoelectrode (Fig. 5.26) in comparison with 

that in the absence of Na(COOH) (Fig. 5.24b). Nevertheless, the transient photocurrent is yet in the 

blade-like form, which decisively rules out the responsibility of poor water oxidation kinetics for 
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the disequilibrium of the carrier formation and depletion rates. 
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Figure 5. 25. Photocurrent-time plots (baseline subtracted) of the HxK1-xNbO3 (right side) and the 
Au@Nb@HxK1-xNbO3 photoelectrodes (left side) collected in 0.5 M Na2SO4 solution (pH 6.8) in 
the presence of an anodic bias of 1 V (vs. Ag/AgCl). 
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Figure 5. 26. Temporal photocurrent responses of the Au@Nb@HxK1-xNbO3 photoelectrode 
collected in the presence of an anodic bias of 1 V (vs. Ag/AgCl) in 0.5 M Na2SO4 solution along 
with 1 M Na(COOH) hole scavenger under irradiation of AM 1.5 G simulated sunlight (grey line) 
equipped with either a UV-cutoff filter (blue line) or diverse long-pass filters with cut-on 
wavelengths of 610 (green line), 780 (red line), 850 (brown line) and 1000 nm (black line), 
respectively. The spectra of AM 1.5 G simulated sunlight irradiation (grey dot line) after passing 
through either a UV-cutoff filter (blue dot line) or diverse long-pass filters with respective cut-on 
wavelengths of 610 (green dot line), 780 (red dot line), 850 (brown dot line) and 1000 nm (black 
dot line) are plotted alongside for reference. 

With broadband sunlight illumination, both the HxK1-xNbO3 semiconductor and the plasmonic 

Au@Nb bimetallic are photoexcited and charge carriers are formed (Fig. 5.27). Particularly, 

energetic electrons (esp
-) of the plasmonic Au@Nb bimetallic immediately populate HxK1-xNbO3 via 
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the DET mechanism.[202,203] The anodic bias then dictates those majority charges (esp
- and eCB

-) 

moving to the Pt counter electrode for water reduction to H2.[218] In contrast, the minority holes 

(hVB
+) of the HxK1-xNbO3 semiconductor are scavenged by the surrounding aqueous medium to 

generate O2 at the Au@Nb@HxK1-xNbO3 photoelectrode. The overall process is completed when a 

second UV photon further excites the HxK1-xNbO3 semiconductor to produce the next eCB
-/hVB

+ pair 

and an electron transfer follows up to compensate the accumulated holes (hsp
+) on the core-shell 

Au@Nb nanocrystals implanted in the HxK1-xNbO3 nanoscrolls.[219,220] 

The elementary steps making up this kinetic scheme are formulated below 

 spsp
Fk heNbAuh h1@  (5.12) 

 VBCB
Fk

xx heNbOKHh h2
31  (5.13) 

   heathe k
spCB

3  (5.14) 

 HOOHh k
VB 2

2
1

22
4  (5.15) 

 

Figure 5. 27. Energy band diagram and the charge transfer underlying water photooxidation by the 
Au@Nb@HxK1-xNbO3 photoelectrode in the presence of an anodic bias of 1 V (vs. Ag/AgCl) under 
irradiation of AM 1.5 G simulated sunlight at a fluence of 100 mW cm-2. Purple and colorful 
oscillations represent the UV and VIS-NIR light, respectively. Parabolic blue and underneath 
rectangular green hatches in the middle represent the sp- and d-bands of the plasmonic Au@Nb 
bimetallic, respectively. Abbreviations used: eCB

-, electron in CB of the HxK1-xNbO3 semiconductor; 
hVB

+, hole in VB of the HxK1-xNbO3 semiconductor; esp
-, electron in the sp-band of the plasmonic 

Au@Nb bimetallic; hsp
+, hole in the sp-band of the plasmonic Au@Nb bimetallic; EF, Fermi level. 
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Herein, Fh  is the photon flux impinging on the Au@Nb@HxK1-xNbO3 photoelectrode, hsp
+ and esp

- 

the hole and the electron in the sp-band of the core-shell Au@Nb bimetallic, hVB
+ and eCB

- are the 

hole and electron in VB and CB of the HxK1-xNbO3 semiconductor, respectively.[213,221,222] This 

model suggests a linear dependence of the hole flux on the light intensity for the 

Au@Nb@HxK1-xNbO3 photoelectrode in the absence of charge-carrier losses. 

 h
VB FOHkk

dt
OHd

dt
hd ][][][

242
2  (5.16) 

Such dependency turns into a square-root-type relation 

 2
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2
1

53

6132
24
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h

VB F
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kkkkOHk
dt

OHd
dt
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 (5.17) 

in the presence of bulk recombination of geminate charge carriers.[208,221] 
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Eqn. 5.17 is derived on the premise of i) a fast equilibrium between the charge-carrier formation 

(Eqn. 5.12 and Eqn. 5.13) and the recombination (Eqn. 5.14, Eqn. 5.18 and Eqn. 5.19), and ii) the 

steady-state approximation of [esp
-]  [hsp

+] = constant and [eCB
-]  [hVB

+] = constant. Specifically, 

the hole flux reaching the surface of the Au@Nb@HxK1-xNbO3 photoelectrode equals the rate of 

water photooxidation (Eqn. 5.15 and Eqn. 5.17) that is faithfully manifested in the experimentally 

measured anodic photocurrent density (Fig. 5.24b). Noteworthily, such derivation is true only i) in 

the absence of surface recombination, and ii) at low Fh  characterized by [hVB
+] << [H2O].[213] More 

importantly, the transient photocurrent of the Au@Nb@HxK1-xNbO3 photoelectrode measured in 

the presence of an anodic bias of 1V (vs. Ag/AgCl) under irradiation of AM 1.5 G simulated 

sunlight at a fluence of 100 mW cm-2 excellently meets such demands. A very important 

consequence of this strong anodic bias is the significantly reinforced potential barrier (VB) within 

the space-charge layer, leading to a virtually “frozen out” charge recombination at the 

electrode/electrolyte interface owing to the majority electrons that nearly deplet in the space-charge 

region, as suggested by the Boltzmann expression.[33,34,48,213,223] 
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In Eqn. 5.20, ns and nb represent the surface and bulk density of electrons, q the electronic charge, 

kB the Boltzmann constant, and T is the temperature. On such basis, the collected photocurrent 

density substantially describes the hole flux that participates in the faradaic water photooxidation. 

Moreover, the photocurrent transients are measured at the exposure to the broadband sunlight 

irradiation with the intensity not more than “one sun” (viz. 100 mW cm-2) to ensure the reaction rate 

mostly dictated by the hole flux in preference to the water oxidation kinetics.[213] 

 

Figure 5. 28. Fluence-dependent photocurrent-time plots (baseline subtracted) of the 
Au@Nb@HxK1-xNbO3 (a) and the HxK1-xNbO3 (b) photoelectrodes, respectively. The initial 
photocurrent shoot (Iin) as a function of the intensity of either simulated sunlight (grey line) or 
integral VIS-NIR light (blue line) for the Au@Nb@HxK1-xNbO3 (c) and HxK1-xNbO3 (d) 
photoelectrodes, respectively. The intensity of these broadband irradiations is gradually attenuated 
(top to bottom) using various graduated neutral-density filters. 

Surprisingly, in the fluence-dependent temporal photocurrent measurements (Fig. 5.28) the 

Au@Nb@HxK1-xNbO3 photoelectrode demonstrates a superlinear dependency of Iin (Fig. 5.28a) on 

the intensity of AM 1.5 G simulated sunlight (Fig. 5.28b). This suggests the presence of a nonlinear 
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optical effect on the hole flux of the Au@Nb@HxK1-xNbO3 photoelectrode. Moreover, the 

quasi-linear dependency (Fig. 5.28d) of Iin of the HxK1-xNbO3 photoelectrode (Fig. 5.28c) on the 

intensity of AM 1.5 G simulated sunlight highlights that such nonlinear optics exclusively 

influences the hole flow photogenerated by the bimetallic Au@Nb nanocrystals via the LSPR 

excitation. Moreover, such discrepancy in fluence-dependency between the Au@Nb@HxK1-xNbO3 

and HxK1-xNbO3 photoelectrodes (Fig. 5.28b and Fig. 5.28d) punctuates that those plasmonic 

charges are the mainstream of the overall hole current. Most importantly, the pseudo-quadratic 

correlation implies a two-photon-assisted charge generation mechanism of the centrosymmetric 

Au@Nb bimetallic via a third-order photon-photon interaction. This is in good agreement with 

characteristic nonlinearity of the well-documented two sequential one-photon absorption process in 

the literature.[222,224]  

 

Figure 5. 29. Energy band diagram and the charge transfer building on nonlinear plasmonics, which 
underlies water photooxidation by the Au@Nb@HxK1-xNbO3 photoelectrode in the presence of an 
anodic bias of 1 V (vs. Ag/AgCl) under irradiation of AM 1.5 G simulated sunlight at a fluence of 
100 mW cm-2. Colorful and flamy oscillations represent the VIS-NIR light and the phonon, 
respectively. Parabolic blue and underneath rectangular green hatches in the middle represent the 
sp- and d-bands of the plasmonic Au@Nb bimetallic, respectively. Dash lines in the bandgap of the 
HxK1-xNbO3 semiconductor represent the defect-associated surface states (SS). Abbreviations used: 
eCB

-, electron in CB of the HxK1-xNbO3 semiconductor; hVB
+, hole in VB of the HxK1-xNbO3 

semiconductor; esp
-, electron in the sp-band of the plasmonic Au@Nb bimetallic; hsp

+, hole in the 
sp-band of the plasmonic Au@Nb bimetallic; hd

+, hole in the d-band of the plasmonic Au@Nb 
bimetallic; EF, Fermi level. 

The elementary steps building on such nonlinear plasmonics are described below (Fig. 5.29). 

 spsp
Fk heNbAuh h1@  (5.12) 
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Figure 5. 30. Elementary steps making up the two sequential one-photon absorption process (a-c) 
and the charge transfer (a-f) building on such nonlinear plasmonics, which underlies the water 
photooxidation by the Au@Nb@HxK1-xNbO3 photoelectrode polarized to 1 V (vs. Ag/AgCl) under 
irradiation of AM 1.5 G simulated sunlight at a fluence of 100 mW cm-2. Colorful and flamy 
oscillations represent the VIS-NIR light and the phonon, respectively. Parabolic blue and 
underneath rectangular green hatches represent the sp- and d-bands of the plasmonic Au@Nb 
bimetallic, respectively. Dash lines in the bandgap of the HxK1-xNbO3 semiconductor represent the 
defect-associated surface states (SS). Abbreviations used: k, momentum change; E, energy 
change; eCB

-, electron in CB of the HxK1-xNbO3 semiconductor; hVB
+, hole in VB of the HxK1-xNbO3 

semiconductor; esp
-, electron in the sp-band of the plasmonic Au@Nb bimetallic; hsp

+, hole in the 
sp-band of the plasmonic Au@Nb bimetallic; hd

+, hole in the d-band of the plasmonic Au@Nb 
bimetallic; EF, Fermi level. 
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Herein, hd
+ is the hole in the d-band of the core-shell Au@Nb bimetallic, F  the phonon flux 

spontaneously emitted from the lattice vibration, and SS+ is the hole at the mid-gap surface state of 

the HxK1-xNbO3 nanoscrolls at the Schottky interface.[222] 

In this formulism, the process always begins with the formation of a first hot electron (esp
-) of 

plasmonic Au@Nb bimetallic via an intraband sp  sp transition through the LSPR excitation (Eqn. 

5.12). Such electronic transition is indirect in nature and requires changes not only in energy ( E) 

but also in momentum ( k). Particularly, E is exclusively harvested from the decay of the surface 

plasmon polaritons (SPPs) that are generated by resonant photons (insets in Fig. 5.18). In contrast, 

k is more likely derived with the aid of a phonon or a lattice imperfection in addition to the 

wavevector (k-vector) of the incident photon (Fig. 5.30a and Fig. 5.31a,b).[204,225,226] 

Such defect-assisted hot electron-hole pair generation mechanism suggests that energetic 

charges (esp
- and hsp

+) are preferentially formed at the margin of a sub-10 nm Au@Nb nanocrystal 

in view of the numerous, intrinsic undercooridation sites available at the boundary with the 

HxK1-xNbO3 nanoscrolls (Fig. 5.31b). Such selective spatial distribution, and moreover, the 

three-dimensional Schottky interface (Fig. 5.31a,b) that originates from the specific nanopeapod 

configuration (Fig. 4.13) greatly favor hot electron injection from plasmonic Au@Nb bimetallics to 

the HxK1-xNbO3 semiconductor.[227,228] Moreover, the abundant available DOS in CB of the 

HxK1-xNbO3 semiconductor, which primarily builds on unoccupied Nb 4d states (Fig. 5.31e), 

endows HxK1-xNbO3 with excellent electron-uptake properties. This further supports the electron 

injection. 

On account of the vacant sp-band of the Au core of the Au@Nb bimetallics building on the 

hybridization of empty Au 5d/6s-p orbitals and the d0 configuration ([Kr]4d05s0) of unoccupied CB 

of the HxK1-xNbO3 nanoscrolls, in-operando XAS at the Au and Nb L3-edge is employed in the 

present contribution to study this DET journey (Fig. 5.31c,d). Herein, “in-operando” literally refers 

to measurements performed on the Au@Nb@HxK1-xNbO3 nanopeapods in the presence of 

simulated AM 1.5 G sunlight irradiation. The collected spectrum is then in comparison with that in 

the absence of solar illumination. At first sight, an evident absorbance increment is manifested in 

the in-operando Au L3-edge XAFS of the Au@Nb@HxK1-xNbO3 nanopeapods with respect to that 

of normal Au L3-edge XAFS collected without solar irradiation (Fig. 5.31c). This suggests that 

additional electron vacancies are available to the electronic transition from the Au 2p to hybridized 

s-p-d states via the X-ray excitation (left panel in Fig. 5.31e). In contrast to the Au L3-edge XAS 

analysis, an absorbance decrement is manifested in the in-operando Nb L3-edge XAFS of the 

Au@Nb@HxK1-xNbO3 nanopeapods with respect to that of normal Nb L3-edge XAFS collected 
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Figure 5. 31. (a,b) Schematic illustrations of the characteristic three-dimensional Schottky junction 
of the Au@Nb@HxK1-xNbO3 nanopeapods. Hot electrons derive the momentum from both (a) the 
k-vector of the incident photon and (b) the surface imperfection sites (the red margin of the colorful 
sphere in (b)) of plasmonic Au@Nb bimetallic. Electrons then traverse the Schottky junction only if 
(a) their k-vector lies inside the emission cones and (e) their energy exceeds the Schottky barrier 
height (q B). Normalized (c) Au and (d) Nb L3-edge XAF structures of the Au@Nb@HxK1-xNbO3 
nanopeapods collected in the presence (blue line) and absence (black dash line) of AM 1.5 G 
simulated sunlight. The difference in absorbance ( Aph) substantially reflects (e) the charge transfer 
of the hot electrons of the core-shell Au@Nb bimetallic into CB of the HxK1-xNbO3 semiconductor. 
Grey, colorful and purple oscillations in (e) represent the X-ray, UV and VIS-NIR light, 
respectively. Parabolic blue and underneath rectangular green hatches in the middle represent the 
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sp- and d-bands of the plasmonic Au@Nb bimetallic, respectively. Abbreviations used: eCB
-, 

electron in CB of the HxK1-xNbO3 semiconductor; hVB
+, hole in VB of the HxK1-xNbO3 

semiconductor; esp
-, electron in the sp-band of the plasmonic Au@Nb bimetallic; hsp

+, hole in the 
sp-band of the plasmonic Au@Nb bimetallic; EF, Fermi level; q B, Schottky barrier height. 

exclusive of sunlight illumination (Fig. 5.31d). This also implies that the electronic transition from 

the Nb 2p to the vacant 4d states is suppressed (right panel in Fig. 5.31e). Altogether, such 

evidential differences in absorbance variation between the Au and the Nb L3-edge XAFS effectively 

validates the utility of DET to transform the esp
- into eCB

- (Fig. 5.30a,b).[229] For plasmonic d0 metal 

oxide composites, DET virtually takes place on a femtoseconds timeframe.[230] Moreover, the 

electron transfer is devoid of energy dissipation in terms of the characteristic mean free path (MFP) 

up to the order of few tens of nanometres, which is ascribed to the free-electron-like nature of the 

sp-band.[231]  

Subsequent to this process is another LSPR excitation via the next incoming photon that 

produces additional hot carriers, including either i) an energetic esp
-/hsp

+ pair via indirect intraband 

sp  sp transition (Eqn. 5.12), or ii) lukewarm esp
- coupled with hot hd

+ via direct interband d  sp 

transition (Eqn. 5.12 and Eqn. 5.21). In the first few femtoseconds, the former process predominates 

in view of the ample DOS above the Fermi level,[225] leading to a rapid accumulation of tepid hsp
+ 

with energies below the Fermi level (Fig. 5.30b).[232] Herein, the external bias plays an important 

role of immediately shuttling eCB
- to the Pt counter electrode, which effectively quenches the 

annihilation of hsp
+ by eCB

- via the charge recombination.[33,34] This in turn results in a quantitative 

surge of hsp
+, consequently reinforcing the probability of the interband d  sp transition, wherein 

lukewarm hsp
+ are substantially restored to generate hot hd

+ (Fig. 5.30c). Such two sequential 

one-photon absorption (Fig. 5.30a-c) should not be overlooked in the present study, provided that 

the Au@Nb@HxK1-xNbO3 nanopeapods demonstrate a strong broadband absorption from visible up 

to NIR light via the LSPR excitations (Fig. 5.18). Moreover, the consequent localized surface 

plasmons (LSPs) significantly boost the local electromagnetic field (insets in Fig. 5.18), further 

promoting this nonlinear plasmonics.[222,224]  

The absence of momentum change ( k) in the direct interband d  sp transition suggests the 

delocalization of hot hd
+.[225,232] Unlike the free-electron-like properties of the sp-band, the d-band is 

bound in nature owing to the high DOS otherwise suggesting significant electron-phonon 

scattering.[225,230,233] In consequence, the featured MFP of the d-band carriers is of the order of very 

few nanometres.[225,231,234] In other words, only hd
+ formed within the first few nanometres at the 

surface of plasmonic Au@Nb bimetallics highly likely traverse the boundary into the HxK1-xNbO3 
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nanoscrolls at the absence of energy dissipation (Fig. 5.30d). Such issue is more-or-less mitigated in 

the present study in view of the enormous surface-area-to-volume ratio of the sub-10 nm Au@Nb 

nanocrystals, suggesting presumably more than three tenths of hd
+ entering HxK1-xNbO3, which 

builds on the premise of MFP 1 nm for hd
+ at the d-band edge.[231] Particularly, the mid-gap 

surface states (SS) of the HxK1-xNbO3 nanoscrolls at the interface with the core-shell Au@Nb 

bimetallics function as important relays in this isoenergetic hole uptake (Eqn. 5.22).[34,203,213] 

Most SS stem highly likely from the stepwise nano-texturization in the retrosynthesis of the 

HxK1-xNbO3 nanoscrolls (Fig. 4.10). Specifically, those defect-associated mid-gap electronic levels 

are in general identified with a shallow energy position close to the VB maximum.[63] This in turn 

suggests the feasibility of a phonon-assisted transformation of the holes at those trapped sites (SS+) 

into hVB
+ (Fig. 5.30e). Such premise is corroborated by the evidential photocurrent transient of the 

HxK1-xNbO3 photoelectrode under irradiation of sub-bandgap integral VIS-NIR light (Fig. 5.24a). 

This temporal photocurrent is presumably attributed to a sequential process starting with an 

electronic transition either from discrete surface-defect level to the continuous band state or vice 

versa. Afterwards, h+ or e- at the mid-gap energy state ends up in entering the VB or CB via a 

thermal transfer. Eventually, the strong upward band bending (VB) in the depletion layer of the 

HxK1-xNbO3 nanoscrolls (Fig. 5.30f), which results from the anodic bias and which is oriented 

toward the water phase, drives hVB
+ to the solid-liquid boundary and injects into the electrolyte for 

O2 generation (Eqn. 5.15). 

The overall kinetic analysis suggests a quadratic dependence 

 2
298741

2 ]][[][][
h

VB FFOHSSkkkkk
dt

OHd
dt
hd

 (5.24) 

of the hole flux of the Au@Nb@HxK1-xNbO3 photoelectrode on the light intensity in the absence of 

bulk charge-carrier losses and scattering. The disagreement with the measured sub-quadratic 

correlation (Fig. 5.28b) suggests that the charge-carrier decay should not be overlooked in the 

present contribution. The bulk recombination of eCB
- and hVB

+ of the HxK1-xNbO3 nanoscrolls is 

virtually ruled out, provided that the featured quasi-linear dependence (Fig. 5.28d) of Iin of the 

HxK1-xNbO3 photoelectrode (Fig. 5.28c) on the intensity of AM 1.5 G simulated sunlight implies 

that such losses are effectively quenched. This is attributed to the depletion region developed via the 

applied bias nearly overwhelming the overall HxK1-xNbO3 nanoscrolls, provided that the 

characteristic width (w) is dictated by the extent of VB (Eqn. 2.8).[33,34] In other words, most charge 

carriers are lost in the process of the LSPR excitations, wherein the charge scattering and 
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recombination are the major contributors.[222,225,231] Particularly, the scattering of hsp
+ and hd

+ take 

place at a rate of [hsp
+]/ sp and [hd

+]/ d, wherein sp and d represent the relaxation time of the sp- and 

d-band holes. 

   heathe k
spsp

10  (5.25) 

   heathe k
dsp

11  (5.26) 

 is in general on a femtosecond timeframe, suggesting that hsp
+ and hd

+ very likely undergo 

scattering events prior to the recombination. The inclusion of such carrier losses (Eqn. 5.25 and Eqn. 

5.26) in the kinetic interpretation gives rise to a dependency of the photooxidation rate of H2O on 

the sub-second-order incident light intensity. 
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Particularly, Eqn. 5.27 is derived on the premise that the probability of the recombination between 

esp
- and hsp

+ (Eqn. 5.25) predominates over that between esp
- and hd

+ (Eqn. 5.26) in view of [hsp
+] 

>> [hd
+] (Fig. 5.30b,c). On such basis, [esp

-] = [hsp
+] + [hd

+]  [hsp
+] is likewise concluded. 

Additionally, the assumption of i) the fast equilibrium between the charge-carrier formation (Eqn. 

5.12 and Eqn. 5.21), scattering and recombination (Eqn. 5.25 and Eqn. 5.26), and ii) the steady-state 

approximation of [esp
-]  [hsp

+] = constant are also applied. This derivation satisfactorily accounts 

for the sub-quadratic dependency (Fig. 5.28b) of Iin of the Au@Nb@HxK1-xNbO3 photoelectrode 

(Fig. 5.28a) on the intensity of AM 1.5 G simulated sunlight.  

In addition to preceding mathematical insight, the photoelectric conversion efficiency 

summarized in the action spectrum (Fig. 5.32) reveals further details of the characteristic nonlinear 

plasmonics of the Au@Nb@HxK1-xNbO3 photoelectrode. The incident photon to charge carrier 

efficiency (IPCE) is derived via dividing the number of photogenerated electrons of the 

Au@Nb@HxK1-xNbO3 photoelectrode by the number of the incident photons (Eqn. 5.28).[235] 

 
  

P
I

  IPCE
in

ph 1240
 (5.28) 
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In this expression, Iph is the photocurrent density (A cm-2) of the Au@Nb@HxK1-xNbO3 

photoelectrode, Pin and  are the power density (W cm-2) and characteristic wavelength (nm) of the 

incoming photon, respectively. Discrete monochromatic light with the wavelengths spanned from 

ca. 400 up to nearly 1000 nm, a width of ± 5 nm and the intensity ranged from 20 to 50 mW cm-2 

are employed in this measurement and the Au@Nb@HxK1-xNbO3 photoelectrode is anodically 

polarized to +1 V (vs. Ag/AgCl). Prima facie, the photocurrent action spectrum of the 

Au@Nb@HxK1-xNbO3 photoelectrode tracks the transverse-mode LSPR band and 

longitudinal-mode LSPR plateau that manifest in the Kubelka-Munk transformed diffuse 

reflectance spectra (Fig. 5.15b) of the Au@Nb@HxK1-xNbO3 nanopeapods reasonably well. Such 

agreement corroborates that the VIS- and NIR-light-active photoelectrochemical water is 

substantially triggered by the plasmonic charge of the implanted bimetallic Au@Nb nanoparticles. 

The IPCE gradually lowers from the blue to the red end of the action spectrum (Fig. 5.32), 

suggesting that the sequential intraband sp  sp and interband d  sp transitions via the two 

sequential one-photon absorption process are mostly triggered by the visible photons with fractional 

aids of the red-NIR photons. 
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Figure 5. 32. Photocurrent action spectrum of the Au@Nb@HxK1-xNbO3 photoelectrode polarized 
to +1 V (vs. Ag/AgCl) under discrete monochromatic irradiations. 

Virtually, IPCE collected in this VIS-NIR wavelength region is substantially of order of a few 

to few tens of millionth. Under full solar illumination at a fluence of 100 mW cm-2, this in turn 

gives rise to the photocurrent density at the level of few tenths to a few nanoamperes (nA cm-2) at 

the individual monochromatic wavelengths. Given the VIS and NIR light exhibiting a wavelength 

span of hundreds to thousands of nanometers in the diffusive sunlight,[236] the integrated 

photocurrent density over this interval is up to the order of few tenths of microamperes ( A cm-2). 
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This is in excellent agreement in the order of magnitude with that of the photocurrent transients of 

the Au@Nb@HxK1-xNbO3 photoelectrode derived under sunlight illumination exclusive of the UV 

light (Fig. 5.24b). Such trace level of IPCE value also indicates appreciable shunt losses via the 

charge scattering and recombination (Eqn. 5.25 and Eqn. 5.26) in the present nonlinear process, 

which in turn significantly thermalizes the ionic lattice of the plasmonic Au@Nb bimetallics.[196,225]  

Hence, the presence of refractory Nb shells and the HxK1-xNbO3 nanosheaths effectively 

quench the dissolution and agglomeration of the Au@Nb nanocrystals. Statistical analysis over 

hundreds of TEM images suggests a minor fusion of closely neighbored Au@Nb nanoparticles 

(inset in Fig. 5.33a) upon the development of the Nb neck in between (Fig. 5.33b), giving rise to the 

formation of bimetallic Au@Nb nanopeanuts characterized by a slightly larger diameter of 21 ± 7 

nm (Fig. 5.33a). 

 

Figure 5. 33. (a) Statistical analysis of the particle diameter of bimetallic Au@Nb nanocrystals in 
peanut-like form. Representative TEM image (scale bar: 7 nm) is shown in the inset. (b) 
Diffractogram (scale bar: 7 nm-1) of the core-shell Au@Nb nanopeanut on the neck region (blue 
frame in the inset in (a)) and calculated diffraction pattern with Miller indices of bulk cubic Nb 
(space group Im-3m, a = 3.32 Å) in the [115]-zone axis. The white circle in (b) indicates the 
zero-order beam (ZB). 

More importantly, the constant presence of bimetallic Au@Nb nanoparticles (inset in Fig. 5.33 

and inset in Fig. 5.34) suggests the feasibility of long-term photoelectrochemical water splitting 

(Fig. 5.34) because the excitation of LSPRs by the visible and NIR photons are yet highly efficient. 

In this long-term solar water cleavage by the Au@Nb@HxK1-xNbO3 photoelectrode, the minor 

deterioration of the photocurrent and the gas evolving rate over elapsed photoelectrolysis period can 

be most likely ascribed to the progressive attenuated IPCE value along with the red-shift of the 

resonant wavelength of LSPRs. Such resonant transition results presumably from the morphological 
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evolution of plasmonic Au@Nb bimetallic from the centrosymmetric nanospeheres (Fig. 5.17a) to 

the nanopeanuts characterized by higher aspect ratio (inset in Fig. 5.33a).[196] 

 

Figure 5. 34. Long-term photocurrent transient (baseline subtracted) of the Au@Nb@HxK1-xNbO3 
photoelectrode polarized at +1 V (vs. Pt) under AM 1.5 G simulated sunlight illumination and the 
concurrent generation of H2 and O2. Blue and red dashed lines correspond to the integration of the 
net photocurrent converted into the amount of H2 and O2 gas using Faraday’s law, respectively.[216] 
Blue and red circled dots correspond to experimentally measured H2 and O2 gas using GC, 
respectively. Inset: SAED pattern of the core-shell Au@Nb nanopeanuts formed after the long-term 
water photoelectrolysis, wherein the characteristic Deby-Sherrer rings of (orange circles) bulk fcc 
Au (space group Fm-3m, a = 4.08 Å) and (blue circles) bulk cubic Nb (space group Im-3m, a = 3.32 
Å) are yet concurrently present. 

In summary, the biomimicry of the peapod-like nanoarchitecture endows 

Au@Nb@HxK1-xNbO3 with an exceptional light harvesting ability well befitting the solar spectrum. 

Particularly, the outmost HxK1-xNbO3 nanosheaths and the inmost Au@Nb nanoparticles are 

responsible for the UV light and most VIS light absorption, respectively. More importantly, the 

nanoscale resolution of the bimetallic Au@Nb chain that unidirectionally extends to a 

sub-microscopic length stimulates the near-field plasmon-plasmon coupling between adjacent 

bimetallic entities. Such dipolar interaction accounts for the photoabsorption of 

Au@Nb@HxK1-xNbO3 toward the NIR light. Last but not least, the dye photodegradation and water 

photoelectrolysis metrics validates the superior VIS- and NIR-light-active photocatalytic properties 

of the Au@Nb@HxK1-xNbO3 nanopeapods. Inclusive chemical transformations are exclusively 

triggered by the charge-carriers of the bimetallic Au@Nb nanoparticles photogenerated via the 

nonlinear plasmonics. 
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6. Summary  

The aim of this dissertation is directed toward subduing the frontier of material design via 

putting forward two modern nanoarchitectures – spikecubes and nanopeapods – for sunlight-driven 

photoelectrochemical applications. Particularly, the spikecubes exemplified by -SnWO4 are named 

for the first time after the peculiar morphology, wherein the self-aligned, quasi-periodic nanopillar 

array builds on six sharp faces of a hexahedral microcubic core. In contrast, the nanopeapods 

typified by Au@Nb@HxK1-xNbO3 are called after the biomimetic peapod-like blueprint, wherein 

semi-infinite, discrete sub-10 nm Au@Nb nanoparticles (peas) are uniaxially implanted in the 

cavity of tubular HxK1-xNbO3 nanoscrolls (pods). 

Virtually, both the -SnWO4 spikecubes and the Au@Nb@HxK1-xNbO3 nanopeapods are 

prepared in the context of the bottom-up approach. A polyol synthesis is employed for the 

-SnWO4 spikecubes formation and a soft-chemical multistep process is adopted to prepare the 

Au@Nb@HxK1-xNbO3 nanopeapods. The crystal growth of the -SnWO4 spikecubes starts with the 

formation of spherical nanoparticles with narrow size distribution, which then thermally transform 

into hexagonal microcubes enclosed by six sharp {100} facets via the thermodynamically-driven 

Ostwald ripening process. Subsequently, the growth scheme is hydrodynamically transited to a 

kinetic mode, wherein the preformed microcrystals serve as the seeds for the columnar deposition 

of -SnWO4 to form surface nanospikes. The -SnWO4 spikecubes is characterized by a particle 

size of 2-9 m for the underlying microcube, an arm length of 0.7-2 m, and a base diameter of 200 

nm for the anisotropic nanospike, respectively. 

In addition, the soft-chemical multi-phase synthesis of the Au@Nb@HxK1-xNbO3 

nanopeapods starts with a soft-chemical solid-state retrosynthesis of a cubic HxK1-xNbO3 perovskite 

from parental HxK4-xNb6O17 characterized by a layered crystal structure. Spontaneous nanoorigami 

takes place along with the retrosynthesis, leading to the final HxK1-xNbO3 nanoscrolls adopting the 

anisotropic tubule form of the HxK4-xNb6O17 precursor. Subsequently, a common solution reduction 

technique is employed to integrate the Au nanocrystals into the preformed HxK1-xNbO3 nanoscrolls. 

Particularly, the spatially inhomogeneous distribution of OAm reducing agent results in most Au 

nanocrystals implanted discretely inside the cavity of the HxK1-xNbO3 nanoscrolls. Such 

configuration promotes the eventual deposition of Nb refractory metal on the surface of preformed 

Au nanocrystals at underpotentials. The Au@Nb@HxK1-xNbO3 nanopeapods are characterized by a 

particle size of 9 nm for the inmost core-shell Au@Nb bimetallic, a thickness of 1 nm for the Nb 
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shell, an interparticle distance of 2 nm for the discrete bimetallic Au@Nb chain, and a sub- to 

microscopic length of the HxK1-xNbO3 nanoscrolls. 

The significance of crystallizing -SnWO4 into spikecubes and preparing 

Au@Nb@HxK1-xNbO3 in the biomimetic form of nanopeapods for the photoelectrocatalytic 

functionality are next evaluated by the dye photodegradation and the water photoelectrolysis 

metrics. The characteristic open framework and multibranched structure of the spikecubes 

effectively reinforces the surface reaction sites of -SnWO4. Moreover, the undercoordinated atoms 

at these active sites significantly reframe the band energetics of -SnWO4 via the 

distortion-mediated SOJT effect. In consequence, the CB minimum of the -SnWO4 spikecubes is 

at a negative energy level (on scale of V vs. NHE), further boosting the redox power toward the 

RhB and MB dye molecules. Altogether, the synergistic effect of this morphological and textural 

engineering accounts for the superior photocatalytic activity of the -SnWO4 spikecubes, which 

well outperforms that of fine-particulate WO3 and microcubic -SnWO4 benchmarks by more than 

150% and 243%, respectively. 

The integration of plasmonic Au@Nb nanoparticles into semiconducting HxK1-xNbO3 

nanoscrolls renders the outstanding photocatalytic properties of the Au@Nb@HxK1-xNbO3 

nanopeapods not only UV- but also VIS-light active. Moreover, the biomimicry of the peapod-like 

nanoarchitecture stimulates the near-field plasmon-plasmon coupling between the adjacent 

bimetallic Au@Nb entities. Such dipolar interaction further endows Au@Nb@HxK1-xNbO3 with an 

exceptional NIR-light-active photocatalytic characteristic. Particularly, the chemical transformation 

involved in the VIS- and NIR-light-triggered dye photodegradation and water photoelectrolysis are 

exclusively mediated by the charge-carriers of bimetallic Au@Nb nanoparticles photogenerated via 

the nonlinear plasmonics. Last but not least, the characteristic three-dimensional Schottky junction 

of the Au@Nb@HxK1-xNbO3 nanopeapods greatly favors the delivery of these plasmonic charges. 

Altogether, a promising “one-pot” polyol-mediated synthesis has been successfully developed, 

whereby several design criteria for photocatalysts including high surface-to-volume ratio, open 

framework with facile accessibility, and optimal band structure, have been simultaneously 

addressed. In particular, the thermal effect in such synthetic context, which grabbed only scarce 

attention to date, has turned out for the first time playing the key role in this comprehensive 

fulfillment. In addition, in this dissertation a biomimetic blueprint has been put forward for the first 

time to cater for an additional design requisite for photocatalysts, viz. the light harvesting ability. 

Particularly, the realization of full-spectrum utilization of diffusive sunlight, including not only the 
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well-exploited UV and VIS light but also the most abundant NIR light that has currently been often 

overlooked, renders this design exceptionally appealing for a large variety of photoactive devices. 
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7. Outlook  

The inspiration of chemical utilizations of renewable solar energy by natural plants has 

stimulated a tremendous surge of research activities in the field of photoelectrochemistry worldwide. 

This field, which makes use of the principles of photochemistry, electrochemistry, and 

semiconductor physical chemistry, has nurtured the development and design of next-generation 

photoelectrochemical cells and photocatalysts. Although numerous past researches have 

accumulated significant advances, which originate from single-crystal semiconductor 

photoelectrodes in the 1960s and which have expanded to nanostructured counterparts and the 

photodiodes nowadays, neither scheme meets the end of practical solar engineering. Thus, from the 

point of view of industrialization and commercialization, many challenges remain in the areas of 

materials science and engineering. 

While the benefits of the nanoscaling approach have been well-documented over the past 

decade, which has been in favor of the charge transfer due to increased electroactive interfaces with 

the redox medium, has improved the light distribution via strong scattering, and promoted the redox 

power via the quantum confinement effect, challenges are simultaneously imposed on the charge 

collection and transportation. Thus, minimizing the shunt losses that are mostly present at the grain 

and phase boundaries are highly desirable. To address these issues, efforts to tailor the crystal 

growth need to be further pursued in order to prepare nanostructured materials with high quality. 

Additionally, tandem configurations are likewise a well promising alternative in view of the 

excellent rectifying properties due to the built-in electric field at the heterojunction. Moreover, such 

design allows the composites to more efficiently take advantage of diffusive sunlight. Albeit in this 

category plasmonic device lag behind the Z-scheme systems in terms of the overall power 

conversion efficiency, many salient features offer opportunities for the improvement. Hence, 

endeavors to manipulate the metal-metal interaction and the metal-semiconductor interface need to 

be continually proceeded. 

To meet a substantial breakthrough, systematic efforts in not only material preparation and 

device fabrication but also in characterizing the surface and interface properties at the atomic level 

are indispensable. Particularly, in-situ analyses are highly informative, provided that such 

techniques offer a real picture of the interfacial charge transfer in action. Moreover, computational 

material screening and photocatalytic process simulation are likewise valuable, given that these 

studies alternatively provide theoretical clues to searching for novel highly efficient photoelectrode 
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and photocatalyst materials. The next decade will continue to see such interdisciplinary synergy 

stimulating a burgeoning growth in the photoelectrochemical field. 
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9. Appendix  

9.1 List of Symbols and Abbreviations 

A     Electron affinity 
Ag/AgCl    Silver/silver chloride reference electrode 
Aph     Absorbance 

Aph     Difference in abosrbance 
AuCl4

-    Gold tetrachloride anion 
B     Full-width at half maximum of the diffraction peak 
BD     Butanediol 
BET     Brunauer–Emmett–Teller 
BSE     Back-scattered electron 
b     Path length 
C     Coulomb 
CB     Conduction band 
CBED    Convergent-beam electron diffraction 
Cdye     Concentration of organic dye 
Creac.    Concentration of the reactant 
CRT     Cathode ray tube 
Cs     Adsorption capacity 
C -SnWO4     Concentration of -SnWO4 

C -SnWO4    Concentration gradient of -SnWO4 

c      Velocity of light 
c-SnWO4    -SnWO4 microcube 
D     Diffusion coefficient 
DEG    Diethylene glycol 
DET     Direct electron transfer 
DFT     Density functional theory 
DLS     Dynamic light scattering 
Do(E)    Distribution of the energy states of electron acceptor O 
DOS    Density of states 
d     Diameter/hydrodynamic diameter 
db     Base diameter 
dc     Cube size 
dhkl     Interplanar distance of the lattice plane (hkl) 
dmin     Minimum distance 
E     Energy 
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E     Energy change 
E0 Correction of the energetic position of the X-ray absorption edge 

ECB     Conduction band edge of the semiconductor 
EDXS    Energy dispersive X-ray spectroscopy 
EF     Fermi level 
EF,sc     Fermi level of the semiconductor 
EF,m     Fermi level of metallic counter electrode 
EF, redox     Fermi level of the redox couple 
EG     Ethylene glycol 
Eg     Bandgap of the semiconductor 
ET     Everhart-Thornley detector 
EVB     Valence band edge of the semiconductor 
EV,SEI Valence band edge at the semiconductor–electrolyte interface 
EXAFS    Extended X-ray absorption fine structure 
e     Base of natural logarithms 
e-      Electron 
e-

bulk,m     Electron in the bulk of the metal 
e-

bulk,sc     Electron in the bulk of the semiconductor 
eCB

-     Electron in the conduction band of the semiconductor 
[eCB

-] Concentration of the electron in the conduction band of the semiconductor 
e-

depletion layer    Electron at the depletion layer of the semiconductor 

e-Edecomp.    Fermi energy of cathodic reduction of the semiconductor 
e-

sc      Electron of the semiconductor 
esp

-     Electron in the sp-band of the metal 
[esp

-]     Concentration of the electron in the sp-band of the metal 
F     Faraday constant 
fcc     Face-centered cubic 
Fh      Incident photon flux 
F      Phonon flux 
FMS    Full multiple scattering 
F(R )    Kubelka-Munk function 
FT     Fourier transforms 
FWHM    Full-width at half maximum 
G     Gibbs free energy 

G     Gibbs free energy change 
GC     Gas chromatography 
GLY    Glycerol 
g     Diffraction vectors 
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H     Height 
HAADF-STEM High-angle annular dark field-scanning transmission electron microscopy 
HFM    Horizontal focusing mirror 
[H2O]    Concentration of water 
HOMO Highest occupied energy level/Highest occupied molecular orbital 
HRTEM    High-resolution transmission electron microscope 
h     Planck constant 
     Reduced Planck constant 

h+      Hole 
h+

bulk,sc     Hole in the bulk of the semiconductor 
hd

+     Hole in the d-band of the metal 
[hd

+]     Concentration of the hole in the d-band of the metal 
h+

depletion layer    Hole at the depletion layer of the semiconductor 
hdf     Depth of filed 

h+Edecomp.    Fermi energy of anodic oxidation of the semiconductor 
hl     Arm length 
h+

sc     Hole of the semiconductor 
h+

semiconductor-liquid junction  Hole at the semiconductor-liquid junction 
hsp     Hole in the sp-band of the metal 
[hsp

+]    Concentration of the hole in the sp-band of the metal 
hVB

+     Hole in the valence band of the semiconductor 
[hVB

+] Concentration of the hole in the valence band of the semiconductor 
h      Photon energy 

     Phonon energy 
I     Ionization potential 
I0     Radiant intensity of incident light/X-ray 
ICDD    International center for diffraction data 
Iin     Initial photocurrent shoot at the light-on instant 
IPCE    Incident photon to charge carrier efficiency 
Iph     Photocurrent density 
Is     Radiant intensity of scattered light 
It     Radiant intensity of transmitted light/X-ray 
ITO     Tin-doped indium oxide 
J     Diffusion flux 
K/ / molar    Absorption coefficient 
Kad     Adsorption equilibrium constant 
k     Wave number 

k     Momentum change 

List of Symbols and Abbreviations
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k’     Photodegradation rate constant 
kB      Boltzmann constant 
kg     Kilogram 
ki

     Rate constant of ith reaction 
kr     Charge recombination rate constant 
kred     Interfacial reaction rate constant 
k-vector    Wavevector of the photon 
L Distance from the specimen to the photographic negative in the TEM 
Le     Mean free diffusion length of the electron 
Lh     Mean free diffusion length of the hole 
LSP     Localized surface plasmon 
LSPR    Localized surface plasmon resonance 
LUMO Lowest unoccupied energy level/(Lowest unoccupied molecular orbital 
l     Orbital angular momentum quantum number 

l     Change of orbital angular momentum quantum number 
MB     Methylene blue 
MFP    Mean free path 
m     Mass 
me     Rest mass of the electron 
N     Coordination number 
ND      Charge carrier density of the n-type semiconductor 
NHE    Normal Hydrogen Electrode 
NIR     Near-infrared 
NSRRC    National synchrotron radiation research center 
n     Relative refractive index 
nb      Bulk density of electrons 
nd     Order of diffraction 
nmolar    Mole 
ns     Surface density of electrons 
O/O’     Electron acceptors in the electrolyte 
[O]      Concentration of electron acceptor O in the electrolyte 
OAc     Oleic acid 
OAm    Oleylamine 
PDO    Propanediol 
PE     Pentaerythritol 
PEG     Polyethylene glycol 
Pin     Power density of incident light 
p     Momentum 
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pDOS    Projected density of states 
QD     Quantum dot 
Qph     Photogenerated charge 
q     Electronic charge 
q b     Schottky barrier height 
R/R’     Electron donors in the electrolyte 
[R]      Concentration of electron donor R in the electrolyte 
Rbond     Bond length 
RET     Resonant energy transfer 
Re (R) Real part of normalized oscillatory part of the X-ray absorption coefficient 

with cubed weighting of the wave number of X-ray 
Rf     Goodness-of-fits 
RhB     Rhodamine B 
Rp     Distance of incident light to the particle 
Rreference    Reflectance of the reference standard 
Rsample    Reflectance of the sample 
R      Relative reflectance 
Rxn     Reaction 
r     Radius 
rED Distance from the diffracted to the transmitted spots on the electron 

diffraction pattern 

rph     Photodegradation rate of organic dye 
S     Scattering coefficient 
S0

2 Amplitude reduction factor of oscillatory part of the X-ray absorption 
coefficient 

SAED    Selected area electron diffraction 
SE     Secondary electron 
SEM    Scanning electron microscopy/microscope 
SOJT    Second-order Jahn-Teller 
SPP     Surface plasmon polariton 
SS     Mid-gap surface state 
[SS]     Density of the mid-gap surface state 
SS+     Hole at the mid-gap surface state 
s-SnWO4    -SnWO4 spikecube 
STEM    Scanning transmission electron microscopy 
T     Absolute temperature 
TBAOH    Tetrabutylammonium hydroxide 
TBAOH·30H2O  Tetrabutylammonium hydroxide 30-hydrate 
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TCD    Thermal conductivity detector 
TEM    Transmission electron microscopy/microscope 
TEY     Total electron yield 
TFY     Total fluorescence yield 
TOF     Turnover frequency 
TON    Turnover number 
Tph     Transmittance 
TrEG    Triethylene glycol 
t     Time 
tc     Diameter of the crystallite 
ts     Specimen thickness 
UHV    Ultrahigh vacuum 

Up     Underpotential shift 
UPD    Underpotential deposition 
UV     Ultraviolet 
V     Accelerating voltage 
VB     Valence band 
VB     Extent of band bending 
Vfb     Flatband potential 
VFM    Vertical focusing mirror 
V°redox     Standard redox potential of the redox couple 
VIS     Visible 
v     Velocity 
w      Width of the depletion layer 
XAFS    X-ray absorption fine structure 
XANES    X-ray absorption near edge structure 
XAS    X-ray absorption spectroscopy 
XRD    X-ray powder diffraction 

2)( x     Mean squared displacement 
Z     Atomic number 
z     Number of transferred charge 
ZB     Zero-order beam 
(hkl)     Miller indices of the lattice plane 
{hkl}    Miller indices of a family of the lattice planes 

     Core-hole lifetime broadening 
     Chemical potential of the electron 

(E)     X-ray absorption coefficient 
     Wavelength 
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L     Camera constant 
s     Solvent reorganization energy 
     Frequency of incident photon 
     Frequency of the harmonic oscillator lattice 

     Dielectric constant of the semiconductor 
0     Permittivity of free space 
-1     Light penetration depth 
con     Semi-angle of radiation cone/convergence angle 
     Electronegativity 
(k) Normalized oscillatory part of the X-ray absorption coefficient 
     Scattering angle 

2      Diffraction angle 
B     Bragg angle 
s     Surface coverage 
     Viscosity 

F     Faradaic efficiency 

i     Internal quantum transmission probability 
     Partial electron transfer 
     Work function 

     Work function difference 
ph     Photoabsorption efficiency 

2     Debye-Waller factor 
     Distribution width of the bond length 
sp     Relaxation time of the hole in the sp-band of the metal 
d     Relaxation time of the hole in the d-band of the metal 
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9.2 List of Figures 

Figure 1. 1.  (a) Electrochemical cell and (b) suspended metallized powder configurations for 
carrying out photoelectrocatalysis using n-type semiconductor. Energetics of the (c) 
photoelectrochemical cell and (d) photochemical diode (framed region in Fig. 1.1b). 
Abbreviations used: h , photon energy; Eg, bandgap of the semiconductor; ECB, 
conduction band edge of the semiconductor; EVB, valence band edge of the 
semiconductor; EF,sc, Fermi level of the semiconductor; EF,m, Fermi level of the 
metallic counter electrode; EF, Fermi level of the metallized semiconductor. .......... 2 

Figure 1. 2.  Chronological summary of significant milestones, including dimensional migration 
and nanostructuring strategies, in photoelectrochemistry. Abbreviations used: Lh, 
mean free diffusion length of the hole (h+); Le, mean free diffusion length of the 
electron (e-). Geometries of the exemplary nanoparticle and nanotip are characterized 
by the radius (r), the diameter (d) and the height (H). ............................................... 3 

Figure 1. 3.  (a) SEM image of multiarmed -SnWO4 spikecube (scale bar: 2 m) and (b) TEM 
image of bioinspired Au@Nb@HxK1-xNbO3 nanopeapods (scale bar: 50 nm) 
(adapted from reference[45,46]). .............................................................................. 4 

Figure 2. 1.  Energetics evolutions in a (a-d) photoelectrochemical cell and (e-g) photochemical 
diode. (a,d) Energy diagrams of isolated solid and liquid constituents. (b,f) 
Formation of the semiconductor-electrolyte junction upon mutual contact. Effects of 
(c,g) suprabandgap light (h  > Eg) illumination and (d) electrical bias on the 
electronic structure of overall systems. Terms are defined in the text. ...................... 5 

Figure 2. 2.  (a) Energy diagram of an n-type semiconductor at the initial instant upon contact with 
the electrolyte with the redox couple O/R. The valence band, conduction band, and 
the Fermi level (EF,SC) of the semiconductor and the distribution of the energy states 
for the redox species, the Fermi level (EF,redox), s, A of the electron acceptor O and 
the ionization potential (I) of the electron donor R are labeled alongside. Charge 
transfer carried out at the solid-liquid boundary and reaching (b) the electronic 
equilibrium at the established semiconductor-electrolyte junction. The developed 
depletion layer is characterized by the width (w) and the extent of the band bending 
(VB). ............................................................................................................................ 7 

Figure 2. 3.  Conduction and valence band edges of a semiconductor oxide plotted as a function of 
the pH value of coupled aqueous electrolyte. On the pH-E diagram, the ECB and EVB 
of a semiconductor linearly correlate to the pH value with a slope of 0.059 V/pH at 
25 °C and 1 atm, lying alongside the thermodynamic limits of water electrolysis. This 
linear dependency is known as the Nernstian relation,[50-53] suggesting that in 
aqueous solutions H+ and OH- are the primary adsorbed species on the surface of a 
semiconductor within the Helmholtz layer.[50] Two energy scales (eV and V vs. NHE) 
are shown in parallel for comparison (adapted from reference [47]). ....................... 9 
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Figure 2. 4.  Sequence of main processes in a photoelectrochemical cell, including charge 
generation upon suprabandgap light irradiation (1), subsequent individual charge 
transfer (2) or opposite-signed charges recombination (3) and eventual 
electrode/electrolyte interfacial redox reactions (4). The number of redox couples 
present in the electrolyte classifies the photoelectrochemical cell into (i) 
electrochemical photovoltaic cell and (ii) photoelectrocatalytic cell, respectively. .. 9 

Figure 2. 5.  Thermodynamics regarding photodecomposition of semiconductors. The cathodic 
reduction and anodic oxidation of semiconductors are always associated with the 
photogenerated electrons in the CB and geminate holes in the VB as the electronic 
reactants. The Fermi energies related to these redox degradations are characterized as 

h+Edecomp. and e-Edecomp., respectively. The thermodynamic stability of a 
semiconductor/electrolyte system depends decisively on the relative position of the 
decomposition Fermi levels (h+Edecomp. and e-Edecomp.) to the conduction and valence 
band edges (ECB and EVB) of a semiconductor at the solid-liquid boundary. The 
semiconductor is (a) thermodynamically steady, provided that h+Edecomp. is more 
positive (on scale of V vs. NHE) than EVB and e-Edecomp. is more negative (on scale of 
V vs. NHE) than ECB. In contrast, semiconductors become (b) thermodynamically 
unsteady at inverse conditions. Most n-type semiconductors studied to date were 
either (c) cathodically or (d) anodically stable (adapted from reference [54]). ...... 11 

Figure 2. 6.  (a) In the photoelectrocatalytic cell, an exergonic ( G < 0) reaction (R + O’  O + R’) 
is accelerated in the presence of the illuminated semiconductor electrode. (b) In the 
photoelectrosynthetic cell, an endergonic ( G > 0) reaction is triggered in the 
presence of an illuminated semiconductor electrode, leading to the conversion of 
radiant to chemical energy. ...................................................................................... 12 

Figure 2. 7.  Effects of particle size in (a) light absorption, (b) development of space charge layer, 
(c) charge collection and (d) interfacial charge transfer rate for photochemical diode. 
More than 90% of the incident light is absorbed by the photochemical diode when the 
particle diameter is more than 2.3-fold the value of -1.[44,55] The space charge layer is 
instantaneously formed in a microscale photochemical diode but gradually 
degenerates upon downscaling the dimension to the nanoscale. When the particle 
size is smaller than the number of w, the conduction and valence bands are essentially 
flat, which can hardly separate the photogenerated electron/hole pairs. Ideal charge 
collection is yet feasible when the particle diameter is further reduced to the same 
scale of Le/Lh. The characteristic high surface area of nanoscale photochemical 
diodes promotes a charge transfer rate to perform reactions with slow kinetics. 
Abbreviations used: , wavelength-dependent absorption coefficient (cm-1); r, 
particle radius. .......................................................................................................... 13 
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Figure 2. 8.  Elements making up photoelectrocatalytic materials (adapted from reference [41]).
 .................................................................................................................................. 14 

Figure 2. 9.  Crystal and band structures of TiO2 polymorphs at pH = 0 (adapted from reference 
[65-67]). ................................................................................................................... 17 

Figure 2. 10.  (a) Ideal ABO3 cubic Perovskite structure (octahedral BO6 units with A cation 
located in the middle of the cubic cage) and other perovskite-related layered variants 
including (b) Dion-Jacobson phases with a general formula An-1BnO3n+1 typified 
herein by RbLaNb2O7 (yellow, NbO6 units; green, Rb atoms; lilac, La atoms), (c) 
Ruddlesden-Popper phases with a general formula An+1BnO3n+1 exemplified herein 
by Li2CaTa2O7 (yellow, TaO6 units; blue, Ca atoms; red, Li atoms; green, O atoms) 
and (d) Aurivillius phases with a general formula (An-1BnO3n+1)2- illustrated herein by 
Bi2WO6 (yellow, WO6 units; lilac, Bi atoms; green, O atoms). In all cases, n 
represents the number of the perovskite-like layers (adapted from reference [63]).
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Figure 2. 11.  Schematic illustration of stepwise nano-origami of multinary layered perovskite 
preformed during the initial solid-state reaction, and subsequent ion-exchange and 
scrolling to generate texture-preserved tubular nanocrystals. .................................. 19 

Figure 2. 12.  Exemplary nano-assemblies including naphthalene-analogous planar arrays (upper 
left corner), core-satellite (upper right corner) and biomimetic peapod (lower right 
corner) superstructures that allow the electronic coupling of surface plasmons on 
metallic building blocks, and inverse opal architecture (lower left corner) that allows 
the optical coupling between incident light and the solid photonic crystal, 
respectively (adapted from reference [46,97-99]). .................................................. 21 

Figure 3. 1.  Basic concept of an X-ray diffractometer (adapted from reference [105]). ............ 23 
Figure 3. 2.  Diffraction of X-rays by the lattice atomic planes in the crystalline powder specimen 

(adapted from reference [105]). .............................................................................. 24 
Figure 3. 3.  The dispersive absorption band arises from the concurrent rotational, vibrational and 

electronic (ro-vibronic) transitions in molecules (adapted from reference [111]). . 26 
Figure 3. 4.  (Upper right panel) X-ray absorption fine structure (XAFS) divided into (blue tinted 

region) the X-ray absorption near edge structure (XANES) and (yellow tinted region) 
the extended X-ray absorption fine structure (EXAFS) regions. (Upper left panel) 
Deconvoluted XANES demonstrates the overall X-ray absorption originated from 
(lower left panel) diverse electronic excitations. (Inset in upper right panel) 
Schematic illustration of the interference of outgoing (black circles) and 
backscattered (green circles) photoelectron waves leads to the oscillatory behavior of 
EXAFS. (Lower right panel) Fourier transformed EXAFS reveals the coordination 
shells around the absorbing atom (adapted from reference [118-128]). ................. 31 
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Figure 3. 5.  Schematic diagram of saw-tooth-like X-ray absorption edges of an isolated atom at 
discrete photon energies corresponding to the characteristic binding threshold of 
particular atomic levels (adapted from reference [120]). ........................................ 31 

Figure 3. 6.  (a) Schematic diagram of X-ray absorption via the photoelectric effect. The tightly 
bound core electron is liberated from the absorbing atom in this process, giving rise 
to the photoelectron. The photoelectron travels outward in the form of a spherical 
wave. (b) In this simplest picture, the outgoing photoelectron wave (black 
circles/wave) is scattered by an adjacent atom as a point obstacle and return back to 
the absorbing one (cyan circles/wave). The consequent interference modulates the 
amplitude of the photoelectron wave function and in turn (E) of the absorbing atom 
(adapted from reference [119]). .............................................................................. 33 

Figure 3. 7.  Schematic overview of a scanning electron microscope (adapted from reference 
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Figure 3. 8.  Electrons and X-ray photons are generated upon the electron-probe-specimen 
interaction. The characteristic tear drop interaction volume depends on their physical 
properties and energies (adapted from reference [102,110,141,142]). ................... 40 

Figure 3. 9.  The dependency of the secondary electron collection efficiency on the 
specimen-detector geometry, wherein most electrons emitted from the leftest tear 
drop interaction volume are prevented from the detector by the tip. More 
significantly, the dependency of the secondary electron yield on the incident angle of 
the primary electrons, wherein more secondary electrons are available from shape tip, 
tilted surface and the corner than that from a flat plane (adapted from reference 
[142]). ...................................................................................................................... 41 

Figure 3. 10.  Geometry for the formation of the electron diffraction pattern (adapted from 
reference [141]). ...................................................................................................... 46 

Figure 3. 11.  (a) Diffraction pattern (right panel) of a single perfect crystal specimen (left panel), 
(b) wherein the vector pointing from the reflection of the undiffracted electrons to the 
corresponding Bragg reflection (right panel) is oriented perpendicularly to the lattice 
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Diffraction pattern (right panel) of a specimen containing a small number of 
crystallites (left panel). (e) Those diffraction points start to merge into rings when a 
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Figure 4. 1.  (a,b) Size distribution histograms and (c,d) XRD patterns (reference: ICDD No. 
1070-1497, -SnWO4) collected for -SnWO4 nanoparticles prepared at (a,c) 120 
and (b,d) 140 °C, respectively. Insets: Representative SEM images are shown 
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Figure 4. 2.  (a,b) XRD patterns (reference: ICDD No. 1070-1497, -SnWO4) and (c,d) SEM 
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dot edged leads to the elongation of the solid edges and the absence of the dot edges 
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Figure 4. 4.  SEM overview image of the -SnWO4 cubes prepared at 160 °C (scale bar: 10 m).
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from a faceted -SnWO4 microcube to a -SnWO4 spikecube. (a) Diffusion of 
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-SnWO4 feed leaded to the deposition in the form of discrete clusters in preference 

to homogeneous monolayer. (c) Shadowing effect renders the incoming -SnWO4 
hardly available to the concave pit, giving rise to the voids distributed in the 
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Figure 4. 7.  SEM top view image of a -SnWO4 spikecube (scale bar: 5 m). .......................... 57 
Figure 4. 8.  Size and morphological evolution of -SnWO4 as a function of reaction 

temperature in the context of the polyol synthesis. Representative SEM images of 
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Figure 4. 9.  (a) XRD pattern collected for K4Nb6O17 synthesized in the context of a solid-state 
reaction. (reference: ICDD-No. 0021-1297, K4Nb6O17·3H2O (blue line); ICDD-No. 
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Figure 4. 10.  Space-filling model of single (-Nb6O17-)4- sheet viewed along the a directions (a) 
out of and (b) into the page, respectively (adapted from reference [157]). The 
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Figure 4. 11.  (a) EDX spectrum and (b) TEM image (scale bar: 70 nm) ascribe a stoichiometry of 
K0.03NbO3 and a tubular form to the final product. Given H undetectable by EDXS, 
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Figure 4. 12.  Crystal structure of layered K4Nb6O17 along the (a) [001] and (b) [010] direction, 
respectively (adapted from reference [166]). (c) Crystal structure of cubic HNbO3 
perovskite. The cations are omitted for clarity. ....................................................... 62 

Figure 4. 13.  TEM image validated that most Au nanocrystals unidirectionally seeded inside the 
cavity of the retrosynthetically preformed HxK1-xNbO3 nanoscrolls (scale bar: 100 
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Figure 4. 14.  (a) HRTEM image (scale bar: 3 nm) and (b) diffractogram (scale bar: 6 nm-1) of the 
Au nanocrystal in (a) with calculated diffraction pattern with Miller indices for a 
Au decahedron along its fivefold symmetry axis (Au with space group Fm-3m, a = 
4.08 Å). Orange dashed lines in (a) delineate five twin boundaries between 
individual single-crystal domains (lines are guide to the eye). The white circle in (b) 
indicates the zero-order beam (ZB). ........................................................................ 65 

Figure 4. 15.  Free electron cloud distribution around Au nuclei (a) before and (b) after Nb5+ 
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Figure 4. 16.  (a) Thermodynamics disfavors the homogeneous reduction of Nb5+ by OAm, but (b) 
the presence of Au nuclei presumably tuned such process thermodynamically 
feasible via a UPD route due to (c) the partial charge transfer from Nb adatoms 
(cyan spheres) to Au nanocrystals (orange spheres). Moreover, the particle positive 
charge (green cloud) present at Nb adatoms likely stimulated the deposition of next 
few atomic layers likewise at underpotentials. ........................................................ 66 

Figure 4. 17.  (a) HRTEM image (scale bar: 3 nm) and (b) corresponding EDXS line profile 
substantiated a monolayer deposition of Nb shell onto nanocrystalline Au 
decahedron at underpotentials. Orange and sky-blue dashed lines in (a) delineate 
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Im-3m, a = 3.32 Å) in the [115]-zone axis. The white circle in (d) indicates the 
zero-order beam (ZB). .............................................................................................. 67 

Figure 4. 18.  (a,b) HRTEM images and (c,d) corresponding EDXS line profiles (element 
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from the Debye-Scherrer rings in the initial SAED pattern (inset in (f), scale bar: 3 
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toward the triangular face formed by the O(1) atoms. (c) First oxygen coordinated 
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