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Kurzfassung

Um die zuklnftige Energieversorgung mit nachhaltiger und regenerativer Stromgewin-
nung sicherzustellen, beschéftigt sich ein groBer Teil der heutigen Wissenschaft und
Forschung mit der Entdeckung und Verbesserung bereits bestehender Materialien. In
der vorliegenden Arbeit werden moderne Halbleitermaterialien und ihre optischen und
elektronischen Eigenschaften dargestellt und optimiert. TiO2-Nanoréhren werden bereits
in der Farbstoffsolarzelle, auch Gratzel-Zelle genannt, industriell in photovoltaischen An-
lagen verwendet. Sie besitzen die Fahigkeit, Lichtenergie in elektrische Energie umzu-
wandeln. Des Weiteren werden elektrochemisch anodisierte TiO2-Nanordhren in Pho-
tosensoren und zur photo-katalysierten Wasserspaltung eingesetzt. Aufgrund der be-
grenzten Absorptionsfahigkeit von TiO2-Nanoréhren und zur Verbesserung der Generie-
rungs- und Rekombinationsprozesse von Ladungstragern werden Hybridmaterialien her-
gestellt. Hierzu werden 2D- und quasi-1D-phosphorbasierte Halbleiter (SnlIP, (Cul)sP12,
NaP7, faserférmiger P, schwarzer P) mit einer angemessenen Ladungstragermobilitat
sowie einem geeigneten optischen Bandllickenbereich (1.0 - 2.7 eV; 3.2 eV in TiO2 Ana-
tas) eingesetzt. Um einen geeigneten Kontakt zum Ladungstragertransport zwischen
Anatas und den jeweiligen 2D- und quasi-1D-Materialien herzustellen, wurde mithilfe ei-
ner Gasphasenabscheidung ein Heterolibergang erzeugt. Die resultierenden Bandli-
cken der Hybridmaterialien wurden ermittelt und der jeweilige Heterotbergang nach An-
gleichung der Ferminiveaus schematisch dargestellt. Die Anwendungsmaoglichkeit der
Hybridmaterialien wurde in der photo-katalytischen Wasserspaltung getestet. Hier stellt
faserférmiger P die besten Abscheidungseigenschaften auf und innerhalb TiO2-Nano-
rohren dar. Das SnIP@TiO2-Hybridmaterial weist die h6chste photo-katalytische Aktivi-
tat auf. AuBerdem werden die drei Seltenerd-Chalcogenid-Halogenide REzGe:Ssl
(RE = La, Ce, Pr) dargestellt. An diesen Verbindungen wurden Untersuchungen zum
Kristallsystem und den optischen und magnetischen Eigenschaften durchgefihrt.
REsGe2Ssl (RE = La, Ce, Pr) kristallisieren im monoklinen Kristallsystem der Raum-
gruppe C2/cund besitzen paramagnetische Eigenschaften. Verbindungen mit schweren
Elementen zeigen aufgrund ihrer elektronischen Struktur hdufig schmale Bandlicken.
Ein Strukturmerkmal dieser gemischt-anionischen-Verbindungen ist die Uberlappung
der Halogenid- und Chalcogenid-Orbitale und eine resultierende Erweiterung der opti-
schen Bandlicken. Dies konnte anhand von experimentellen Messungen bestatigt

werden.



Abstract

To meet present needs in sustainable and regenerative energy systems, a great number
of scientists are working on new advanced materials or optimization of currently used
systems. This thesis focusses on synthesis and characterization of advanced semicon-
ductors and their optical and electronic properties. Optimization and performance tests
for application devices were carried out after. TiO2 nanotubes, which are currently used
in dye-sensitized solar cells are able to convert light to energy. Additionally, electrochem-
ical anodized TiO2 nanotubes are used as photosensors and for photocatalytic water
splitting. In order to improve their light absorbing, charge carrier generation and recom-
bination qualities, hybrid materials together with 2D- and quasi-1D-phosphorus-based
semiconductors (SnlP, (Cul)sP12, NaP, fibrous red P, black P) were fabricated. To create
a contact for charge carrier transport in between these materials, vapor transport reaction
was used as a suitable technique. Their optical band gaps (1.0 - 2.7 eV for phosphorus-
based materials and 3.2 eV for TiO2 anatase) and charge carrier properties are promising
features to generate a hybrid heterojunction system. Several characterization methods
were applied to show resulting bandgaps and schematic Z-schemed band gap alignment
of the hybrid materials. Straightforward transport of fibrous red P onto and into TiO>
nanotube arrays via gas-phase showed most effective deposition results, whereas
SnIP@TiO: hybrid material demonstrated highest photocatalytic performance. Further-
more, three new rare-earth chalcogenidehalide were synthesized and characterized.
REs;GexSsl (RE = La, Ce, Pr) crystallizes monoclinically, in space group C2/c. Optical
and magnetic characterization was performed, showing paramagnetism and, in contrast
to other heavy element compounds, wide band gaps. However, this can be explained by
structural characteristics of chalcogenidehalide-mixed-anion compounds, with halides
disrupting the extensive orbital overlap of chalcogenides.
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Abbreviations and Symbols

1D One-dimensional

AES Auger Electron Spectroscopy

AFM Atomic Force Microscope

CB Conduction band

CCD Charge-coupled device

CIGS Copper indium gallium (di)selenide

Qn Constant phase element

CPD Contact potential difference

DR Diffuse Reflectance

DSSC Dye-sensitized solar cell

EDS Energy Dispersive X-ray Spectroscopy
EIS Electrochemical Impedance Spectroscopy
eV Electronvolt

FIB Focused ion beam

FTO Fluorine-doped tin oxide

GC Gas chromatography

HIM Helium lon Microscope

HOMO Highest occupied molecular orbital

HOPG Highly ordered pyrolytic graphite

KPFM Kelvin Probe Force Microscopy

LDA Local-density approximation

LED Light-emitting diode

LMTO Linear muffin-tin orbital

LUMO Lowest unoccupied molecular orbital

Nd:YAG Neodymium-doped yttrium aluminum garnet

NHE Normal hydrogen electrode
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SEM
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UV-Vis
VB

XPS

MB

Photo-electrochemical cell

Rare-earth

Room temperature

Scanning Electron Microscopy
Scanning Transmission Electron Microscopy
Ultraviolet Photoelectron Spectroscopy
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1. Introduction

Our current climatic conditions are not only demanding to eliminate conventional
sources, as Germany decided to no longer obtain energy from nuclear power (in 2022)'
and coal (planed in 2038)2, but along with this resolutions, financial circumstances asso-
ciated with withdraws of economic and governmental investments oblige us to act fast.
In 2008 the price of an RWE share reached 100 € and decreased to currently 24 € in-
duced by Fukushima and following crisises.® But the European Commission presented
a multi-annual financial framework for supporting climate protection with 29.7% of the
entire budget (1.14 Mrd. €) from 2021-2027.* The energy production from renewable en-
ergies in 2015 amounted 26.3% and still 44.3% are still produced with coal sources.® In
this light, a drastic development has to be achieved within the upcoming 23 years to fulfill
the necessary intentions. Despite the fact that Germany is densely populated and open-
fields for photovoltaic systems are limited, it is the third most used source of renewable
energies, after wind and biomass energy.® By the end of 2018, photovoltaic modules
provided a power rating of 45.9 GW in Germany.’ If we would aim to cover our energy
demands mainly or entirely by alternative sources by 2050 with 150-200 GW from solar
systems (hence further 4-5 GW annually), new devices have to be installed and already
existing ones need to be re-engineered in terms of their performance.®® Advanced func-
tional materials such as nanoengineered semiconductors approach such demands as
their advanced properties can be employed under primary or application-optimized con-
ditions.
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Figure 1. A) View on pristine nature in Jasper, Canada. B) Photovoltaic installation in Garching, Germany. C) Urban
farming LED system for location-independent vegetable and fruit cultivation.



1.1. Advanced Functional Materials in Renewable Solar Energy
Applications

The industrial efficiencies of semiconducting advanced functional materials used in
solar cells were measured to be 26.7 £ 0.5% for mono- and 22.3 + 0.4% for poly-crystal-
line silicon, 21 - 34% for thin film solar modules (CdTe/ GalnAsP/ GalnAs), 22.9 £ 0.5%
for thin film solar cells (CIGS) and 11.9 + 0.4% for dye-sensitized solar cells in 2019.™
Dye-sensitized solar cells (DSSC), namely third generation solar cells, are composed of
a dye coated porous layer of titanium dioxide nanoparticles (see Figure 1.1-1)."" Titanium
dioxide (anode) is immersed in a conducting electrolyte solution and bordered by a plat-
inum catalyst (cathode). To enhance the DSSCs performances, one option is to activate
the photocatalytic qualities of TiO». After absorption of visible light in the dye layer the
electrons are excited from HOMO to LUMO level, followed by a transfer to the TiO2 con-
duction band (CB). Losses during the following recombination step and insufficient visi-
ble light absorbing qualities can be reduced after careful investigation of the electronic
and optical TiO2 properties and optimization within the scope of application aspect.

Counter Electrode /

TiO, with dye
adsorbed to
surface

— Photoelectrode

Sunlight

Figure 1.1-1. Schematic illustration of a dye-sensitized solar cell (Figure as described in Cit. 11).

In general, key factors such as charge transport, trapping and recombination can af-
fect the performances and properties of optoelectronic devices. Attributed to its high sur-
face area and orthogonalized processes of photocarrier generation and charge separa-
tion especially in highly ordered nanotube arrays, TiO: is used in further optoelectronic
applications such as sensors, photo-electrochemical cells (PEC) (see Figure 1.1-2, left
side) and photocatalysts.'? 4

Instead of solar light to energy conversion in photovoltaic systems, materials em-
ployed for photocatalytic processes absorb light of characteristic wavelength for photoe-
lectrochemical reactions in the presence of a co-catalyst. The photocatalytic splitting of



water into hydrogen and oxygen using TiOz as a photocatalyst is another example pro-
ducing fuel cells from renewable energy sources. Initial significant investigations were
reported by Fujishima and Honda in 1972.'® The common principles of photovoltaic and
electrochemical photocatalytic processes are photon absorption to excite electrons of
sufficient lifetime from valence band (VB) to CB of a semiconductor, carrier separation
of excited electrons and defect electrons (holes) followed by using the excitation energy
for reduction and oxidation processes in the electrolyte (see Figure 1.1-2, right side).'®”
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Figure 1.1-2. Left side: Schematic representation of a photoelectrochemical cell consisting of semiconductor pho-
toanode and metal cathode. Right side: Corresponding oxidation and reduction reaction generating O, and H: in the
electrolyte during light illumination (Figure as described in Cit. 17).

After photon absorption, the electrons of an occupied VB in a semiconductor need to
overcome a suitable energy gap to be promoted to the CB. The precise energy of the
respective band gap can be employed for further reaction sequences. In regard to har-
vesting an optimum amount of the electromagnetic solar radiation, crystalline Si with a
band gap energy of 1.1 eV is used as photovoltaic standard material.'® A great amount
of the solar radiation can be absorbed but only the equivalent band gap energy is ex-
ploited by the intrinsic semiconductor. Titanium(IV)-oxid inhibits a large band gap energy
for both polymorphs rutile (3.12 eV) and anatase (3.2 eV) and is used as standard anode
material in photoelectrochemical cells mainly in anatase modification by reason of its
advantageous photocurrent performance.®?' However, photon absorption of TiO. ana-
tase is limited to short-wave components of the solar spectrum.

A first step for generation of hydrogen from water is bringing an n- or p-type semicon-
ductor into contact with an electrolyte, both possessing dissimilar Fermi levels or elec-
trochemical potential. In the case of PEC water oxidation the n-type semiconductor TiO-
anatase complies with these requirements to transport charge carriers across the semi-
conductor-electrolyte interface as its VB energy lies electrochemically above (cathodic)
the hydrogen potential (H*/Hz; 0 V vs. normal hydrogen electrode (NHE) at pH = 0) and
CB energy lies electrochemically below (anodic) the oxygen potential (H2O/O2 1.23 V vs.



NHE) (see Figure 1.1-2).22 An utilization of TiO2 nanotubes due to its high surface area,
short travel distance to surface, orthogonalized processes of photocarrier generation and
charge separation is noteworthy at this point.2®> An exchange of charge carriers creates
a space charge layer in the semiconductor-electrolyte interface and band bending at the
n- or p-type electrode surface. Under illumination of sunlight, a splitting to quasi-Fermi
levels for building minority and majority charge carriers leads to separation through a
built-in electric field and reduction of the redox system at the p-electrode (in this case
metal counter electrode) and oxidation at the n-electrode (Figure 1.1-3)."”-2* Therefore,
electron-hole pairs of sufficient lifetimes have to be constituted. For successful water
oxidation in a PEC a sufficient photovoltage has to be greater than the potential differ-
ence for water electrolysis, which corresponds to thermodynamic decomposition voltage
of water (1.23 V). In addition to this value, diffusion-overpotential to yield sufficient cur-
rent density and material-dependent kinetic overpotential to bridge the activation barriers
have to be taken into account.?® A further emerging parameter is electric potential of
resistances, occurring at the semiconductor-electrolyte- and cell-contact-interfaces
which have to be studied.?® A set-up of a PEC, investigating the relevant charge-transport
properties will be presented in detail in section 3.1 and 3.2 of this thesis.
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Figure 1.1-3. PEC cell with n-type semiconductor photoanode and metal cathode under equilibrium (left side) and illumi-
nation of light (right side) with splitting of Fermi levels to quasi-Fermi levels for charge carrier transport through semi-
conductor-electrolyte interface for water oxidation reactions (Figure as described in Cit. 17).

Considering the so far stated efficiency restricting effects, TiO, anatase nanotubes
can be improved by engineering the semiconductor’s optical and electrical properties but
have to be approached carefully retaining its fundamental beneficial characteristics. A
functional modification by hybrid heterojunction formation at the interface to another sem-
iconductor is one way to modify TiO2 nanotubes in such way, that its advantageous high
surface area and high electron mobility can be preserved.?® Heterojunction systems are
already established in successful photoelectrochemical water splitting reactions, e.g. in
nanostructured WQO3/BiVOs thin films through solvothermal deposition on fluorine-doped
tin oxide (FTO) glass or Fe>Os/graphene/BiVi_xMoxOs core/shell nanorods by



hydrothermal deposition onto Ti-substrate.?”-?® In this work, a novel type of inorganic
semiconductor heterojunction with structural advanced functional materials possessing
structural features and tunable electrical and optical properties, are introduced and dis-
cussed in section 1.2. and 1.3. Section 1.2. 'Heterojunction in Advanced Functional Ma-
terials' concentrates on band gap alignment of both semiconductors which needs to be
carefully manufactured. For successful alignment, band gap energies have to be com-
patible which will be further discussed in section 1.3. 'Size effects in Advanced Functional
Materials'.

1.2. Heterojunction in Advanced Functional Materials

After applying photovoltage in a PEC cell band bending of the photoanode at the semi-
conductor-electrolyte interface occurs and must remain in existence to inhibit electron-
hole recombination as well as hydrogen and oxygen generation reactions in the electro-
lyte. An efficient way to enhance charge separation, while light harvesting and charge
carrier transport across the semiconductor-electrolyte interface will not be affected, is to
create a Z-schemed p/n-junction between the n-type semiconductor TiO, anatase and a
p-type semiconductor. Therefore, the relative alignment of the heterostructure bands
needs to be investigated during hydrogen generation reactions: Determination of
whether CB edge of one semiconductor lies above or below the other can be obtained
with respect to one value. This value is usually discerned as vacuum level energy and
other energy levels are referred to it. Vacuum level energy is considered as the energy
of a free stationary electron that is outside the semiconductor (green line in Figure 1.2).2°
Depending on the position of VB and CB of each semiconductors a band alignment can
form either a n/n-, p/p- or p/n-type heterojunction due to charge redistribution in the de-
pletion region, meaning depletion of majority carriers, in presence of an electric field a
corresponding electrostatic potential. In contrast to junction systems, which can occur
intrinsically, a heterojunction formation emerges between two distinct materials. Current
PEC systems often use different electronic components biased to the photoanode to
enhance the photoactive properties. In that case the photoanode is applied to a biased
voltage with an integrated p/n-junction.*°After creating a hybrid TiO2 nanotube array het-
erojunction with another semiconductor, the photoanode is comprised of one constituent
material and further loss of charge carriers can be avoided. During a p/n-junction elec-
trons flow from n- to p-type semiconductor and holes from p- to n-type semiconductor
while Fermi levels align. At the same time a downward band-bending of the p-type ma-
terial and upward band-bending of the n-type material occurs (see Figure 1.2). A detailed
determination of Fermi level alignment of the title compounds (TiO2 nanotubes; P



allotropes and poylphosphides) with calculated energy values will be given in section
3.1. and 3.2. of this thesis.

|
Ec :@
| I@
, @l o ©
I I EC
B _______ i P T T E
Ev ~ "
|
® @ @ |®® | |
| |
| |
I<_:®—.l Ev

p-type Space charge region  n-type

Figure 1.2. A p/n-Heterojunction semiconductor heterostructure with space charge region after depletion of majority
carriers resulting in electron-flow from n- to p-type material and holes from p- to n-type material (Figure as described in
Cit. 31). Referring vacuum level is highlighted as green line.

1.3. Size effects in Advanced Functional Materials

Attempts to change optical and electrical properties can be induced by changing the
surface or the mere size of intrinsic semiconductors. Over recent decades, a reduction
of semiconductor sizes was aimed for environmental, biomedical, electrical and photo-
chemical applications. The sizes were cut down to two-dimensional materials in layers,
thin films or stacks of thin films, to one-dimensional materials in nanorods, -tubes, and -

fibers, and to zero-dimensional materials in nanoparticles.

Basic approaches to understand three dimensional semiconductors with intermolec-
ular interactions and intramolecular bonding energies can consequently be altered be-
cause of electronic property changes by considering nanoparticles as isolated objects.
The electronic excitation in a nanosized particle is fundamentally different to its periodic
counterpart. While for a periodic system the energy is considered continuously, for finite
atom systems the energy is discretized with individual energy levels only populated by a

single electron in line with Pauli’s principle (Figure 1.3-1).3233
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Figure 1.3-1. Energy levels for one atom and energy level transitions to a molecule consisting of two, three up to 102
atoms in a molecule (Figure as described in Cit. 33).

In bulk crystals with composition-dependent energy bands a minimum energy for elec-
tronic excitation from the highest occupied VB level to lowest unoccupied CB (Eq, Fig-
ure 1.3-2) needs to be overcome. A resulting difference of individual to ‘quasi-continu-
ous’ energy levels leads to a blue shift with decreasing particle size after absorption and

emission of light.34
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Figure 1.3-2. Electronic energy states of a molecule (left), discrete energy levels in semiconductor nanocrystals (center)
and quasi-continuous energy levels in a bulk semiconductor with energy E, for electronic excitation (right), (Figure as
described in Cit.35).

The subsequent assumptions were mainly exerted from Cit. 30 (Section 18. Nanos-
trukturen), Cit. 34 (Section 9. Optical Properties of Nanopatrticles), Cit. 35, Cit. 37. After
interaction of nanosized crystals with light electronic excitation occurs creating orbital
holes in the VB and excitons emerge. Excitons represent electrostatically bound elec-

tron-hole pairs in their minimum energy state.®® The excitons Bohr radius increases



linearly with the dielectric constant of the materials and ranges from 0.1 nm to several
nm.%® If the exciton diameter is larger than the nanocrystal axis, quantum confinement,
representing one of the most crucial effects in band gap engineering occurs.®” Quantum
confinement can be demonstrated by describing nanoparticles (charge carriers, exci-
tons, electrons) as ‘particle in a box with infinitely high walls’ and the size of the quantum
box is smaller than the particle’s Bohr radius. The walls of this quantum box can be
illustrated as energy barriers of higher potential energy (walls) than the nanoparticle en-
ergy and therefore can be crossed by electron tunneling.3* Energy barriers of insulators
are infinitely high but with decreasing potential the electron wave function describes a
finite probability of tunneling through the barriers (Figure 1.3-3; left side).3* 37 This effect
results in a transition from continuous to discrete energy levels as well. In consequence
a decrease of materials to nano-size show different energy levels and therefore change
in absorption spectra in case of irradiation with light.
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Figure 1.3-3. Left side: Electron density distribution for quantum levels 1, 2 and 3 considering a metallic nanoparticle as
'particle in a box'. There is zero probability of finding an electron outside the particle of an insulator, regardless of the
quantum level, whereas in a metallic nanoparticle, surrounded by electrons, an electron can be located at a space outside
the particle through tunneling effects.®* Right side: Dispersion relations and density of sub-band states of a quasi-1D-
nanofiber considered as a rectangular box, describing a parabolic in-plane dispersion (Figure as described in Cit. 30,
38).

Modification of material sizes not only affects energy level distances but also shapes,
which play a role in the electron and hole relaxation pathways. To establish a determi-
nation of each individual quantized sub-band states it is useful to picture the structural
changes going from regular 3D-compounds to 2D-layered and quasi-1D-fiber type ma-
terials. To understand these changes resulting from limitation of electron dispersion in
individual sub-bands to two or one spatial dimensions a mathematic approach can be
expressed by effective mass approximation and without taking electron-electron interac-
tions into account. The simplest demonstration material for these approximations are
quasi-1D-nanofibers where two of the three dimensions are reduced to nanoscales



similar to a rectangular box. The derivation of the Eigenstates can be simplified analog
to a particle in a box.%* Therefore, energy ¢; ; and wave function ¥; ;(x,y) of quasi-

1D-nanosized crystals characterized by main orientation in z-axis are described as in
eqt. 1.%°

h2k?

€E=€jt+—o— Y(x,y,z) = ¥;;(x,y)e* (1)

Eigenstates x, y are defined by the quantum numbers /, j and z-axis is defined by the
wave vector k.*° The zero point energy €; ; is the energy at the bottom of the conduction

sub-band and under these conditions they describe a parabolic in-plane dispersion of
sub-band density of states (Figure 1.3-3; right side).3% 3° The parabolic electron density
of states is effecting optical absorption and emission as electron- and hole-relaxation to
the lower sub-band side followed by a fast recombination or luminescence.*

Inorganic Nanosized Semiconductors

The above-mentioned one-dimensional structural features can be found in the first
atomic-scale inorganic double helix SnlIP. The compound has a minimum of recombina-
tion energy at 1.86 eV (direct band gap) and a shoulder at 1.80 eV (indirect band gap)
derived from photoluminescence measurements at RT.%° The dimensionality of SnIP can
be decreased from 3D to quasi-1D by chemical delamination destruction-free up to
20 nm in width.# It can be synthesized in a gas-phase transport reaction from the ele-
ments.*® Another compound of the Sn-I-P ternary phase diagram is the Zintl-phase
Sn24P193ls, first published by Shevelkov et al.*' Snz4P193ls adopts clathrate-I type struc-
ture showing a relatively narrow band gap.*' The quasi-1D-SnIP is crystallizing mono-
clinically, in space group P2/c (Nr.13) and exhibits highly anisotropic structural features
with inner [P~]- (0.32 nm) and outer 2[SnI*]- (0.98 nm) helices spinning in equal di-
rections (see Figure 1.3-4; A).*? Electron conductivity measurements in nanofiber-direc-
tion showed 2 -3 uS-m™ at ~3 um length and a bundle diameter of 400 — 500 nm.*°
Considering crystal bending defects, dopants or SnlP in hybrid materials can be a solu-
tion to improve the materials properties.

Further examples for ternary nano-compounds are (Cul)sP12, (Cul)2P14 and (Cul)2Ps.
Quantum-chemical computational methods on these compounds identified the following
structural characteristics.*346 (Cul)sP12, (Cul)2P14 and (Cul)2Ps structures can be de-
scribed as single P chains, related to those of Hittorf’s and Ruck’s fibrous phosphorous

coordinated by a Cul-matrix.*> 47 According to Baudler's rules the polyphosphide
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1

substructures can be described as Oo([P10]P2[) in (Cul)sP12 (see Figure 1.3-4; B),

1

oo([P12(4)]P2[) in (Cul)2P14 and 010([P8]P4(4)[) in (Cul)2P3.43 48%0 A band gap range of
single isolated phosphorus chains was calculated to be 2.3 -2.7 eV instead of
1.0 — 1.1 eV in bulk material with Cul-matrix.*® Downsizing of particles leads to quantum
confinement effects. Therefore, synthesis of these single strands can cause additional
changes in electron mobility. Up to now single P chains of (Cul)sP12 and (Cul)2Ps allo-
tropes were experimentally obtained without Cul-matrix, but only in an amorphous
state.! The bulk compounds crystalize after gas-phase reactions. These polyphosphide
strands could be fabricated in hetero-structured hybrid materials by support of TiO2 nano-

tubular walls.

NaP is a representative binary compound containing a phosphorus-rich substructure.
In line with Baudler’s rules [P;] -units are coordinated helically by two Na per P7-unit
(see Figure 1.3-4; C).*® 52 The compound crystallizes tetragonally, in space group /4+/acd
after short way transport reaction from the elements using Cul as mineralizer additive.5
Single NaP; strands are 0.71 nm in diameter.®?> Quantum-chemical LDA-calculations
show a band gap of 1.71 eV which is in well agreement with the crystal’s red-colored
appearance. An electric conductivity of 1.12 uS-cm™ was measured at RT.52 Both of the
latter properties can be modified in a heterostructure system.

An elemental phosphorus allotrope with nanofibrous structures is fibrous red P. It
crystallizes at elevated temperatures using iodine as a transport mineralizer additive as
first known triclinic modification of phosphorus, in space group P1 (Nr. 2).4” A short way
transport reaction with Cu-halides as transport agent improved crystallization to stable
and metastable phases and lead to phase pure synthesis.5*%° According to Baudler’s

rules infinite 010([P8]P2[P9]P2[) -chains are arranged in tubes with pentagonal cross sec-

tion, in altering cages of eight and nine subunits (see Figure 1.3-4; D).*” Band gaps were
found to be in the range of 1.4 — 2.0 eV.% Investigations as potential water splitting agent
showed steady hydrogen evolution rates of 633 uymol h™ g™' and 684 umol h™' g™' and
might be improved by modification of the electrical and optical properties.®”

2D-nanostructures such as the phosphorus allotrope black P crystallizes orthorhom-
bically, in space group Cmce.%® A high carrier mobility due to in-plane anisotropy (see
Figure 1.3-4; E) was found.5® Black P is a p-type semiconductor and was applied in field
effect transistors, photodetectors and sensors.’*%' The electronic properties are layer
number dependent as they change band gap and carrier mobility upon exfoliation to
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single and bilayer sytems.®? Its bulk material shows a direct band gap of 0.3 eV changing
to 0.86 eV for four layered black P and to 1.54 eV for the monolayer sample called phos-
phorene.®®% A layer-dependent hole carrier mobility results in values of
ca. 10° cm? V's7'.%¢ In order to make use of this structural attribute, a decoration of the
TiO2 nanotube arrays which are frequently applied in industrial techniques can tune each

individual features.

o’.:f IZ! \5\.’ s

FE v, *

Figure 1.3-4. Crystal structure sections of A) SnIP and B) (Cul);P+2 with two representative strands, C) NaP; with repre-
sentative Na-coordinated polyphosphide substructure, D) fibrous red P and E) black P.

1.4. Chemical Vapor Transport Method for Heterojunction For-
mation

In long range order crystalline materials heterojunction formation can only be exer-
cised by elaborating processes to match lattice parameters, i.e. by epitaxial growth. In
order to create a charge carrier contact via heterojunction between TiO2 nanotubes and
aforementioned compounds (see Figure 1.3-4) a simple surface deposition through gas-
phase synthesis can be conducted. A coordination between surface atoms to metal cen-
ters can lead to band gap alignment and was previously corroborated in the groups of
Marks and Hersam et al. and further research groups.®”-% In this way, amorphous TiO-
nanotubes can crystallize while preferable island-like surface coverage by phosphorus
allotropes and polyphosphides is formed in a single synthesis step within the same tem-
perature region (shown in Figure 1.4-1; left side). This particular advantage avoids
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material degradation effects. Other thin-film deposition methods such as semiconductor
lithography lead to full coating of the TiO> nanotube surfaces forming a blocking of
Schottky-junction with charge carrier loss and reduced recombination effects.®® However
to maintain a TiO2 nanotube semiconductor-electrolyte contact another technique should
be examined. In contrast to lithography, gas-phase transport of phosphorus and poly-
phosphides can result in island-like deposition and preferable p/n-heterojunction.”® Thus,
a large area of the TiO2-semiconductor-electrolyte contact can be preserved. Unlike thin
film coating of the whole nanotube surface, quasi-1D- and 2D-materials can also be in-
filtrated into the pores of TiO2 nanotube arrays for interpenetrating heterostructure p/n-
heterojunction formation. Supplementary charge carriers created inside the infiltrated
semiconductor only need to cross a short distance equal to nanotube radius (shown in
Figure 1.4-1; right side). Intrinsic orthogonalization of light absorption and charge sepa-
ration of TiO2 nanotubes ensures that even weakly absorbed photons are harvested, and

p/n-junction provides slow electron-hole recombination effects.?

-~ O*Nv""\;\

(/ ~ Vapor- -?%‘ 4
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@@ transport ¥V !3\

Figure 1.4-1. Left side: Chemical vapor transport of phosphorus and polyphosphides (pink pellet) onto and into TiO.
nanotube arrays through gas-phase with starting materials. Right side: Schematic illustration of interpenetrating heter-
ostructure (nanomaterials in pink) in outer TiO, nanotube arrays. Yellow narrows indicate lateral migration of excitons
generated in semiconducting nanomaterials (Figure taken from Cit. 23).

Due to the enticing nanostructural, electronic and optical properties of these 1.0 — 2.7 eV
semiconductors they can be applied in devices using solar light as energy source.*243:52
%.71 A blue shift due to particle downsizing effects as it is described in section 1.3. can
manipulate the band structure and can lead to improved performance.?3 35 €0. 62,67 Tg
broaden the band gap engineering effects and to improve low-cost electrochemically
anodized TiO2 nanotube’s charge-transport properties, a hybrid material inserting a p/n-
heterojunction is aimed within this work. Key drawbacks such as limited light harvesting

to only 7% of the solar spectrum and recombination effects will be addressed.?®

1.5. Mixed-Anion Advanced Functional Materials

Intriguing optoelectronic features are also found in mixed-anion compounds containing
chalcogenides and halides. In general, heavy-atom-chalcogenides own semiconducting
and high-density properties. At the same time, they inhibit narrow band gaps, which lead
to poor photoconductivity performance, as this precise limited amount of excitation en-
ergy can be employed for further reaction steps. Kanatzidis et al. presented SbSel which
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inhibits promising charge-transport properties, electrically active and carrier-trapping de-
fects because of its low defect concentration and longe-range order structure.” In the
case of chalcohalides, halides are able to disrupt the extensive orbital overlap in common
narrow band gap nature of chalcogenides. This leads to a widening of the band gap
towards 1.6 — ~2.5 eV.”? In the instance of SbSel, a band gap of ~1.70 eV and a density
of 5.80 g-cm™ was found.”>"* Further compounds in the chalcohalide group were inves-
tigated such as BiSBr showing a band gap of 1.95 eV with a density of 6.57 g-cm™ and
SbSBr which shows 2.20 eV and 4.97 g-cm3.7>77 Another important factor is the ob-
served one-dimensional needle-like morphology which can be useful for growth or even
to intergrowth onto and into TiO2 nanotubes with the aid of mineralizor additives.”'-2 This
work deals with the investigation of rare-earth mixed-anion compounds, resulting in suit-
able band gap energies, and magnetic susceptibilities for optical and magnetic applica-
tions. Future experiments could be expanded to create hybrid heterojunction systems in
order to combine its unusual wide chalcohalide band gap and its promising charge-
transport properties with light harvesting and highly photocatalytic active TiO2 nanotube

material.
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2. Materials and Methods

2.1. Reactants and Precursors

Syntheses were performed with reactants and precursors listed in Table 2.1. Further
purification was not required, excluding Cul. For this purpose Cul was dissolved in con-
centrated hydriodic acid (57 wt.-%), precipitated with water and subsequently dried un-
der vaccum.”® Fluorine-doped tin oxide (FTO)-glass was cleaned by ultrasonication in

water, methanol, and acetone for 10 min.

Table 2.1. Specification of reactants and precursors used for synthesis steps in this work.

Reactant Shape Supplier Purity [%]
Ce (Cerium) pieces ALFA AESAR 99.8
Cul (Copper(l) iodide) powder CHEMPUR 98+
C2HsO2 (97 Vol.%) (Ehylene

20z { ) (Ehy Liquid MERCK >99.0
glycol)
HI (57 wt.-%) (Hydriodic acid)  liquid RIEDEL DE HAEN 99.99
I (lodine) powder (re-  cuempuR 99.8

sublim.)
La (Lanthanum) powder CHEMPUR 99.9
Na (Sodium) pieces SIGMA-ALDRICH 99.95
Pr (Praseodymium) pieces ALFA AESAR 99
Pred (red Phosphorus) pieces CHEMPUR 99.999
S (Sulfur) flakes SIGMA-ALDRICH 99.99
Sn (Tin) shots CHEMPUR 99.999
Snls (Tin(IV) iodide) powder own production crystal
phase pure
Ge (Germanium) powder SIGMA-ALDRICH 99.99
NHsF (Ammonium fluoride) powder SIGMA-ALDRICH <99.99
Ti (Titanium) pieces CHEMPUR 99.98
HARTFORD TEC
FTO (Fluorine-doped tin oxide) glass n.a.
GLASS COMPANY

Na2SO4 (Sodium sulfate) powder SIGMA-ALDRICH 99.0
Titanium (IV)-isopropoxide powder SIGMA-ALDRICH 99.99
KOH (Potassium hydroxide) pieces SIGMA-ALDRICH 99.0
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2.2. Synthesis Methods

Hybrid Materials

TiO2 Nanotubes: Arrays of self-organized oxide tubes or pores can be obtained by
anodization of a suitable metal, in this instance titanium.?® To gain nanotubes of around
100 um length, Ti-foil employed as both, cathode (length/width/depth: 2x0.5x0.089 cm)
and anode (length/width/depth: 4x1x0.089 cm), was placed 2 cm deep in an electrolyte.
The electrolyte was comprised from ethylene glycol and 0.03 wt.-% of NH4F in deionized
water in a 97:3 v/v ratio. An anodic voltage of 60 V was applied by a benchtop power
supply (MPJA 9312-PC) and held for 3 d while the electrolyte was cooled in a water bath
(see Figure 2.2-1). After cleaning of the anodized foils in methanol, the surface was de-
laminated with a razorblade and subsequent air-drying. For cleaning and opening the
nanotube bottoms (Ti-metal-barrier side), gaseous reactive ion etching was performed
using OXFORD PLASMAPRO NGP80 under a pressure of 20 mTorr and a forward power
of 250 W for 200 s on the top side (electrolyte-exposure side) and 300 s at the bottom
side of the nanotube arrays. At last both sides were cleaned using O2 under a pressure
of 150 mTorr and a forward power of 225 W for 10 min. The TiO2 nanotube arrays were
fabricated in collaboration with Ryan Kisslinger (group of Prof. Shankar, UofA).

Figure 2.2-1. Experimental setup of TiO2 nanotube array anodization, with two Ti-foils used as anode and cathode with benchtop
power supply (DC MPJA POWER SUPPLY 9312-PS) for anodization at 60 V in an electrolyte containing 97:3 v/v ethylene glycol and
deionized water (0.03 wt-% NH4F).

Nanofibers and Hybrid Materials of black P, fibrous red P, NaPz, SnIP and (Cul)sP12
onto and into TiO2 nanotube arrays were prepared via short way gas-phase transport
reaction. This low-pressure technique was also used for the synthesis of black phospho-
rus, previously reported by Nilges et al. following the mineralizator principle.”" Therefore,
the starting materials were placed (if required pressed to a pellet with a diameter of
10 mm (MAASSEN pellet press MP150, 1 to, 15 min)) at one end of a silica glass ampoule.
In the case of NaP7-synthesis, the silica glass ampoule was graphitized beforehand by
acetone decomposition using the oxidizing part of a hydrogen-oxygen flame to avoid

sodium from etching the silica glass ampoule. For the hybrid materials, above-mentioned
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electrochemically anodized TiO2 nanotube arrays were placed at the opposite side of the
ampoule followed by evacuation down to a pressure of p < 10 mbar. The ampoule was
placed horizontally, with the nanofibers starting materials located at the hot zone and
TiO2 nanotube arrays facing towards the colder zone in a muffle furnace (NABERTHERM,
L3/11/330). Samples were heated to the according temperature programs known from
literature.*? 45 47.52. 71 Depending on the cooling process, nanofibers of different lengths
were obtained, during syntheses without and with TiO2 nanotube membranes (see Fig-
ure 2.2-2). Following these temperature programs sufficient nanofiber-growth and TiO»
anatase crystallization was carried out, excluding major decay effects.

Figure 2.2-2: Samples after gas-phase transport reaction growth of A) nanofibers of (Cul)sP12 and B) hybrid materials of black P
(deposition marked as white narrows) onto TiO2 nanotube membranes (grey membranes marked within yellow boxes).

Single-crystal Synthesis

Single-crystals of REsGe2Sgl (RE = La, Ce and Pr) were prepared in a similar manner,
with a 10%-excess of I> as the mineralizing agent. The starting materials were grounded
with an agate mortar to small pieces or powder and pressed to a pellet (10 mm diameter,
MAASSEN pellet press MP150, 1 to, 15 min). The pellet was transferred to a silica glass
ampoule, sealed under vacuum (p < 10 mbar) and placed horizontally in a muffle fur-
nace (NABERTHERM, L3/11/330). With a relatively low sulfur boiling point of 444 °C fast
heat treatment can result in explosions of the ampoule caused by rapid evaporation of
S. Therefore, the temperature program was selected to allow slow heating of 2°C/min to
300 °C and retention time of 2 d. The temperature was increased to 900 °C (2 °C/min),
and kept at that temperature for 7 d. Afterwards, the product was slowly cooled to RT.

16



2.3. Characterization Techniques

Diffraction Methods

Powder Diffraction: Identification and structure of all inorganic phases was determined
by powder X-ray diffraction. By grounding the samples in an agate mortar, a homoge-
nous powder was obtained and put airtight between two stripes of SCOTCH® Magic™,
810, 3M tape. After placing the sample in a flat sample holder of a STOE STADI P diffrac-
tometer fitted with a DECTRIS MYTHEN 1K detector diffraction data were collected between
10 and 80°in a 26 range, for 15 min each using Cu-Ku radiation (A = 1.54051 A,
Ge(111) monochromator) and Si (a = 5.43088 A) added as external standard.” Phase
analysis and indexing was carried out with the program package STOE WINXPow and
compared to literature data of PEARSON’S CHRYSTALLOGRAPHIC-database.®08!

Single-crystal Diffraction: Crystallographic structure data were collected using single-
crystal X-ray diffraction. Single-crystals, separately mounted with glass fibers and ad-
hered with beeswax under a light microscope (ZEISS Stemi 508, 24x magnification), were
measured at room temperature. Therefore, oscillation mode with a Bruker Platform dif-
fractometer equipped with a SMART APEX Il CCS area detector (Mo-Ku1 radiation;
A =0.7103 A; graphite monochromator) was applied using w scans at 7 — 8 different ¢
angles with 0.3° frame width and 10 - 12 s exposure time per frame.

Structure Refinement from X-ray data: Processing the collected data, such as stand-
ardization of atomic positions was performed using the program STRUCTURE TIDY.82
Structure determination and refinement was carried out with the program package (ver-
sion 6.12).8 The crystal structures are represented graphically using the CRYSTAL IM-
PACT Diamond program.8

Magnetic Characterization Method

Magnetic Susceptibility measurements were conducted on a QUANTUM DESIGN 9T-
PPMS magnetometer. The data were collected between 2 and 300 K under an applied
magnetic field of 0.5 T and susceptibility values were corrected for contributions from
sample holder and diamagnetism.

Microscopic/Spectroscopic Methods

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS): The samples were placed on adhesive and conductive carbon tabs and analyzed
with a SEM JCM-6000 NeoScop TM (JEOL, 5900LV, Si(Li) detector) along with an inte-
grated EDS module for semi-quantitative composition determination of the samples. For
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this measurement an acceleration voltage of 15 kV was applied with an integration time
of 300 s at ~3 different points at homogenous material’s surfaces and ~15 points at hy-
brid material’s surfaces. Imaging and processing of the collected data was carried out
with JEOL JED-2300 Analysis Station.

Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-Ray
Spectroscopy (EDS): After brief ultrasonication of the samples in methanol, the suspen-
sions were dropped on lacey carbon films of copper grids and dried under air at RT. The
copper grids were placed in a JEOL JEM-ARM200cF STEM. The microscope is equipped
with a cold field-emission gun and a Cs probe corrector for high atomic resolution. For
qualitative analysis of the samples, the integrated EDS including a silicon drift detector
took measurements with an acceleration voltage of 200 V. Analysis of the acquired data
was performed by the integrated JEOL JED-2300 Analysis Station system. STEM-EDS
analysis was conducted at nanoFAB Centre (Fabrication and Characterization Centre,
UofA, W1-060 ECERF Building, Edmonton, Canada T6G 2R3).

Helium lon Microscope (HIM) with Ga-assisted focused ion beam (FIB): SEM-EDS
analysis to obtain an elemental filling depth profile was enabled after removing the sur-
face layer down to ~15 nm depth via focused ion beam for ultra-high-resolution imaging
and operation at nanoscales. For this purpose, a ZEISS ORION NanoFab Helium ion
microscope equipped with a Ga-FIB column was used. Measurements were conducted
at 30 keV and beam currents of 1.5 nA. The operation technique is analogous to SEM,
but instead of an electron beam a focused ion beam is used.

Auger Electron Spectroscopy (AES): AES analysis of FIB-milled areas was performed
for semi-quantitative determination of the elemental composition using a JEOL JAMP-
9500F Auger microprobe. The samples were cleaned with argon ion sputtering over an
area of 500 pm?in a 15 nm?/min rate. A standard SiO- thin film was used for calibration.
Integrated SEM and Auger imaging were conducted at an acceleration voltage of 2 kV

and an emission current of 20 mA.

Raman Spectroscopy: For Raman imaging all samples were placed on a glass slide
and in case of the nanotubes’ cross sections, fixed upright onto SCOTCH® Magic™, 810,
3M tape. The spectra were acquired with a RENISHAW inVia RE0O4 Raman Microscope
fitted with a Nd:YAG and diode laser, (A = 532; 785 nm) and CCD detector. The con-
ducted laser power was 250 mW, recording 500 scans per 60 s. An integrated light mi-
croscope and camera system enabled surface point by point profiling down to 1.5 pm at

50x magnification for measurements such as along the nanotube cross sections.
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X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet Photoelectron Spectroscopy
(UPS): After drop-casting all samples on FTO-glass, surface analysis was carried out
using a KRATOS ANALYTICAL Axis-Ulra XPS-instrument equipped with monochromatic
Al-Ka (E = 1486.6 eV) source at 15 kV, 50 W under ultra-high vacuum (UHV ~102 Torr).
For charge correction, C1s of adventitious hydrocarbon (BE = 284.4 eV) was selected.
The energy of additional light sources (He-ion UV source) couples to more strongly va-
lence-level electrons and therefore enables the instrument to perform UPS measure-
ments. XPS and UPS analysis was performed in the laboratories of Prof. Karthik Shankar
(Department of Electrical and Computer Engineering, UofA, 11-384 Donadeo Innovation
Centre For Engineering, Edmonton, Canada T6G 1H9).

Diffuse Reflectance UV-Vis Spectroscopy: Optical diffuse reflectance spectra were
measured with an AVASPEC 2048 spectrometer (AVANTES) with deuterium/halogen light
source (AVALIGHT-DH-S-BAL) together with a reflection probe (FCR-7UV200-2ME) and
a custom-made sample holder (5 mm in depth). After plotting the optical absorption spec-
tra, band gaps were determined using the Kubelka-Munk equation (eqt. 2), where
a = Kubelka-Munk absorption coefficient, S = scattering coefficient, and R is the reflec-

tance.8®

a_ (1-R)?

FR)=5="—p— (2)

With [F(R)hv]*; x = 0.5 for indirect band gap and x = 2 for direct band gap.

All spectra were recorded at laboratories of Prof. Karthik Shankar (Department of
Electrical and Computer Engineering, UofA, 11-384 Donadeo Innovation Centre For En-
gineering, Edmonton, Canada T6G 1H9).8687

Kelvin Probe Force Microscopy (KPFM): Surface potential microscopy was performed
to discern the charge separation dynamics using Dimension Fast Scan Atomic Force
microscope (BRUKER Nanoscience Division, Santa Barbara, CA, USA). The materials
were deposited on FTO, and a Pt-coated SiN-SCM-PIT served as cantilever of 2.5 um
length and 4.4 N/m stiffness in the KPFM measurements. Atomic Force Microscopy
(AFM) holding chuck and conductive copper tape was used to ground all samples. The
measurement was performed at zero tip bias and calibration of Pt tip were achieved by
measuring the contact potential difference (CPD) of highly ordered pyrolytic graphite
(HOPG) and the Pt tip was employed using following expression (eqt. 3):
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EF (tip) = 4.6 eV (Work functionof HOPG) + VCPD (HOPG and PT tip) (3)

Chromatographic Method

Gas Chromatography (GC): Chromatographic separation and detection of reaction
products were conducted on a SHIMADZU GC equipped with PORAPAK Q column, Mol
Sieve column and a pulsed discharge detector. For calibration hydrogen was quantified
with a standard calibration gas mixture (PRAXAIR GAS, Canada). Helium was used as
carrier gas at the low rate 0.5 mL min™'. The analysis started with heating the oven up to
60 °C and raising temperature up to 160 °C to remove residual water. Preset detector
temperature was 160 °C.

Photo-Electrochemical Experiments

Photo-Electrochemical Properties were measured in a three-electrode set up by using
a CHI660E series electrochemical workstation. The workstation consists of a working
electrode as photoanode, a cathode as counter electrode, a reference electrode, respec-
tively. To prepare the photoanode, an approximately 20 nm thick blocking layer of TiO-
on cleaned conductive FTO-glass (transmittance 80-82%) was fabricated by spin-casting
titanium isopropoxide as it has been reported previously by Shankar et al.® The samples
were ultrasonicated in diluted titanium isopropoxide solution for 5 min using a VWR UI-
trasonic Cleaner, drop casted onto FTO-TiO2-glass and dried at 150 °C for 1 h. Pt sput-
tered glass was used as cathode and Ag/AgCl as reference electrode, respectively.
Photo-electrochemical water splitting experiments were conducted by immersing the
electrodes in 0.1 M KOH solution (electrolyte) and irradiated under solar simulated light
(1 sun equivalent to AM1.5 G) with a power density of 100 mW-cm applied at the sam-
ple surfaces.

For Linear Sweep Voltammetry, photocurrent densities were measured as function of
applied voltage vs sweeping bias voltage from -1.0 — 0.8 V at a scan rate of 10 mV-m=2.
Further experiments on LED irradiation measuring photo-response at higher wavelength
(450 and 505 nm) and incident photon-to-current efficiency were carried out.

Electrochemical Impedance Spectroscopy (EIS) was performed to obtain a Nyquist
EIS spectrum and an equivalent electrical circuit. EIS experiments were conducted under
dark and 1 sun irradiation at a bias of -0.5 V vs Ag/AgCl with an AC amplitude of 0.005 V
at 1 Hz — 100 kHZ frequencies.

Impedance-Potential Measurements for Mott-Schottky analysis of the semiconductor
interface regions was carried out, by changing the electrolyte in the above-mentioned
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electrochemical workstation to a 0.5 M Na>SO4 solution and performed at a potential
range of -1.0 to 1.0 V at 1000 Hz frequency.

Mathematical Models

Machine Learning Technique was applied to predict expected band gaps of the com-
pounds assigned for synthesis. Mathematical models were built systematically with the
aid of in-house selection routines, implemented in the Microsoft Office Spreadsheet Ex-
cel Software [Version 2013].
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3. Results

3.1. Vapor growth of binary and ternary phosphorus-based semi-
conductors into TiO2 nanotube arrays and application in visible
light driven water splitting
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The article 'Vapor growth of binary and ternary phosphorus-based semiconductors into
TiO2 nanotube arrays and application in visible light driven water splitting' was submitted
to 'Nanoscale Advances' in February 2019 and published online in May 2019. Results
were presented by Ebru Uzer at the 11" IGSSE Forum in Raitenhaslach, Germany in
May 2017, at the 101t Canadian Chemistry Conference and Exhibition in Edmonton,
Canada in May 2018, and the Annual ATUMS meeting in Jasper, Canada in November
2017.

The goal of this work was to create hybrid materials via an easy-accessible route, to
overcome key-drawbacks of n-type anatase TiO2 nanotubes, a photocatalytic active ma-
terial, commercially used in photocatalytic, photovoltaic and optoelectronic sensing de-
vices.®9 The results can be described in two stages: 1) Elaboration of a pertinent syn-
thesis route, forming hetero-interfaces between prefabricated TiO. nanotube arrays
(TiO2 membranes fabricated by Ryan Kisslinger, group of Prof. Shankar, UofA) and sem-
iconducting polyphosphides (NaPz, SnIP and (Cul)sP12); successful deposition, enabling

free carriers’ generation and migration via physicochemical investigation of the hybrid
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materials. 2) Electrochemical analysis on visible light driven applications, in this instance
photocatalytic water splitting experiments were performed. Carrier’s reaction on the in-
terfacial heterostructure charge transfer were investigated. This led to an improved per-
formance compared to pristine TiO2 nanotubes.

1) Low-pressure gas-phase deposition of NaP7, SnIP and (Cul)sP12 on TiO2 nanotube
arrays according to the mineralizator technique as previously reported by Nilges et al.,
was applied.”’ An island-like 50% to full polyphosphide-surface coverage on electro-
chemically anodized TiO2> nanotube membranes was substantiated via light microscope,
SEM-EDX, and powder X-ray diffraction experiments. A filling of NaP;@TiO. material
was first analyzed by nanotube surface removal of an area of ~200x200 um with Ga*-
assisted He-focused ion beam down to ~10 nm. A SEM-image of this FIB-milled area
revealed a seemingly tube-filling of ~50%, confirmed by high-resolution elemental anal-
ysis via Auger electron spectroscopy. For further filling-depth profiling, Raman imaging
experiments were conducted. Therefore, the Raman laser was pointed along several
razor-cut cross sections. Characteristic modes of NaP7 next to TiOz-anatase along the
full length of the tubes (~120 um) and of (Cul)sP+2 up to 22 um of the tubes (full
length~63 um) were found. STEM analysis after ultrasonication of hybrid material mem-
branes shows tubes with 60-100 nm inner diameters. According to elemental analyses
after semi-quantitative EDS mapping Ti within the tube walls and all necessary elements
expected for NaP7, SnIP and (Cul)sP12 were detected. Surface and subsurface compo-
sition, binding energies and oxidation states of pristine and hybrid materials were derived
from XPS analysis. The elemental surface scans displayed no binding energy shift or
peak intensity change for pristine TiOz, SnIP and hybrid SnIP@TiOz, representing a het-
ero-structured hybrid system rather than doping of the semiconductors. A peak shift to
higher binding energies in (Cul)sP12@TiO2 and NaP-@TiO. XPS-spectra indicates par-
tial charge transfer between the hybrid components and additionally doping of TiO> with
Na in the latter case. To study light-absorption capacities of TiO2 and pristine compounds
vs hybrid materials, diffuse reflectance UV-Vis experiments were conducted. In compar-
ison to the optical band gap of TiO2 which was found to be 3.05 eV (in close agreement
to literature TiO.-anatase values of 3.2 eV®'), band gap values of the hybrid materials
showed 1.87 eV for NaP-@TiO,, 2.22eV for SnlP@TiO. and 2.73eV for
(Cul)sP12@TiO2. This demonstrates a shift next to both TiO2 and pristine polyphosphides,
increasing the potential of TiO2 nanotubes in solar light harvesting applications. Further-
more, as mentioned in section 1.3. a special structural characteristic of (Cul)sP12 was
identified. Achieving separation of single phosphorus strands from (Cul)sP12 can lead to

downsizing quantum confinement effects and therefore band gap widening from
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commonly 1.0 eV in bulk material up to 2.3 — 2.7 eV without the Cul-matrix.*> Powder
XRD experiments revealed crystalline phases and diffuse reflectance UV-Vis resulted in
a band gap of 2.84 eV, and therefore we concluded that a successful preparation of
single polyphospide strands among the hybrid material due to nanocomposite growth
through vapor transport method occured.

2) Photoelectrochemical hydrogen generation, including charge transport and carrier re-
combination analysis, was investigated in a three-terminal electrochemical cell. Thus,
photoconductivity measurements to obtain of photocurrent response were applied and
resulted in overall improvement of the hybrid materials compared to pristine TiO»
(0.21 mA cm2) with a significant increase of SnIP@TiO: (0.84 mA cm). Calculation of
photoconversion efficiency yielded in 10-fold improvement of SnIP@TiO- (applied bias
photon-to-current efficiency (ABPE)% 0.2 vs 0.02 for pristine SniIP).

In electrochemical impedance spectroscopy (EIS), photogenerated carriers’ migration
were investigated by periodic modulation of the potential difference across the semicon-
ductor-electrolyte interface. Our intention was to obtain data on charge transport re-
sistance, charge transfer resistance, space charge capacitance, and electrochemical
double-layer capacitance. The electrochemical circuit component values were acquired
after generating the representative equivalent circuit model containing the electrical char-
acteristics. To describe imperfect double layer capacitances in the semiconductor-elec-
trolyte interface a constant phase element Q, was set in the equivalent circuit. With the
aid of Nyquist Plots reduction in charge transfer resistance and charge transport re-
sistance of the hybrid materials, in comparison to pristine TiO2 could be evaluated. This
suggests improved charge transfer and transport in the hybrid materials. In this regard,
further charge carrier properties were calculated such as long recombination lifetime of
photogenerated carriers. Due to the orthogonalized processes of photocarrier generation
and charge separation in TiO2 nanotube arrays, there is a given risk of cancelling these
effects by a filling of the vertically oriented array by additional material, possessing good
carrier transport capabilities. With a recombination lifetime of 2.4 ps, the SnIP@TiO2 hy-
brid material lies within the range of TiO2 nanotube arrays, effectively suppressing pho-
togenerated electrons with holes, whereas NaP;@TiO. and (Cul)sP12 show reduced val-
ues of 1.9 us in both hybrid samples.

For information about charge carrier concentration and flat band potential impedance
potential analysis was applied. Reciprocal squared plots of the charge capacitance vs
potential (Mott-Schottky plots) were used to calculate charge carrier concentration using
the slope. Flat band potential responds to the intersection of the according fitted straight
line (see Publication Figure S14). Hybrid NaP-@TiO> material showed higher charge
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carrier concentration (5.62-102° cm) than pristine TiO2 (5.1x10%° cm?), next to reduced
values of 3.8-10%° cm™ for (Cul)sP1.@TiO- and 1.1-10%° cm™ for SnIP@TiO,. For suc-
cessful photo-electrochemical water splitting reactions, a potential semiconductor’'s CB
position has to be located above hydrogen potential (electron-hydrogen reduction reac-
tion) and VB positions below oxygen potential (hole-oxygen evolution reaction).

UPS work function (WF) analysis together with KPFM analysis were performed to gain
information on VBmax position and WF. The flat band potential values expressed in V vs
NHE at pH=0 for the conduction band position showed a shift from pristine to hybrid
SnIP@TiO: (-0.531 vs -1.731 V). This explains the considerable improvement of photo-
current response due to heterojunction formation. In general, calculated flat band poten-
tial and VB positions indicate an upward band bending in the Z-scheme junction for-
mation and a downward band bending of the CB position. A Fermi level alignment in the
electron flow process occurred. A hybrid formation of SnIP@TiO2, displayed a greater
shift to negative potential, leading to enhanced downward band bending of the TiO»-CB
position and therefore charge separation. This is additionally supported by the greater
depletion width of SnIP@TiO2 (923 nm) vs NaP;@TiO2 (119 nm) and (Cul)sP2@TiO2
(157 nm) in the hybrid hetero-interface. KPFM measurements showed a uniform distri-
bution of charge all over the sample surfaces. In addition, lowering of WF in polyphos-
phides were confirmed which is attributed to an uplift in Femi level energy during band
gap alignment in the hybrid material heterojunction formation.

AUTHORS CONTRIBUTION: E.U. and R.K. synthesized the polyphosphide hybrid mate-
rials and characterized them using Helium Microscopy, SEM, and STEM-EDS. P.Ku.
performed XPS, UPS and photoelectrochemical studies and involved in interpretation of
obtained results. U.K. carried out KPFM experiments on the samples. P.Ka. was respon-
sible for electrochemical characterizations. K.S. and T.N. supervised the research and
wrote the manuscript with the input of all others. All authors were involved in writing their
respective parts.
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We report successful synthesis of low band gap inorganic polyphosphide and TiO, heterostructures with

the aid of short-way transport reactions. Binary and ternary polyphosphides (NaP;, SnIP, and (Cul)zP35)

were successfully reacted and deposited into electrochemically fabricated TiO, nanotubes. Employing

vapor phase reaction deposition, the cavities of 100 pm long TiO, nanotubes were infiltrated;

approximately 50% of the nanotube arrays were estimated to be infiltrated in the case of NaP;. Intensive
characterization of the hybrid materials with techniques including SEM, FIB, HR-TEM, Raman
spectroscopy, XRD, and XPS proved the successful vapor phase deposition and synthesis of the
substances on and inside the nanotubes. The polyphosphide@TiO, hybrids exhibited superior water
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splitting performance compared to pristine materials and were found to be more active at higher

wavelengths. SnIP@TIO, emerged to be the most active among the polyphosphide@TiO, materials. The
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1. Introduction

Depleting fossil fuel reserves and rising atmospheric green-
house gas concentration have motivated the search for new
energy sources. Using sunlight as the energy source to generate
hydrogen from water through water splitting is an enticing
approach. Hydrogen is considered a clean fuel with a high
calorific value; it can be stored in a solid/liquid adsorbent or
transformed into hydrocarbons using CO, to produce a syngas
mixture. Many photocatalytic materials such as ZnO, CdS, ZnS,
InVO,, AgPO,, SrTiO; and TaON have been widely investigated
to achieve water splitting."™ TiO, has proven to be an excellent
photocatalytic material due to its promising band edge poten-
tial, non-toxic and non-corrosive nature, and earth-abundance.
However, issues such as its large band gap, less reductive
conduction band, short lived charged carriers and poor
quantum efficiency are the main obstacles preventing the
successful deployment of sustainable photocatalysts.>”

Hybridization of TiO, with various low band gap
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improved photocatalytic performance might be due to Fermi level re-alignment and a lower charge
transfer resistance which facilitated better charge separation from inorganic phosphides to TiO5.

semiconductors to produce direct/Z-scheme photocatalysts,
doping, sensitization, formation of Schottky junctions and
nanoscale structural modification (i.e.,, nanotubes/nanorods/
nanospikes/nanospheres) have proven to enhance photo-
catalytic performance and/or charge separation.®** Poly-
phosphides are an intriguing class of low band gap
semiconductors for this purpose.**** We selected three poly-
phosphides, namely NaP,, SnIP (ranging from 1.71-1.86 eV)'**®
and (Cul);P;, (2.84 eV, own measurement see below) because of
their different band gaps and their ability to be synthesized in
a mineralizer-assisted transport reaction.”?° NaP,, a 2 eV-
semiconductor material, plays a crucial role in the sodifica-
tion and desodification processes in sodium ion batteries.*®
SnIP represents the first inorganic atomic-scale-double helix
compound and (Cul);P;, is an adduct phase from Cul and
a neutral phosphorus chain.”**

TiO, nanotubes are hollow nano-sized cylinders that form in
vertically oriented arrays over large areas on the underlying
substrate. The nanotubes are fabricated by electrochemical
anodization of Ti films or foil in electrolytes typically containing
F~ through the simultaneous occurrence of field-assisted Ti
oxidation, field-assisted dissolution of Ti and TiO,, and chem-
ical dissolution of TiO,.>**® The as-synthesized nanotubes are
amorphous and are crystallized to n-type semiconducting
anatase either by annealing in air at temperatures of 350-550 °C
or by a hydrothermal treatment at lower temperatures.***” TiO,
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nanotubes exhibit remarkable versatility in the type of substrate
they can be grown on, having been demonstrated on Si, ITO-
coated glass, FTO-coated glass, quartz, polyimide and Ti foil,
and also as free-standing membranes.”**° Likewise, the nano-
tube diameter can be varied over a wide range (10 to 900
nm).****> These characteristics make TiO, nanotubes ideal for
the templated growth of inorganic phosphorus-based semi-
conductors through diffusive chemical vapor transport into the
nanotube pores at elevated temperatures.

While electrodeposition and chemical vapor deposition into
nanoporous anodic aluminium oxide (AAO) templates have been
previously used to form nanorods and nanofibers of CdS, CdSe,
Si, Bi, etc. exhibiting quantum confinement effects,**® the
application spectrum for semiconductor nanowires formed by
chemical vapor transport deposition into anodic TiO, nanotube
arrays is much greater. This is because the TiO, nanotubes are n-
type semiconductors (charge carrier density ~10'® to 10"°
em *)” and allow the formation-in-place of a semiconductor
heterojunction while AAO is an insulator, precluding the
formation of a useful heterojunction. Furthermore, for a heter-
ojunction to be electronically useful in applications that rely on
light harvesting (photodetectors, photovoltaics, photocatalysts,
and photoelectrochemical sensors) it is essential for excess
carriers to be efficiently separated and for photons to be
completely harvested. In this regard, vertically oriented nano-
tubes and nanowires are uniquely suited because the processes
of charge separation and light absorption are orthogonalized.*®
Charge carriers created in a semiconductor nanorod formed
inside the nanotubes need to merely travel a distance equal to
the nanotube radius before encountering a heterojunction
interface for charge separation while the high aspect ratio of the
nanotubes ensures that even weakly absorbed photons are har-
vested. Furthermore, light trapping effects such as photonic
crystals and resonant Mie scattering can be easily incorporated
into the nanotubes to increase their photonic strength.’**
Indeed, heterojunctions of TiO, nanotubes with solution-
processed semiconductors such as CdS, CdSe, PbS, Fe,0;, Cu,-
ZnSnS,, g-C3;N,, halide perovskites, etc. have been used to
demonstrate efficient Z-scheme CO, reduction photocatalysts,*
high performance water photolyzers,** selective gas sensors,*
and high efficiency solar cells.**** Herein, we introduce TiO,—
polyphosphide heterojunctions consisting of polyphosphide
nanofibers formed by the hitherto unexplored process of
chemical vapor transport into TiO, nanotube array templates.

2. Results and discussion

Section 2.1 describes the synthesis of the TiO, nanotubes and
nanohybrids in brief. Sections 2.2 and 2.3 describe our char-
acterization of NaP,@TiO, and SnIP@TiO, heterostructures.
Following the same principle as that for NaP; and SnIP, the
synthesis, characterization and physical property measurement
details of (Cul);P;, on TiO, heterostructures are circumstanti-
ated, as well as a full description of all synthesis parameters and
characterization techniques in the ESI Section.} Section 2.4 and
2.5 summarize X-ray Photoelectron Spectroscopy (XPS) and UV-
Vis studies of the heterostructures, with details given in the ESI
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respectively. Section 2.6 deals with photocatalytic activity
measurements and related characterization. Detailed interface
photon-to-current efficiency performance as well as semi-
conductor-electrolyte interface analysis are described in the
ESIT as well as sections on Electrochemical Impedance Spec-
troscopy (EIS), impedance-potential measurements, and Kelvin
Probe Force Microscopy (KPFM).

2.1 Synthesis of polyphosphide@TiO, nanotube hybrids

A low-cost and easily accessible method to fabricate nano-
structured photochemically active hybrid poly-
phosphide@TiO, heterostructures has been developed
following a short-way transport reaction onto and into electro-
chemically fabricated TiO, nanotube membranes (Fig. 1).
Synthesis details are given in the ESLf

2.2 NaP,@TiO, nanotubes

Fig. 2a displays the crystal structure of NaP, and a representa-
tive membrane after the gas phase deposition reaction is
shown. Small crystals of NaP, were formed on the surface of the
TiO, membrane (see Fig. 2b). A Scanning Electron Microscopy
(SEM) image of the TiO, membrane cross section substantiates
the growth of NaP; on both sides of the membrane. It is obvious
from Fig. 2c that the crystal sizes are different on both sides
which directly correlates with the TiO, nanotube pore width on
either side. The cross-sectional images were taken after cutting
the polyphosphides@TiO, nanotubes with a razor, taking the
images along the cut edges. Obviously, the growth of the poly-
phosphide crystals started from the surface or even from inside
the TiO, nanotube directly into the gas phase (see Fig. 3).
Therefore, many crystals are grown straight out of the nano-
tubes. A second hint for a growth from the inside into the gas
phase might be the differences in the sizes of the crystals on
both sides of the membrane (corresponding SEM data in Table
S1t). On the other hand, the size of the TiO, nanotubes can
directly define the diameter of the resulting NaP,, crystals (x = 7,
15).

Two visually different main fractions lying on the top and
bottom of the TiO, membrane sides were observed. The

FEPTTT TN
Leett e
o

" Mass transport

Fig. 1 (a) Starting materials (red pellet) are transported onto and into
TiO, nanotube membranes (brown) via a gas phase. (b) Representative
SEM pictures of the electrochemically prepared TiO, nanotube
membranes used in a mineralizer-driven short-way transport reaction
in the bottom side view, (c) top side view, and (d) side view.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Structure with a representative Na-coordinated poly-
phosphide substructure of NaP,. (b) A TiO, nanotube membrane
reacted with Na and P via a gas phase. (c) SEM images show the cross
section of a membrane. (d) Intact TiO, nanotubes of the membrane
shown in (b) and NaP; crystals grown on top of the membrane surface.
Many crystals have grown straight out of the nanotubes.

Fig. 3 FIB measurement on a NaP,@TiO, nanotube membrane. FIB-
SEM image (a) before and (b) after FIB-milling of the TiO, membrane
surface area. (c) FIB-SEM and (d) SEM image of the milled area. Filled
tubes show a lighter grey contrast than the non-filled appearing holes.
An approx. 1 : 1 ratio was ascertained.

samples were manually separated, and data collection of
powder X-ray diffraction led to a nearly phase pure pattern of
NaP, (main fraction) and a diffraction pattern of NaP;5 (minor
fraction) reflecting distinct texture effects (see Sla and b). To
verify the assumption that a significant transport of the material
occurred via the gas phase to the inside of the nanotubes, we
examined the cross section of a broken membrane by position-
sensitive EDS scans (Table S17). The data along the cross section

This journal is © The Royal Society of Chemistry 2019
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of the membrane show a constant Na : P ratio of approx. 1:9
towards the top side view of the membranes (larger holes),
where the crystals on the surface show a larger size and a ratio of
1 : 4 towards the bottom side of the membranes (smaller holes),
where the crystals show a smaller size. This finding substanti-
ates our hypothesis that Na and P were transported into the
TiO, nanotubes along a certain length of the membrane. To
verify the filling grade of the nanotubes, and therefore the
efficiency of the gas phase transport, a FIB experiment was
performed on a selected spot of the membrane. The FIB was
used to cut off the upper part down to 15 nm of the membrane
to facilitate an observation of the nanotube's subsurface. We
found non-filled and filled tubes on the area we treated (see
Fig. 3). Taking a closer look at the tubes, a filling grade of 50%
can be estimated from the FIB pictures.

To determine the filling elemental depth profile, the FIB
milled area (shown in Fig. 4) was analysed via Auger electron
spectroscopy (AES) and microscopy (see Fig. 4 and AES spectra
in Fig. S21). Fig. 4a shows locally analysed FIB-milled spots with
spot 1 demonstrating the analysis of a tube considered empty;
notably, it is the only spot indicating the presence of carbon.
Due to sample cleaning by argon ion bombardment, it is
assumed that carbon has been cleaned off, as it is not present in
all other spots but spot 1 being inaccessible to cleaning and
therefore showing the presence of C. Spots 2-6 have much
higher P contents than spot 1 even after deducting the C content
(a proportionate rise of P to 18.9 at%). This suggests that the
spot 2-6 nanotubes were filled, while the spot 1 tube was not;
the signal at spot 1 of P is not attributed to the P content in the
apparently empty nanotube but appears due to the approxi-
mately 10 nm resolution of the instrument. The most prom-
inent Na peaks appear at 24 eV (Na KLL, overlap in AES spectra,
Fig. S2) and taking the relatively low Na to P ratio into account,
a merely weak peak at 979 eV (Na LVV).

Raman spectroscopy on the surface and cross section of
a membrane (cut apart with a razor) was carried out to validate
the successful transport of the material into the TiO, nanotube
membranes. We measured the depth of intake of a material by
moving the Raman laser gradually along the cross section,
acquiring spectra at specific spots. The laser has a standard
mode spot size of 1.5 microns (at 50x magnification). From

b
Atomic composition (%)
Ti o P C
1 93 61.1 164 13.1
2 140 570 290 O
3 144 574 282 O
4 114 518 368 O
5 157 572 271 O
6 138 541 320 O

Fig. 4 (a) Measured spots of Auger electron spectroscopy of the FIB
milled NaP,@TiO, nanotube specimen. (b) Detected atomic compo-
sition. Each measured composition has an error of approximately 10%
of the value reported.
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a series of spectra recorded at different depths and from both
sides of the membrane, we found the penetration of NaP,
through the whole membrane. Raman spectra recorded along
the cross section at several distances from the surface suggest
two additional phases next to TiO, anatase after gas phase
synthesis together with the nanotube membranes. The most
prominent modes at 352 cm™ ' (NaP,) and 377 cm ™' (NaPy;5) of
the Raman data show the simultaneous presence of NaP; at 9
um and NaP;5 at 13 um distance from the bottom side of the
membrane surface next to a signal at 145 cm ™ * for TiO, anatase
(Eg) (Fig. 5). By recording along the tube length characteristic
signals of less intensity confirm the presence in the centre of the
nanotubes up to the top membrane side, where NaP;5 can be
found at 11 and 14 um deep into the surface. Obviously, the
crystallinity was significantly reduced going deeper into the
membrane.

Representative single TiO, nanotubes were separated from
a membrane by an ultrasonication step and STEM imaging and
EDS mapping was performed to corroborate the filling of the
tubes with NaP,, as shown in Fig. 6. Na and P were detected
along the full tube length. Cul was used as a transport agent and
can be displayed in the elemental analysis in significant
amounts. Cu was only present in defined crystals attached to the
membranes and it could not be detected in reasonable amounts
inside the tubes. Such defined crystals are possibly formed
during the transport process as side phases or represent the
remaining transport agent.

The chemical vapor deposition of NaP, and NaP;5 phases
onto TiO, nanotube membranes can be verified via powder XRD
patterns. As SEM-EDS data show, the nanotubes are filled from
both sides with NaP, phases. This can be further proved by EDS-

NaP,

N O U
|V

NaPq5|

9 um/ bottom side
13 um/ bfottom side
11 um/ top side

Intensity (a.u.)

14 um/ t(i.'Jp side

59 um/ centre

63 um/ cfentre

TiO, anatase

100 200 300 400 500 600 700
Raman shift (cm™)

Fig. 5 Raman spectroscopy of NaP,@TiO, membranes. From top to
bottom: reference Raman spectrum of NaP; (red) and NaPy5 (blue),
and spectra of a NaP,@TiO, membrane cross section measured at
approx. 9 and 13 um distance from the surface (membrane bottom
side), at approx. 11 and 14 um distance from the surface (membrane
top side), at approx. 59 and 63 um (membrane centre) and a fresh TiO,
membrane (anatase, grey).
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Overlap

Fig. 6 (a) STEM bright-field image of TiO, nanotubes separated from
a membrane by an ultrasonication procedure. (b) STEM-EDS shows
overlaid elemental mapping of the elements Ti, P, Na and Cu. (c) Ti
(representing TiO,) nanotubes with (d) P, continuously distributed
along the tubes and (e) Na substantiating the filling of the full nanotube
length. (f) Cu from the mineralizer is only present in small amounts.

and Auger-results after FIB-milling into a depth of about 200 nm
of the membranes. Raman spectra recorded at the center of the
membrane cross section after synthesis show signals in the
ranges of NaP; and NaP;; modes next to the anatase phase.
After an ultrasonication process, Scanning Transmission Elec-
tron Microscopy-Energy-dispersive X-ray Spectroscopy (STEM-
EDS) measurements show furthermore the presence of Na, P
and Cu of the transport agent within the single tubes.

2.3 SnIP@TiO, nanotubes

We have further substantiated the chemical vapor deposition of
the inorganic double helical semiconductor SnIP featuring
a band gap of 1.86 eV on TiO, nanotube arrays (see Fig. 7a)."”
SnlIP is anticipated to be formed from the gaseous phases of the

Fig. 7 (a) Structure of SnIP with two representative strands. (b) A TiO,
nanotube membrane reacted with SnIP via a gas phase. (c) Cross
section and surface of SnIP@TiO, nanotube membranes. (d) EDS of the
cross section showing SnIP along the nanotubes.

This journal is © The Royal Society of Chemistry 2019
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precursors and a comproportionation reaction of Sn and Snl, to
Snl,. Therefore, no additional mineralizer was needed to cover
the surface of the TiO, nanotube membranes with SnIP as
depicted in the microscopy images in Fig. 7b and c. The SEM
image substantiates the growth of SnIP on the nanotube, when
detecting the elemental composition via EDS measurements.
The detection of Sn and I was diminished going further into the
tubes (Table S2f). A possible explanation is that during the
transport reaction through a gas phase the formation of pure
phosphorus species deeper in the nanotubes can be more likely
than the double helical structure of %[SnI']- and L[P ]~
chains. Powder X-ray diffraction verifies the formation of crys-
talline SnIP on the TiO, membranes (Fig. S31t).

STEM imaging after the separation of the TiO, nanotubes by
an ultrasonication process shows a set of nanotubes with a size
of ~80-100 nm per tube. Elemental mapping confirms Ti
(representing TiO,), P, Sn, and I with a distribution of P along
the tube length. Sn and I appear to be present in smaller
amounts in a TiO, tube (Fig. 8).

SnIP was grown successfully onto and into TiO, nanotube
arrays via a gas phase as verified using powder X-ray diffraction
and SEM-EDS. The transportation of the ternary compounds
into the nanotubes was demonstrated with STEM-EDS analysis.

2.4 XPS studies

We performed XPS studies on the pure semiconductors NaP,,
SnIP and (Cul);P,, and the three semiconductor@TiO, nano-
tube heterostructures in order to verify the surface composi-
tions, binding energies and oxidation states of the materials
(Fig. S7-S9 and Table S6t). All oxidation states in the hetero-
structure systems are consistent with the ones observed for the
pure compounds along with surface oxidized phosphates
(P,O,). In the case of (NaP,, NaP;;)@TiO, we found a shift of the
Nals peak in NaP,@TiO, to higher binding energy which might
be due to partial charge transfer from NaP; to the surface of
TiO, and doping of the TiO, surface with Na' ions to some
extent. The peak positions of Ti and O remained unchanged

Overlap

e

Fig. 8 (a) STEM bright-field image of TiO, nanotubes separated from
a membrane by an ultrasonication procedure. (b) Elemental mapping
of overlaid elements Ti (representing TiO,), P, Snand I. (c) Ti and (d) P
substantiating P distributed along the length of TiO, nanotubes with (e)
Sn and (f) I in small amounts.
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upon semiconductor loading into the tubes (Fig. S7t1). A
comparable charge transfer behaviour was observed for the
(Cul)3P1,@TiO, heterostructure compound (see Fig. S87).

XPS spectra of SnIP@TiO, do not show any significant
change of the Sn, I and P peaks which we interpret as the
absence of significant bonding interaction between the two
phases (shown in Fig. S97).

2.5 UV-Vis spectra

The absorption properties of materials in the UV-Vis region
were determined by diffuse reflectance UV-Vis spectroscopy
(Fig. S6at). The absorption spectra of TiO, nanotubes show an
intense band at 330 nm with band tailing up to 384 nm, which
corresponds to a valence band to conduction band (O2p —
Ti3d) transition.***® The UV-Vis spectra of NaP, displayed broad
absorption in the visible region extended up to 800 nm, which is
attributed to charge generation in the phosphide chain motif.
The NaP,@TiO, heterostructures displayed an absorption band
which corresponded to TiO, along with an absorption profile in
the visible region due to the presence of NaP,. Pristine SnIP
displayed a broad absorption edge up to 700 nm which is
shifted up to 500 nm in SnIP@TiO,, with a slight increase in the
absorption profile at higher wavelengths (Fig. S10t). The UV-Vis
spectra of pristine (Cul);P;, show an intense absorption edge
extended up to 440 nm which is slightly decreased in (Cul),-
P,,@TiO, samples (Fig. S10t1). To probe the visible light
absorption of the samples, the optical band gap of each mate-
rial was determined using a Tauc plot by plotting a graph of
(ahw)*"? vs. hw followed by extrapolation of a linear tangent to the
abscissa, where « is the absorption coefficient, /4 is the Planck
constant, and » is the light frequency (Fig. S107). The band gaps
for TiO,, NaP,, NaP,@TiO,, SnIP, SnIP@TiO,, (Cul);P;, and
(Cul)3P1,@TiO, (see Table 1) are in close agreement with re-
ported values. Due to the band gap values a certain absorption
in the visible light region is present (Fig. S67).

2.6 Photocatalytic activity measurement

The photocatalytic performance of the hybrid materials was
discerned by photoelectrochemical water splitting experiments.
A three-electrode configuration was used, composed of pristine/
hybrid materials deposited on FTO glass as the photoanode, Pt
as the cathode and Ag/AgCl as the reference electrode, all
immersed in a 0.1 M KOH electrolyte. The photoanode was
irradiated with AM1.5 G solar simulated light having a power
density of 100 mW c¢cm™? on the surface of the sample. The
photocurrent density per cm® was measured in linear sweep
voltammetry (LSV) mode by switching the applied bias from
—1.0 V to +0.8 V vs. Ag/AgCl. The dark current was also
measured to compare the photoelectrochemical response. At an
applied bias of 0.6 V vs. Ag/AgCl (1.23 V vs. RHE which is the
water oxidation potential), the photocurrent density values of
TiO,, NaP,, NaP,@TiO,, SnIP, SnIP@TiO,, (Cul);P;, and
(Cul)3P1,@TiO, are shown in Table 1. Under dark conditions
the current density remains almost zero, while after irradiation
under solar simulated light bare TiO, shows extremely low
photocurrent (0.21 mA cm™?) which is in good agreement with

Nanoscale Adv.



Open Access Article. Published on 24 May 2019. Downloaded on 6/6/2019 9:01:26 AM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

View Article Online

Paper

Table1l Energies of band gaps, values of photocurrent density, maximum ABPE, IPCE, and APCE in % of TiO, nanotubes, NaP7, NaP;@TiO,, SnIP,
SnIP@TIO,, (Cul)sP1, and (Cul)sP1,@TiO, obtained by UV-Vis, linear sweep voltammetry and corresponding calculations

Photocurrent density

Sample Band gap [eV] [mA cm 2] Max ABPE [%] IPCE [%)] APCE [%]
TiO, 3.05 0.21 0.07 0.007 0.01
NaP, 1.28 0.20 0.04 0.04 0.06
NaP,@TiO, 1.87 0.22 0.05 0.36 0.43

SnIP 1.84 0.20 0.02 2.0 0.46
SnIP@TiO, 2.22 0.84 0.20 0.20 3.2
(Cul);Py, 2.84 0.41 0.06 0.46 0.78
(Cul);P,,@TiO, 2.73 0.43 0.09 0.48 1.19

its large band gap (~3.2 eV), as shown in Fig. 9a. Similarly, the
photocurrent density for bare NaP,, (Cul);P;, and SnIP
remained low due to the inability of poorly oxidative holes to
facilitate water splitting. Thus, the order of performance is SnIP
> (Cul)sPy, > NaP,. Furthermore, the hybrids NaP,@TiO, and
(Cul)3P1,@TiO, also displayed a small improvement in photo-
catalytic performance over the pristine phosphide material
which might be due to unfavourable Fermi level alignment
resulting in sluggish charge separation. However, hybrids of

a b
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Fig. 9 (a) Linear sweep voltammogram of TiO, under dark conditions

and under 1 solar simulated AM1.5 G light irradiation (100 mW cm™2)
for bare TiO, nanotubes, NaP;, NaP,@TiO,, SnIP, SnIP@TiO,, (Cul)zP1,,
and (Cul)zP1,@TiO,. (b) Photocurrent density vs. applied voltage plot
under 505 nm LED light irradiation (40.5 mW cm~2) of TiO, nanotubes,
NaP,, NaP,@TiO,, SnIP, SnIP@TiO,, (Cul)sP1», and (Cul)sP1,@TiO,. (c)
ABPE% vs. RHE plot under AM1.5 G light irradiation (100 mW cm~2) for
TiO, nanotubes, NaP;, NaP,@TiO,, SnIP, SnIP@TiO,, (Cul)sPi, and
(Cul)zP1,@TiO,. (d) IPCE% under 505 nm LED light irradiation (40.5 mW
cm™?) for TiO,, NaP, NaP,@TiOp, SnIP, SnIP@TiO,, (Cul)sPip, and
(Cul)zP1,@TiO, and APCE% under 505 nm LED light irradiation (40.5
mW cm™2) for TiO, nanotubes, (Cul)sPi, (Cul)sP,@TiO, NaPs,
NaP,@TiO,, SnIP, and SnIP@TiO,. Color: TiO, under dark conditions
(black), TiO, and under AM1.5 G light irradiation TiO, nanotubes (grey),
NaP; (brown), NaP,@TiO, (red), SnIP (violet), SnIP@TiO, (pink),
(Cul)sP1, (deep blue), and (Cul)sP,@TiO, (light blue) (CulP
= (Cul)lng).
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SnIP phosphides with TiO, (SnIP@TiO,) demonstrated a much
higher photocurrent density (0.82 mA em™?) than individual
components and NaP,@TiO, and (Cul);P;,@TiO,; this suggests
the formation of a heterojunction and feasible transfer of
electrons and holes. The higher photocurrent for SnIP@TiO, is
attributed to better coverage of the TiO, surface by SnIP and
more long-range ordering of the SnIP helix which facilitates
faster charge injection into the conduction band of TiO,. To
validate the photoresponse of materials, the photocurrent was
measured during a light on-off cycle, which clearly demon-
strated the materials’ photo-responsive nature (Fig. S11t).
Furthermore, the ability to drive water splitting at longer
wavelengths was proved by measuring the photocurrent
response of the materials under 425 nm and 505 nm wavelength
light irradiation having a power density of 54.15 and 40.48 mW
cm™ 2, respectively, at the surface of the samples (Fig. 9b). Again,
the highest photocurrent density (0.32 mA cm ™2 at 450 nm and
0.34 mA cm 2 at 505 nm) was obtained for the SnIP@TiO,
composite (Fig. 9b). Furthermore, on-off experiments clearly
confirmed the higher wavelength response of the ShIP@TiO,
composite (Fig. S127).

To quantify the material system/interface performance, the
following diagnostic efficiencies were measured according to
derivations given in the ESILf The maximum applied bias
photon-to-current efficiency percentage (ABPE%) for TiO,,
NaP,, NaP,@TiO,, SnIP, SnIP@TiO,, (Cul);P;, and (Cul)s-
P,,@TiO, was calculated and is listed in Table 1 (Fig. 9c).
SnIP@TiO, nanohybrids show the highest performance (3.2%)
which was much higher than that of the other hybrids.
Furthermore, the ABPE% of SnIP@TiO, was 10 times higher
than that of pristine SnIP which demonstrates that hybrid
material formation with TiO, increased photocatalytic perfor-
mance significantly.

The incident photon-to-current efficiency percentage
(IPCE%) and absorbed photon-to-current efficiency percentage
(APCE%) for TiO,, NaP;, NaP,@TiO,, SnIP, SnIP@TiO,,
(Cul)3P;, and (Cul);P;,@TiO,, listed in Table 1, demonstrate
that heterostructure formation overall improves the photo-
catalytic performance of materials in the visible regime.

To gain insight into the charge transfer mechanisms in the
materials and determine the band structure of the materials,
work function spectra and valence band spectra were recorded
using ultraviolet photoelectron spectroscopy (UPS). The work

This journal is © The Royal Society of Chemistry 2019
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function was calculated using the expression WF (¢) = 21.21 —
Ecutoff; Where 21.21 eV is the energy of the incident He() line of
a He discharge lamp, and E.,.o¢ is the cut-off energy of
secondary electrons. The point of intersection after extrapola-
tion of the linear regions of the graphs results in the cut-off
energy values. From the graph, the cut-off energy and value of
work function for TiO,, NaP,, NaP,@TiO,, (Cul);P;,, (Cul)s-
P;,@TiO,, SnIP and SnIP@TiO, are listed in Table 2 (Fig. 10 and
insets). It should be noted that unexpectedly, we observe that
the WF of the NaP,@TiO, and SnIP@TiO, hybrids falls above
and below that of the pristine materials, respectively. This may
be due to small amounts of metal-ion surface doping in the
hybrids, where Na* decreases the charge density on TiO, and
Sn** increases the charge density on TiO,; on the other hand,
Cu' is a closed-shell d-block element with a similar charge
distribution to Ti**, which may explain why this effect does not
seem to be observed as strongly in this case. Furthermore, based
on the P 2p region in NaP-, a higher degree of oxidation seems
to occur in the pristine material compared to its hybrid here,
changing the charge distribution on the phosphide backbone,
and shifting the WF. The position of valence band maxima
(VBmax) Obtained from UPS valence band spectra of NaP-,
NaP,@TiO,, (Cul)3P;,, (Cul)3P1,@TiO,, SnIP and SnIP@TiO, is
also shown in Table 2 (Fig. 10, inset). Furthermore, the valence
band position of bare TiO, nanotubes determined from XPS
valence band spectra was found to be 3.15 eV below the Fermi
level (Fig. S97).

On the basis of the obtained band structure and band gap,
we have proposed a plausible mechanism of improved photo-
catalytic performance of polyphosphide@TiO, materials
(Fig. 10). In general, to achieve efficient water splitting the
conduction band position of the semiconductor should be more
negative than 0.00 V vs. NHE at pH-0 (reduction potential of
protons, H'/H,) and overpotential, while the valence band
position should be more positive than +1.23 V vs. NHE at pH-
0 (oxidation potential of water, H,0/O,). So, the band gap of
the materials should be wider than 1.23 eV. TiO, has a wide
band gap of approximately 3.2 eV with appropriate band posi-
tions (conduction band, Ecg; —0.26 V and valence band, Eyg;
+2.94 V vs. NHE at pH 0) to drive the water splitting reaction;
however, its large band gap means the photocatalytic response
of TiO, remains too low under visible irradiation. On the other
hand, inorganic phosphides (NaP, (Cul);P;, and SnIP) absorb

Table 2 Secondary electron cut-off energies (Eut_of), Values of work
function (WF) and valence band maxima (VB.ax) obtained from UPS
measurements of TiO, nanotubes, NaP;, NaP;@TiO,, SnIP, SnIP@TiO,,
(CU|)3P12 and (CU|)3P12@TiOZ

Sample Ecutofe [€V] WF [eV] VBmax
TiO, 16.40 4.81 3.15
NaP, 17.31 3.90 1.76
NaP,@TiO, 16.12 5.09 1.38
SnIP 17.69 3.52 1.76
SnIP@TiO, 17.76 3.45 2.44
(Cul);P;, 16.06 5.15 0.70
(Cul);P,,@TiO, 16.15 5.06 1.74
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Fig. 10 UPS work function spectra and inset showing the cut-off
energy (Ecut-ofr) Of (@) TiO, nanotube membranes, NaP; and NaP;@-
TiO,, (c) TiO, nanotube membranes, SnIP and SnIP@TiO,, and (e) TiO,
nanotube membranes, (Cul)zsP1» and (Cul)zP1,@TiO,. The value of
work function (WF) was determined from the UPS work function
spectra by using the equation WF (¢) = 21.21 — E.yt-ofr, Where 21.21 eV
is the energy of the incident He() line of a He discharge lamp used for
UPS. UPS valence band spectra showing valence band maxima below
the Fermi level of (b) NaP; and NaP,@TiO,, (d) SnIP and SnIP@TiO, and
(f) (CU|)3P12 and (CU|)3P12@T|OZ) (CU'P = (CU|)12P3).

well in the UV-Vis region to generate electron-hole pairs due to
their low band gap (1.28, 2.84 and 1.86 eV) (Fig. S6). From the
Mott-Schottky measurements, the flat band potential values for
NaP;, (Cul);P;, and SnIP were found to be —0.670, —0.721 and
—0.730 V, respectively, vs. Ag/AgCl, which might be considered
the position of the conduction band, Ecp (Table 2). As the band
position is usually expressed on the NHE scale in water split-
ting, the conduction band position of NaP,, (Cul);P;, and SnIP
was calculated to be —0.471, —0.522 and —0.531 V, respectively,
vs. NHE at pH 0. By taking the band gap and conduction band
position into account, the estimated valence band position for
NaP;, (Cul);P;, and SnIP was found to be +0.809, +2.318 and
+1.309 V, respectively, vs. NHE at pH 0. These values indicate
that the valence band positions of NaP, and SnIP are not
positive enough to afford water oxidation, while the valence
band position of (Cul);P;, was slightly more positive than the
water oxidation potential and thus generates poorly oxidizing
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holes. This explains the observed negligibly small photocurrent
for pristine NaP, and SnIP, and the slightly improved photo-
current for (Cul)zP;,. After hybrid material formation, the
photocatalytic performance of NaP,@TiO,, (Cul);P;,@TiO, and
SnIP@TiO, was improved (Fig. 9d). However, SnIP@TiO, dis-
played a much greater rise in photocurrent compared to the
other hybrid nanostructures. The improved photocurrent
response can possibly be explained based on the Fermi level
alignment between heterojunctions, charge carrier concentra-
tion, flat band potential and position of the valence band. This
feature has been observed for fibrous red phosphorus@TiO,
and black phosphorus@TiO, hybrids.*” A drastic improvement
of the photocatalytic activity was also reported for SnIP@C;N,
heterostructures where an ideal contact between the two
materials is realized by a self-assembly process.*® Additional
experiments are planned to substantiate this assumption for
the titular compounds. Mott-Schottky analysis shows a shift in
the flat band potential from —0.471 and —0.522 V vs. NHE in
pristine NaP; and (Cul)3P;, to —0.581 and —0.493 V vs. NHE in
NaP,@TiO, and (Cul);P;,@TiO, which implies a possible Fermi
level alignment (flow of electrons from one semiconductor to
another for equilibrating the Fermi level position), and the
conduction band shifted slightly due to downward band
bending in NaP, and (Cul);P;, and upward band bending in
TiO,, respectively, (see Fig. S17 in the ESI}). Interestingly, the
conduction band position (Ecg) of SnIP (—0.531 V) was shifted
drastically toward a more negative potential in SnIP@TiO,
(—1.731 V), which reveals more prominent band bending. The
higher band bending and more negative conduction band
position in SnIP@TiO, lead to more efficient charge separation,
which facilitated superior water splitting.

From the UPS VB spectra, the VB, position of SnIP@TiO,
was found to be deeper than that of NaP,@TiO, and (Cul)s-
P;,@TiO, which suggests the generation of more oxidative holes
in the SnIP@TiO, heterostructure to drive water splitting
(Fig. 10). Additionally, the depletion width for SnIP@TiO, was
found to be 922.89 nm which demonstrates an effective inbuilt
electrical field in the space charge region; this value was much
higher than that of NaP,@TiO, (118.95 nm) and (Cul);P;,@TiO,
(157.14 nm), and clearly supports better charge transfer in
SnIP@TIO, (Table 2). Furthermore, the recombination lifetime of
photoexcited species plays an important role in photocatalysis
and a long lifetime is expected for better photocatalytic perfor-
mance. The longer recombination lifetime of SnNIP@TiO, (2.40
ps) in comparison to NaP,@TiO, (1.90 us) and (Cul);P;,@TiO,
(1.90 ps) signifies the availability of more electrons and holes to
drive hydrogen evolution and water oxidation reactions (Table 2).
The morphological and surface coverage might be responsible
for the higher performance of the SnIP@TiO, nanostructure.
SnIP has a helical structure composed of an inner P helix
%[P7] chain and an outer helical %,[SnI'] helix winding together
in long range ordering which generates a rod like structure. Due
to long range ordering in 1D SnIP, better charge mobility can be
achieved relative to short range NaP, and (Cul);P;, resulting in
better charge transfer to TiO,. The occupancy of the nanotubes
was also much higher in NaP,@TiO, and (Cul);P;,@TiO, than
SnIP@TiO,, which might reduce the effective exposed surface
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area to light and electrolyte semiconductor interface contact
leading to lower photocatalytic performance.

3. Conclusions

A gas-phase transport reaction was employed as an effective
method to deposit complex binary and ternary polyphosphide
compounds into TiO, nanotube arrays. The underlying short-
way transport reaction by mineralization is a viable approach
for the synthesis of hybrid materials. Three different
substances, binary sodium polyphosphides, ternary SnIP, and
(Cul)3P;,, were successfully reacted with electrochemically
fabricated TiO, nanotube membranes. The synthesized poly-
phosphides onto and into the TiO, nanotubes were analyzed
with several spectroscopic and diffraction methods such as
XRD, EDS-analysis, XPS, Auger electron and Raman spectros-
copy and STEM analysis. SEM, HR-TEM, Auger electron spec-
troscopy, and elemental mapping of intact and cross sections of
nanohybrids substantiated the successful deposition of mate-
rials inside the tube with excellent occupancy (a filling grade of
~50%).

STEM followed by EDS analysis proved the presence of the
binary NaP, phase as well as (Cul);P;, along the full length of
the TiO, nanotubes. STEM-EDS experiments of the ternary
phase SnIP showed a higher distribution of P than Sn and I
along TiO, nanotubes. Raman spectra recorded at the surface
and along the razor-cut cross section of the nanotubes can verify
the growth of NaP, phases continuously along the nanotubes
(120 pm in length) and (Cul);P;, up to 22 pm into the nanotubes
(63 pm in length). The herein reported hybrid materials dis-
played enhanced photoelectrochemical water splitting perfor-
mance under visible light compared to individual components
due to the possible formation of a heterojunction facilitating
better charge separation. Considering the unusual values of the
WF of NaP,@TiO, and SnIP@TiO,, further study of the inter-
faces may be warranted. Nevertheless, lower electronic bandg-
aps, negative conduction band positions of the composites,
long recombination lifetime, better charge carrier mobility and
deep valence band positions were responsible for improved
visible light performance. This feature may lead to higher
conversion efficiencies for optoelectronic applications such as
in photodetectors, photovoltaics, photo-electrochemical cata-
lysts and sensors. With a special focus on the mineralization
concept, further heterostructures between 1D semiconductors
and nanostructured materials are being prepared.
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Abbreviations

CulP (Cul);P;,

SEM Scanning electron microscopy

EDS Energy dispersive X-ray spectroscopy

FIB Focused ion beam

HR-TEM High resolution transmission electron microscopy
XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy

STEM Scanning transmission electron microscopy
ITO Indium-doped tin oxide

FTO Fluorine-doped tin oxide

UV-Vis Ultraviolet-visible spectroscopy

NHE Normal hydrogen electrode
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1. Experimental details

Fabrication of TiO, nanotube membranes

TiO, nanotube membranes were fabricated through anodization.! Titanium foil was used as both the anode and
cathode; the anode was 4 cm long and 1 cm wide, while the cathode was 2 cm long and 0.5 cm wide. Both the
cathode and anode were 0.89 mm thick. The electrolyte was comprised of 97:3 v/v ethylene glycol and deionized
water, with 0.03 wt.% NH,F added in. The electrolyte was stirred vigorously before anodization. The anode and
cathode were spaced 2 cm in the solution, and the 100 mL beaker containing the electrolyte submerged in a water
bath for cooling. A voltage of 60V was applied for 3 d to create the nanotube arrays; they were then dipped in
methanol for cleaning, and the 0.89 mm thick sides of the anodized pieces scratched off with a razor to allow them
to delaminate during subsequent air drying. To open the bottoms of the nanotubes and clean the tops of any debris,
the delaminated nanotube arrays (membranes) were subjected to reactive ion etching using Oxford PlasmaPro
NGP80. An SFg etch using a pressure of 20 mTorr and a forward power of 250 W was used for 200 s on the top and
300 s on the bottom (see Results and Discussion for explanation of our top versus bottom terminology). An oxygen
cleaning using a pressure of 150 mTorr and a forward power of 225 W for 10 min was used on each side.

Synthesis of hybrid NaP,@TiO, nanotube membranes

The chemical vapour deposition of NaP; and NaP;s on TiO, nanotube membranes was synthesized according to
literature procedures.? A mixture of the elements sodium and red phosphorus in the atomic ratio of 1:7 was
prepared by transferring red Phosphorus (452.1 mg, 99.999+%, Chempur) and Sodium (47.9 mg, 99,95% in oil,
Aldrich) into a silica-glass tube (0.8 cm inner diameter, 8 cm length). Into the previously graphitized glass tube,
purified Cul (10 mg) together with TiO, nanotube membranes was added. The ampoule was sealed under vacuum
(p < 1073 mbar) and placed horizontally in the chamber of a muffle furnace to obtain a temperature gradient of
approx. 10 K. By locating the starting materials in the hot zone of a Nabertherm muffle furnace (L3/11/330) and TiO,
nanotube membranes in the colder zone, a dissolution via gas phase and deposition on the TiO, nanotube
membranes was attempted. The furnace was set to 823 K within 10 h and held at this temperature for 7 d. The
products were formed after cooling down by switching off the furnace. Deposition of thin red-brown fibres on the
TiO, nanotube arrays were observed. Red, block-like crystals of NaP; were formed simultaneously.

Purification of the mineralizer Cul was carried out by solving Cul (98+%, Chempur) in concentrated HI (57 %, Riedel
de Haen) and following precipitation in water. The precipitate was purified by washing twice with water and ethanol
and subsequently dried under vacuum.

Synthesis of hybrid SnIP@TiO, nanotube membranes

The preparation of hybrid SnIP@TiO, nanotube membranes was carried out following the bulk-SnIP literature
procedure.? The starting materials Sn (107.8 mg, 99,999%, Chempur), Snl, (189.6 mg, synthesized according to
literature procedures),* and red phosphorus (37.5 mg, 99.999+%, Chempur) were pressed into a pellet (diameter:
10 mm, 25 MPa for 15 min). The pellet and TiO, nanotube membranes were transferred into a silica glass tube, the
ampoule was sealed under vacuum (p < 1073 mbar) and placed horizontally in a Nabertherm muffle furnace
(L3/11/330). The materials were located at the hot zone at 923 K and the membranes at the colder zone of the
furnace. Cooling the melt down to 773 K within 15 h at a rate of 2 K h* and of 1 K h'! to room temperature led to
deposition of SnIP onto the TiO, nanotube membranes.



Synthesis of (Cul);P,,@TiO, nanotube membranes

The synthesis of (Cul);P1,@TiO, nanotube membranes was attained according to literature procedures.® Purified Cul
(181.8 mg) and red Phosphorus (118.2 mg, 99.999+%, Chempur) were pressed into a pellet (diameter 10 mm,
25 MPa for 15 min). The pellet was placed in a silica glass tube (0.8 cm inner diameter, 8 cm length) with TiO,
nanotube membranes, located at the opposite side. The ampoule was sealed under vacuum (p < 1073 mbar) and laid
horizontally in a Nabertherm muffle furnace (L3/11/330) so that the starting materials are located at the hot zone
of the furnace and the TiO, nanotube membranes at the colder zone. The furnace was heated to 773 K within 8 h,
with a holding period of 48 h, cooled down to 673 K within 24 h and held at this temperature for 11 d. Room
temperature was reached within 24 h.

Cul was purified as it was mentioned in a previous paragraph.

Synthesis of polyphosphide@TiO, nanotube hybrids

TiO, nanotube membranes were prepared by electrochemical anodization of titanium foil to produce an ordered
array of parallel-aligned TiO, nanotubes. The membranes had two distinct sides: a side that was exposed to the
electrolyte during the anodization process (top side) and a side that was delaminated from the underlying titanium
substrate (bottom side). Owing to the fluoride etching process during anodization, the top side had thinner sidewalls
and thus large inner tube diameter. The nanotube bottoms had an average inner diameter of 67+9 nm (n =50
nanotubes), shown in Figure 1b; the nanotube tops had an average inner diameter of 120£13 nm (n = 50 nanotubes),
shown in Figure 1c. To maximize the probability of deposition inside of the tubes, the nanotubes were placed top
side up in the ampoule. To fabricate hybrid semiconducting materials, we succeeded in filling the anatase-type TiO,
nanotubes with binary NaP;/NaPys, and ternary (Cul)sP1,, SnIP using a short-way transport reaction; this reaction is
adapted from the so-called mineralization-principle used for the synthesis of a plethora of phosphorus-containing
compounds. Notably, owing to the TiO, nanotube structure necessary to deposit sodium polyphosphides on and
inside the membranes, the structure withstood the thermal treatment and led to deposition of respective
polyphosphides onto and into the membranes.

1.1 Physicochemical characterization
X-ray powder diffraction

X-ray powder data were collected on a Stoe STADI P diffractometer (Cu-K,; radiation, A=1.54060A, Ge-
monochromator) fitted with a Mythen 1 K detector (Fa. Dectris). An external calibration was performed using a
silicon standard (a = 5.43088 A). Phase analysis and indexing was carried out with the program package Stoe
WinXPOW.é

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDS).

TiO, nanotubes and according nanofibers were investigated via Scanning Electron Microscopy with a SEM JCM-6000
NeoScop TM (JEOL, 5900LV, Si(Li) detector). The compositions of the hybrid compounds were determined semi-
quantitatively by EDS measurements (Energy Dispersive X-ray Spectroscopy, Rontec). The samples were applied with
an acceleration voltage of 15 kV. The measured composition is in good agreement with the composition achieved
from structure refinement.

Scanning Transmission Electron Microscope (STEM) and Energy Dispersive X-ray spectroscopy (EDS).

STEM-EDS analysis was performed on a JEOL JEM-ARM200cF STEM, which is equipped with a cold Field-Emission
Gun (cFEG) and a probe Cs corrector. EDS maps were acquired with a Silicon Drift (SDD) EDS detector at an
acceleration voltage of 200 kV.

Helium lon Microscope (with Ga-FIB)

For SEM and Auger analysis, samples were prepared using a Zeiss ORION NanoFab Helium lon Microscope, equipped
with a Ga-FIB column. The cross section of TiO, nanotubes was milled and polished with a 30 keV Ga-FIB at beam
currents of 1.5 nA.

Raman spectroscopy

Raman studies were performed at 300 K by using a Renishaw inVia RE0O4 Raman Microscope fitted with a Nd:YAG
laser (A =532 nm) and a CCD detector. A laser power of 250 mW was applied recording a total number of 500 scans.



Auger electron spectroscopy

SEM and Auger measurements were performed using a JAMP-9500F Auger microprobe (JEOL) at the Alberta Centre
for Surface Engineering and Science, University of Alberta. A Schottky Field emitter was used to generate an electron
probe diameter of about 3 to 8 nm at the sample. Sample cleaning was conducted using argon ion sputtering, over
an area of 500 um? with a sputtering rate of 15 nm/min as calibrated using SiO,. The SEM and Auger imaging were
performed at an accelerating voltage of 2 kV and emission current of 20 mA. The working distance used was 24 mm.
The sample was rotated 30 degrees away from the primary electron beam to face the electron energy analyzer. For
the Auger spectroscopy and imaging a M5 lens with 0.6 % energy resolution was applied.

X-ray Photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS)

The surface chemical composition and oxidation state of materials was determined with X-ray photoelectron
spectroscopy (XPS) by using Axis-Ultra, Kratos Analytical instrument equipped with monochromatic Al-Ka source
(15 kv, 50 W) and photon energy of 1486.7 eV under ultra-high vacuum (UHV ~10-8 Torr). The binding energy of
C1ls of adventitious hydrocarbon (BE = 284.8 eV) was used as standard to assign binding energy (BE) of other
elements by carbon correction. The obtained raw data was deconvoluted in various peak components using CasaXPS
and acquired .csv file were plotted using origin 8.5. To determine the band structure of materials the work function
spectra and valence band spectra of materials were determined by using ultraviolet photoemission spectroscopy
(UPS) with Axis-Ultra, Kratos Analytical instrument and He | line (21.21 eV) of He discharge lamp source.
Additionally, valence band position of bare TiO, nanotubes was determined with XPS valence band spectra acquired
on Axis-Ultra, Kratos Analytical instrument under ultrahigh vacuum conditions.

Diffuse reflectance UV-Vis (DR-UV-Vis)
Diffuse reflectance UV-Vis spectra to determine UV-Vis absorption profile of materials was acquired on a Perkin
Elmer Lambda-1050 UV—Vis-NIR spectrophotometer equipped with an integrating sphere accessory.

Kelvin Probe Force Microscopy (KPFM)

To discern the charge separation dynamics and validate formation of heterojunction between polyphosphides and
TiO,, the surface potential (SP) or contact potential difference (CPD) of materials was measured using peak force
KPFM (Kelvin probe force microscopy) using Dimension Fast Scan Atomic Force microscope (Bruker Nanoscience
Division, Santa Barbara, CA, USA). For measurements, the materials were deposited on FTO, and a Pt-coated
SiNSCM-PIT cantilever of 2.5 4.4 N/m stiffness was employed to perform the KPFM experiments. Samples were
grounded with the AFM chuck with the help of conductive copper tape. The measurement was performed at zero
tip bias and Pt tip was calibrated by measuring the CPD of HOPG and the Pt tip using following expression:

EF (tip) = 4.6 eV (Work function of HOPG) + VCPD (HOPG and Pt tip)

1.2 Electrochemical characterization

Analytical grade KOH (99.0%), anhydrous Na,S0O,4 (99.0%), titanium (IV)-isopropoxide (99.99%), were procured from
Sigma Aldrich and used without any further purification. Conductive Fluorine doped tin oxide (FTO) glass
(transmittance 80-82%) was purchased from Hartford Tec Glass Company. The surface of FTO was cleaned by
ultrasonication in water, methanol and acetone for 10 min to remove any residual organics. All the solvent/water
used in the measurements were of HPLC grade.

Photo-electrochemical measurements

The electrochemical properties of the materials were determined by using a CHI660E series electrochemical
workstation in a three-electrode configuration. The photoactive materials deposited on FTO glass containing a TiO,
blocking layer was assigned as anode (working electrode), while Pt sputtered glass and Ag/AgCl was used as cathode
(counter electrode) and as reference electrode respectively. To ensure an equal amount of photocatalytic materials
on the photoanodes, an identical amount of materials, dispersed in methanolic solution was drop-casted on the
exact same area of TiO, seed layer containing FTO glass. The photoelectrochemical measurements were performed
in 0.1 M KOH aqueous electrolyte. Linear sweep voltammetry (LSV) to measure the materials photocurrent density
was performed by sweeping voltage from —1.0 V to +0.8 V vs Ag/AgCl at a scan rate of 10 mV/sec. The photoanode
was irradiated with solar simulated light (AM1.5 G) having a power density of 100 mW m~2 at the sample surface by
using Newport, Oriel instrument USA, model 67005, solar simulator. To determine visible light response at higher
wavelengths and incident photon-to-current efficiency (IPCE) the samples were irradiated with monochromatic 450
and 505 nm wavelength LEDs having 54.15 and 40.48 mW cm~2 incident power density at the sample surface. Mott-
Schottky plots to calculate flat band potential were extracted from impedance-potential values measure in 0.5 M
Na,SO, solution in a potential range of —=1.0 to +1.0 V at 1 K frequency. Electrochemical impedance spectroscopy
(EIS) to draw Nyquist plots and equivalent circuit under dark and 1 Sun irradiation was performed using a three



electrodes configuration at a bias of —0.5 V vs Ag/AgCl in 0.1 M KOH, with an AC amplitude of 0.005 V at frequency
value 1 Hz - 100 kHz.

To investigate the photo-electrochemical performance an approx. 20 nm thick TiO, blocking layer was spin casted
on cleaned FTO glass using titanium isopropoxide solution according to our previous report just by changing the
dilution of the solution three times.® The deposition of photoactive materials on TiO, coated FTO was done by
dispersing materials in very dilute aqueous solution of titanium isopropoxide and drop casting followed by heating
at approx. 150 oC for 1 h. In this way the materials stick strongly on the TiO, coated FTO substrate. The materials
deposited on FTO glass function as photoanode (working electrode) and Pt and Ag/AgCl was used as counter
(cathode) and reference electrodes, respectively. The photo-electrochemical water splitting experiments were
performed by immersing the electrodes in 0.1 M KOH solution. The samples were irradiated under solar simulated
light (AM1.5 G) having a power density of 100 mW cm™ at the sample surface and photocurrent density was
measured in function of applied voltage by sweeping bias from —1.0 V to +0.8 V. Further, photocurrent response at
higher wavelength (monochromatic 450 and 505 nm light) was measured using LEDs and with power density on the
sample surface was 54.15 and 40.48 mW cm™.



2. Results

NaP;@TiO, nanotubes

P-XRD analysis
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Figure S1. a) and b) Powder X-ray diffraction patterns of NaP; (main fraction) and NaP;s (minor fraction) substantiate the formation of the two polyphosphides
on the membrane.
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Figure S2. Selected point AES spectra on FIB-milled NaP,@TiO, nanotube specimen. The according peaks at spot 1 (seeming hole) are P LVV (115 eV), CKLL
(266eV), Ti LMM (38leV, 416eV), O KLL (482eV, 503eV), a weak peak at 979eV potentially caused by Na KLL.

SnIP@TiO, nanotubes
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Figure S3. Powder X-ray diffraction patterns confirm the formation of crystalline SniP onto the membrane.

(Cul)3P1,@TiO, nanotubes

The gas-phase based synthesis was furthermore applied for the ternary polyphosphide (Cul)sP;,. According to
calculations (Cul)sP;; and its structurally related compounds Cu,l3P3, and (Cul),P14 show a band gap range of 1.0 -

LP10]P2[

1.1 eV.” Downsizing quantum confinement effects such as in single and isolated phosphorus « --strands
without the Cul-matrix lead to bandgaps of 2.3 - 2.9 eV.” A growth of such isolated strands can be achieved by the
infiltration in hollow TiO, nanotubes.
The polyphosphide substructure consists of condensed five- and six-membered ring fragments attached to a
polymer subunit in the Cul matrix.> In line with Baudler’s rules the one-dimensional infinite phosphorus chains
~([P10]P2])°
LIPOY . a1y e -
inhibiting additional four-membered rings. In Figure S4a the (Cul)sP4, - crystal structure consisting of
separated Cul and polymeric phosphorus tubes along the b-axis is demonstrated. A microscopic image of the TiO,
nanotube membranes show the surface covered with dark blue fibres of (Cul)sP1, (Figure S4b). The SEM image in
Figure S4c confirms preservation of the nanotube structure after gas phase synthesis procedure as well as the
according elemental composition (Table S3). Powder X-ray diffraction verifies the growth of (Cul);P4, on top of the
TiO, nanotube membranes (Figure S4d).

in the (Cul)sP1;, structure are more stable than the structurally related Cu,l3P; with infinite chains
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Figure S4. a) Crystal structure of (Cul)sP;, with Cul and polymeric P units. b) A TiO, nanotube membrane reacted with (Cul)sP;; via gas phase. c) Cross section and
surface of (Cul);P;,@TiO, nanotube membranes. d) Powder X-ray diffraction patterns confirm the formation of crystalline (Cul);P;, onto the membrane.

Raman imaging of the razor-cut cross section of hybrid (Cul);P;,@TiO, nanotube membranes cutting demonstrates
the successful growth of (Cul)sP;, crystals up to 22 um in distance to the membrane-top side (Figure S5).
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Figure S5. Raman spectroscopy on (Cul)sP;,@TiO, membranes. a) Corresponding membrane cross section of measured specimen. b) From top to down:
Reference Raman spectrum of measured (Cul)sP;, crystals, spectra of a (Cul);P1,@TiO, membrane cross section measured at approx. 22 um in distance to the
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spectrum.

STEM images show a ranged bundle of non-decayed TiO, nanotubes taken after separation by an ultrasonication
process. The image scale displays a size of ¥90-100 nm per tube. An infiltration is shown by distribution of Ti and P
along, with Cu and | according to elemental mapping is illustrated along the tube length of the nanotube bundle
(see Figure S6a).

Figure S6. a) STEM bright-field image of TiO, nanotubes separated from a membrane by an ultrasonication procedure. b) Elemental mapping of overlaid elements
Ti (representing TiO,), P, Cu and |. The elemental mapping images of c) Ti, d) P, e) Cu and f) | substantiating P, Cu and | distributed along the length of a TiO,
nanotube bundle.

XPS analysis

High resolution X-ray photoelectron spectroscopy (HR-XPS) was performed to investigate the surface chemical
composition, binding energy and oxidation state of the elements. XPS elemental survey scan of NaP;, TiO, and
NaP;@TiO, reveals the presence of all elements in NaP; (Nals, P2p), TiO, (Ti2p, O1s) and NaP;@TiO, (Nals, P2p,
Ti2p, O1s) (Figure S7a). HR-XPS in Ti2p region for TiO, reveal two peak components at BE = 459.46 and 465.27 eV
assigned to Ti2P3;, and Ti2p,,, splitting, demonstrating presence of anatase form TiO, with Ti** in crystal lattice
(Figure S7b).22 The peak position of Ti2P3,; and Ti2p;/, components does not change in hybrid NaP;@TiO, suggesting
anatase phase TiO, remains intact during deposition step. The deconvoluted HR-XPS spectra of TiO, nanotubes in
O1s region shows two peak components at 530.98 and 532.70 eV. The strong peak at 530.98 eV was originated from
lattice oxygens bonded to Ti in crystal (Ti-O-Ti), while relatively weak shoulder peak at 532.70 eV was assigned to
non-lattice adventitious oxygen and surface —OH groups. Additionally, two peak components in Ols spectra
cantered at 530.98 and 532.70 eV for TiO, remains unchanged in and NaP;@TiO, which reveal robust nanotube



structure even after vapor phase deposition of NaP; on TiO, (Figure S7c).23> However, the increase in peak intensity
of 532.70 eV exhibit increase in adventitious oxygen which might be due to partial surface oxidation of phosphide
to various P-O moieties (P,O,). The peak positioned at 1063.74 eV in Nals HR-XPS spectra for NaP; originated from
electrostatically bonded Na* to the phosphide backbone.'*7 Surprisingly, The Nals peak in NaP;@TiO, was shifted
to higher binding energy which might be due to partial charge transfer from NaP; to the surface of TiO, and partial
doping of TiO, surface with Na ions (Figure S7d). Additionally, HR-XPS of NaP, in P 2p region show two peaks centred
at BE=130.15and 134.16 eV. The peak at 129.86 eV can be further deconvoluted into two peak components located
at BEx129.90 and 130.77 eV and might have originated due to coexistence of two phases NaP; (dominant fraction)
and NaPis (both responsible for the 129.86 eV peak due to comparable polyphosphide substructures and
crystallographically non-equivalent P species)'® 17 The peak at 134.16 eV was originated due to partially oxidized
surfaces (phosphate formation, P,Oy). A significant increase of the peak positioned at 130.15 eV appears in the
NaP;@TiO, nanocomposite. The increase signal intensity might be due to a reduced oxidation tendency of the
polyphosphide in the hybrid (Figure S7e).
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Figure S7. a) Elemental survey scan of TiO, nanotube membranes (green), NaP; (pink) and NaP;@TiO, (navy blue) and HR-XPS spectra of TiO, and NaP,@TiO,, b)
in Ti2p region, ) in O1ls region, d) in Nals region, e) in P2p region.

Like NaP5, the elemental survey scan of (Cul)sP1,, TiO, nanotube membrane and hybrid (Cul)sP1,@TiO, confirms
presence of all the relevant elements in (Cul)s;P1, (Cu, I and P), TiO, and (Cul)sP,@TiO, (Cu, I, P, Tiand O) (Figure S8a).
The high resolution XPS (HR-XPS) core level spectra of TiO, in Ti2p region can be deconvoluted into two peak
components located at binding energy 459.46 and 465.27 eV assigned to Ti2ps;; and Ti2p;/; components of Ti%*
oxidation state of anatase phase TiO, (Figure S8b).18 1° After solid state vapour phase deposition of (Cul);P1, on TiO,
nanotube membranes ((Cul);P1,@TiO,) the binding energy of Ti2p;/, and Ti2p;/; components doesn’t change, which
confirms that the chemical nature of TiO, doesn’t change during deposition of (Cul)sP1,. The HR-XPS spectra of TiO,
in O1s region can be deconvoluted into two peak components at 530.48 and 532.64 eV. The origin of the stronger
peak at BE = 530.48 eV was attributed to lattice oxygens (Ti-O-Ti), while smaller peak component located at
532.68 eV was originated due to presence of non-lattice adventitious oxygen and surface —OH groups (Figure S8c).2°
For (Cul)3P,,@TiO,, the binding energy of O1s peak components corresponding to lattice oxygen and adventitious
oxygens remains identical; however, the intensity of non-lattice bounded peak components are increased
significantly which might be due to the affinity of (Cul)sP1, to moisture and oxidation of surface phosphorous to



phosphates (P,O,). HR-XPS spectra of bare (Cul)sP;; in Cu2p region displayed two peak components at
BE = 932.91 eV and 952.55 eV, attributed to Cu2ps/,; and Cu2p,/;, components of Cu present in the +1 oxidation state
(Figure S8d).?% 22 Furthermore, the absence of any shoulder peak in Cu2p XPS at higher binding energies confirms
the presence of Cul* atoms in identical chemical environment.?® The Cu2p HR-XPS remains the same for the hybrid
of (Cul)sP1,@TiO,, which demonstrates successful solid-state deposition of (Cul);P1, on TiO, nanotubes. Two peak
components in HR-XPS scan in 13d region corresponded to 13ds;, and 13d3/; at BE of 631.42 and 619.94 eV show a
presence of I coordinated to Cu'* composing Cu-I-Cu bridges of polymeric structure (Figure S8e).?* 2> The binding
energy of the 13d peak component in (Cul)sP1,@TiO, gets shifted slightly to higher binding energy which might be
due to chemical interaction of outer coordinated iodine with electronegative oxygen of TiO,. Additionally, the single
peak component in P2p region (134.95 eV) of (Cul);P1, might be originated due contribution from oxidized P atoms
present in the form of phosphate (P,O,) and the presence single phase Cu and iodine bonded phosphide chain
(Figure S8f).26 27 However, considering high signal intensity we inferred phosphides were main contributor to this
signal. Further the peak located at 134.95 eV can be split into two peak components centred at 134.39 and 135.27
eV for 2ps;; and 2p;/; peak components. Similar to the 13d peak, the P2p peak component gets shifted to higher
binding energies due to the slight charge transfer from phosphorous helix to TiO, surface.
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Figure S8. a) Elemental survey scan of TiO, nanotube membranes (orange), (Cul)sP1, (navy blue) and (Cul)sP1,@TiO, (green), HR-XPS core level spectra of TiO,
and (Cul)sP,@TiO,, b) in Ti2p region, c) in O1s region, and HR-XPS spectra of (Cul);P;; and (Cul)3P1,@TiO, d) in Cu2p region, e) in 13d region and f) in P2p region.
(CulP > (Cul)y,Ps).

The elemental survey scan of SnIP, TiO, and SnIP@TiO, displayed all peaks of composing elements present in SnIP
(Sn3d, 13d, P2p), TiO, (Ti2p, O1s) and SnIP@TiO, (Sn3d, 13d, P2p, Ti2p, O1s) (Figure S9a). The HR-XPS spectra of the
bare SnIP samples in Sn3d region displayed two deconvoluted peaks at 487.51 and 495.88 eV attributed to Sn3ds/,
and Sn3ds;, components, revealing a presence of chemically equivalent Sn present in +2 oxidation state
(Figure S9b).?8 29 The HR-XPS spectra of SnIP showed two peak components at binding energies 619.87 and
631.37 eV in 13d region assigned to 13ds;, and 13d3/, peak component of I- composing the SnIP helix (Figure S9c).30- 31
Additionally, HR-XPS spectra of SnIP in P2p region show two peaks at 134.01 eV (deconvoluted into two components,
2p3/,-133.73 eV and 2p;/,-134.71 eV) for crystallographic non-equivalent P of SnIP and 139.77 eV (Phosphate,
surface oxidation product P,O,) (Figure $9d).32 33 The binding energies corresponding to Sn2p, 13d and P2p peak
components remain fairly constant after fabrication of SnIP on TiO, (SnIP@TiO,) which signify the absence of any
chemical interaction between SnIP and TiO, (Figure S9b-d). The HR-XPS core level spectra in Ti2p region for TiO,



nanotubes displays two peak components at 466.43 and 465.23 eV assigned to Ti2ps/, and Ti2p,,, revealing the Ti%*
states in anatase TiO, lattice (Figure S9e).3* The HR-XPS spectra in O1s region of TiO, deconvoluted into two peak
components gave peak at BEx 531.86 and 532.74 eV corresponding to lattice bounded oxygen and adventitious
surface adsorbed oxygen (Figure S9f).3> After gas-phase deposition of SnIP on TiO, nanotube membranes the signal
for Ti2p disappeared which was assumed due to coverage of TiO, nanotube membrane with SnIP materials resulting
in suppression of the signals at the measured area (Figure S9e). While the O1s signal get slightly shifted to lower
binding energies (530.98 eV) and the peak component at 532.74 eV gets increased, showing some oxidation of SnIP
phosphorus to P-O (P,O,) functionalities and surface adsorbed adventitious oxygen.3®
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Figure S9. a) Elemental survey scan of TiO, nanotube membranes (purple), SnIP (red) and SnIP@TiO, (yellow) and HR-XPS core level spectra of TiO,
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Diffuse reflectance spectroscopy
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Figure $10. UV-Vis DRS spectra of a) TiO, nanotubes (black),NaP; (blue), NaP,@TiO, (red), b) TiO, (black), SnIP (blue), SnIP@TiO, (red), c) TiO, (black), (Cul)sP;,
(blue), (Cul)sP,@TiO, (red) and Tauc plot for determination of optical band gap of d) TiO, (black), NaP; (blue), NaP,@TiO, (red) e) TiO, (black), SnIP (blue),

SnIP@TiO, (red), f)

Tio,

(black), (Cul)sPq, (red), (Cul)3P1,@TiO,

(blue). (CulP > (Cul)12Ps3).



a b C
NE 0.2 N-E 0.2 NE 0.2
3 00 2 00 2 0.0
E E E
5.0_3 5-0.2 E;n.z
£.04 204 £-04
o ——TiOg dark i —— Ti0 dark i ——Ti0, dark
E A6 ~—Ti0z 1 Sun with filter E AS ——Ti02 1 Sun with filter E 0.8 — *no: 1 Sun with filter
——TiOz 1 Sun without filter = ——TiOz 1 Sun without filter = ——Ti0; 1 Sun without filter
3-0.8 —— NaPy dark 3 -0.8 —— NaP7@TiO2 dark 3‘°‘a —— SnIP dark
—— NaPy 1 Sun with filter —— NaP7@TiO2 1 Sun with filter ~——SnIP 1 Sun with filter
-1.0 ~——— NaP7 1 Sun without filter -1.0 : —— NaP7@TiOz 1 Sun without filter -1.0 — SniP 1 Sun without filter
0.8 0.4 0.0 0.4 -0.8 -0.4 0.0 0.4 0.8 -0.8 -0.4 0.0 0.4 0.8
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
d 10 e 06 f os
- — — -
0.8 - L 04 o
S0 S § / § 0.0
% 0.4 E 02 E ) 7,
Fo? £ zost) /)
goo 202 E /
3‘0-2 ——TiOz dark S04 ——Tio, dark T 1.0} ——TiO, dark
£.0.4 ——TiDz 1 Sun with filter £ ——TI0.1 Sury HFY feF Ty ———Ti0, 1 Sun with filter
g’o 6 ——Ti032 1 Sun without filter g-ﬂ,ﬂ ——Ti0, 1 Sun without filter = ——Ti0; 1 Sun without filter
o —— SnIP@TIO; dark 3 ——CulP dark a-18 —— GuIP@TIO, dark
-0.8 —— $nIP@TIOZ 1 Sun with filtor 08 —— CulP 1 Sun with filter —— CulP@TIO, 1 sun with filter
a0 ~SnIP@TIOZ 1 Sun without filter i —— CulP 1 Sun without filter . —— CulP@TIO, 1 Sun without filter
0.8 0.4 0.0 04 g -0.8 0.4 0.0 0.4 =0 -0.8 04 0.0 0.4 0.8
g Potential (V vs Ag/AgCl) h Potential (V vs Ag/AgCl) i Potential (V vs Ag/AgCl)
04 —5ramm 02
. | Ti0, 1 Sun with filter o o
E 0,1 5un without fiter £ E 02
] [~ NaP; 1 Sun with filter a 01 a
E 0.2 [ NaP; 1 Sun without filter E - E
> - 2 2
5 I B
I3 | | 0.0 c
@ { | @ @
b il lﬂ'i["lj"ﬂ 11i b
E 0.0 Al £ — £
g o b $.0.2 / ——Tiog dark
3 -50.1 —— Ti0z 1 Sun with filter £ ——Ti02 1 Sun with filter
o = 103 1. 3um withook iter (&} / ——Ti0z 1 Sun without filter,
— e 0 4 Sun it e
; ——NaP7OTI0. —— SniP 1 Sun without filter
%% 04 00 04 o8 h3 04 00 04 08 45 s oo o4 08
j Potential (V vs Ag/AgCl) Kk Potential (V vs Ag/AgCl) I Potential (V vs Ag/AgCl)
0.8 —— 0.6 e
B :"m?;:::m:nm «g ——Ti03 1 sun with filter #ﬂ “Eﬂ-‘t
% 0.6 :::mm::nmwm S 04 -—lc‘lozluunmtnwlnnsr ‘ i 5
PETIO, 1 Sun without ~— CulP 1 sun with filter r
E E ~——— CulP 1 sun without filter go02
204 > 2
2 g0z 200
@ g g 0.
T 0.2 o '_:,
E £ 0.0
g £ . go2 ——Ti0; 1 Sun with filter
a 0.0 3 a ——Ti02 1 Sun without filter
0.2 0.4 ~—— CulP@TiOz 1 Sun with filter
= CulP@TIO2 1 Sun without filter
-0..?‘].8 -0.4 0.0 0.4 0.8 038 -0.4 0.0 0.4 0.8 -0.8 0.4 0.0 0.4 0.8
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)

Figure S11. a) - 1) Photocurrent density vs applied voltage plot with on-off cycles of TiO, nanotubes vs NaP;, NaP;@TiO,, SnIP, SnIP@TiO,, (Cul)3P1,, (Cul)3P1,@TiO,.
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Interface photon-to-current performance

Investigations on semiconductor/interface performance revealed following diagnostic efficiencies of the
materials.37- 38

Applied bias photon-to-current efficiency (ABPE):
The applied bias photon-to-current efficiency percentage (ABPE%) which demonstrates photo-conversion efficiency
under applied bias of the photoanode was determined by plotting a graph between ABPE% and applied voltage on
RHE (reversible hydrogen electrode) scale. The ABPE% was calculated by using following expression:
ABPE (%) = [J (mA cm~2) x (1.23-V,)/ P (mW cm=2)] x 100
(1)

Where, Jis the current density, V, is the applied voltage at RHE scale and P is the power density of the incident light.

The applied voltage on Ag/AgCl scale was converted to RHE scale by using following expression.
Vrue = Vag/age + 0.059 pH + VoAg/AgCI
(2)

V O
Where " Ag/AgCl=0.197 V.

Incident photon-to-current efficiency (IPCE) also referred as external quantum efficiency (EQE):
The IPCE which is a measure of the obtained photocurrent (number of electrons collected) per incident photon flux
as a function of wavelength was calculated at 0.6 V vs Ag/AgCl (1.23 V vs RHE, thermodynamic water splitting
potential) by irradiating samples with a 505 nm wavelength LED (40.48 mW cm™2). The IPCE values were calculated
using the following expression.
IPCE% = [1240 x J (mA cm~2)/A (nm) x P (mW cm~2)] x 100
(3)

Where, J is the photocurrent density, A is the wavelength of incident light in nm, and P is the power density of the
incident light.

Absorbed photon-to-current efficiency percentage (APCE%) also referred to as internal quantum efficiency (IQE):
Since IPCE is a measure to incident photons conversion efficiency, it doesn’t take the loss of photons being
unabsorbed by the materials into account. So, absorbed photon-to-current efficiency percentage (APCE%) which



define the photocurrent collected per incident photon absorbed is used to demonstrate device performances. The
APCE% can be calculated by following formulas:
APCE% = (IPCE/LHE) x 100
(4)

Where, LHE is the light harvesting efficiency or absorbance which is a number of electron-hole pairs produced as
fraction per incident photon flux. By considering that each absorbed photon produces equal electron hole pairs, the
value of LHE or absorptance calculated by Beer’s law can be expressed by following equation.
LHE or absorptance = (1-10%)
APCE% = [1240 x J (mA cm™2)/A (nm) x P (mW cm™2) x (1-104)] x 100
(5)

Where, J is photocurrent density, A is wavelength of incident light in nm, P is the power density of incident light, LHE
is light harvesting efficiency and A is absorbance at measured wavelength.

Semiconductor-electrolyte interface
Electrochemical impedance spectroscopy

Semiconductor electrolyte interfacial (SEl) behaviour of NaP; and NaP;@TiO,, SnIP, SnIP@TiO,, (Cul)sPqy,
(Cul)3P,@TiO, were analysed using electrochemical impedance spectroscopy (EIS), whereby Nyquist plots
were obtained, between frequencies of 1 and 10,000 Hz at -0.4 V vs Ag/AgCl, using dark and one-sun conditions. EIS
Nyquist plots (Figure S13a, b and c) clearly indicate higher charge transfer resistance in dark conditions when
compared to those in one-sun illumination condition. Equivalent circuit diagram representing the Nyquist plots is
shown in Figure S13d, wherein in Rs, R¢, Ry, Cs¢, and Cy are electrolyte resistance, charge transfer resistance, charge
transport resistance, space charge capacitance, and electrochemical double-layer (Helmholtz) capacitance,
respectively. Q is a constant phase element with coefficient n. The values of circuit parameters are listed in Table
S4. As obtained by equivalent circuit model, Rc was the same (i.e. 10 ohms) (Cul)sP4, and SnlIP, as it was (i.e. 1 ohm)
for SNIP@TiO, and NaP;@TiO,. RC for (Cul)3;P,,@TiO, and NaP; were rather high at 50 and 30 ohms, respectively.
Calculated recombination lifetime (7, using (6) values are listed in Table S5, and indicate reasonably long-lived holes
for all samples, and particularly for SnIP and NaP.
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Figure S13. Nyquist plots measured in 0.1 M KOH, under dark conditions and AM1.5 G light irradiation (100 mW cm~2) a) TiO, nanotubes (black and magenta),
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and magenta), (Cul);Py, (light and dark blue), (Cul)sP,,@TiO, (light and dark red). d) Equivalent circuit diagram of the EIS Nyquist plots shown in a, b and c. (CulP
> (Cul)12Ps3).
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Impedance-potential analysis

Further insights about SEI of the samples were %\?ined via Mott Schottky’s equations (eq. (7) and (8)), which were
used to calculate charge carrier concentration ("' D), and flat band potential (* FB). In eq. (7) and (8), Csc is space-
charge capacitance per unit area; €r the dielectric constant of the samples, which may be assumed to be 45, i.e.
same as that of anatase Ti0,.3%4% "' D js carrier concentration; €0 is the vacuum permittivity (8.854 x10714 F cm™); k
is the Boltzmann constant (1.381x1023JK™); T is the temperature in (298 K); e is the electron charge
(1.602x1071° C); * FB is the flat band potential; and V is the applied potential. " D, the charge carrier concentration,
is calculated from the slope (term within the bracket in eq. (8) of the Mott Schottky’s plots (Figure S14), using eq. (8).

FB, is the point of intersection of the slope of the Mott Schottky’s plot with the potential axis, as shown in Figure
S14. "D and * FB of the samples are listed in Table S5. "' D of the order of 1020 cm3, is well known for anatase TiO,*!

D of the composites of (Cul)sP;, and SnIP with TiO, decreased, as it did for bare (Cul);P1, and SnIP, while that of
NaP,;@TiO, increased slightly from bare TiO, nanotube arrays, while that for bare NaP; decreased slightly. Width of
depletion layer, W, is calculated using eq. (9) at 1.23 V vs RHE in eq. (9), where @ is the potential drop across the
space layer. W is highest for SnIP and SnIP@TiO, indicating maximum band bending in those samples due to the
lower carrier concentration.
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Figure S15. XPS valance band spectra of TiO, nanotube membranes showing the position of valance band maxima (VB,.,) below Fermi level.

Kelvin Probe Force Microscopy (KPFM) Mesurement

To understand the dynamics of charge carrier separation and probe heterojunction formation between
polyphosphides and TiO,, surface potential (SP) difference of materials was determined using Kelvin Probe Force



Microscopy (KPFM) (Figure S16). The AFM topographical images of the samples displayed rough morphology and
evidential presence of nanotube arrays (Figure S16a-d). The surface potential (SP) map of bare TiO,, NaP;@TiO,,
CulP@TiO; and SnIP@TiO, deposited on FTO under dark condition is displayed in Figure S16a-d. The surface
potential map of the samples shows uniform charge distribution at all sample surfaces. For bare TiO, nanotubes
some bright region was observed which demonstrates electron rich surface of n-type TiO, nanotubes. Furthermore,
the surface potential map contrast of SnIP@TiO, sample was slightly higher than other hybrid materials (NaP;@TiO,
and CulP@TiO,) which demonstrates higher electronic density of these materials. The surface potential distribution
of bare TiO, was found to be ~38 mV, while SP of polyphosphide@TiO, hybrids, NaP;@TiO,, CulP@TiO, and
SnIP@TiO, was calculated to be ~ 27, 26, and 31 mV. A slightly negative shift of SP distribution of hybrid samples
was corroborated to the lowering of work function value of nanohybrids. The lowering of WF (work function) value
is attributed to the uplifting of the Fermi level of polyphosphides during Fermi level alignment in heterojunction
formation because of charge carrier gradients (in-built electric field). The evident change in WF values and band
structure clearly suggests successful formation of heterojunction between the materials.
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Figure S16. Topographical AFM images and surface potential map of a) TiO, nanotube, b) NaP,@TiO,, c) (Cul);P1,@TiO,, d) SnIP@TiO, and e) surface potential
distribution of bare TiO, nanotubes (black), NaP,@TiO, (red), (Cul)3P;,@TiO, (blue) and SnIP@TiO, (green) samples deposited on FTO under dark conditions.
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EDS analysis

Table S1. Elemental analysis of deposited crystals found on both sides of the membranes and different spots along the razor cut cross section of NaP,@TiO,
membranes via EDS-measurements. Elemental composition in at.% with corresponding molar ratio deriving from the Na and P content and normalized to the Na
content. Atomic percent of Ti is representing Ti in TiO,.

EDS - NaP, Na (at%) P (at%) Ti (at%)

NaP; 12.5 87.5 NaP;
NaPy; 6.25 93.75 NaP;s
NaP; measured, crystal 12.0(4) 87.9(1) - Nag.o6P7.03
NaP,; measured, crystal 5.6(8) 94.4(2) - Nag P51
NaP,@TiO, cross section 1 3.6(2) 16.4(2) 80.1(2) NaP, s
NaP,@TiO, cross section 2 1.5(1) 13.5(1) 85.0(3) NaPg

Table S2. Elemental analysis of deposited crystals found on both sides of the membranes and different spots along the razor cut cross section of SnIP@TiO,
membranes via EDS-measurements. Elemental composition in at% with corresponding molar ratio deriving from the Sn, I and P content and normalized to the P
content. Atomic percent of Ti is representing Ti in TiO,.

EDS - SnIP Sn (at%) 1 (a%) P (at%) Ti (at%)

SnIP 1 1 1 SnIP
SnIP measured, crystal 37.8(3) 26.3(3) 35.7(1) - Snlg,P
SnIP@TiO, cross section 1 13.2(2) 9.4(2) 20.2(2) 57.1(4) Snlg ;P
SnIP@TiO, cross section 2 10.5(6) 7.4(4) 18.6(8) 63.5(2) Sngglo.aP

Table S3. Elemental analysis of deposited crystals found on both sides of the membranes and different spots along the razor cut cross section of (Cul);P,,@TiO,
membranes via EDS-measurements. Elemental composition in at% with corresponding molar ratio deriving from the Cu, | and P content and normalized to the P
content. Atomic percent of Ti is representing Ti in TiO,.

EDS - (Cul);P;, Cu (at%) I (at%) P (at%) Ti (at%)

Cul)zP;, 16.67 16.67 66.67 Cusl3Py,
(Cul);P,, measured, crystal 14.7(4) 16.1(3) 69.1(3) - Cuy¢ly5P12
(Cul);P,,@TiO, cross section 1 2.4(3) 2.5(3) 24.5(3) 72.6(5) Cus;l12P12

(Cu|)3P12@Ti02 cross section 2 165(5) 132(6) 690(5) 730(8) Cuyol5 3P




Electrochemical impedance spectroscopy and impedance-potential analysis

Table S4. Values of electrolyte resistance Rs, charge transfer resistance R¢, charge transport resistance Ry, space charge capacitance Cgc, electrochemical double-
layer (Helmholtz) capacitance €y and constant phase element Q with coefficient n for (Cul)sP;,, (Cul)sP1,@TiO,, SniIP, SnIP@TiO,, NaP;, NaP;@TiO,, obtained by
fitting the Nyquist plots to the equivalent circuit (Figure S13).

Sample Rs(Ohm)  Csc(F) R;(Ohm) Cu (F) Rc(Ohm) Q(Fst+*n) n

(Cul);P;, 16 9.00x10 21 1.25x10° 10 5.50x10* 0.35
(Cul);P,,@TiO, 16 6.00x108 31 1.85x107 50 5.80x10* 0.39
SniP 16 1.00x107 30 1.00x10 10 4.75x10+4 0.45
SnIP@TiO, 16 1.10x107 22 6.00x10° 1 9.50x10* 0.50
NaP, 16 2.00x107 16 1.50x10° 30 2.00x10* 0.54
NaP,;@TiO, 16 8.50x10 22 1.50x107 1 2.10x10+# 0.52

N %4
Table S5. Values of charge carrier concentration D, flat band potential B , width of depletion layer W and calculated recombination lifetime t for (Cul)sP;,,
(Cul)3P1,@TiO,, SnIP, SnIP@TIiO,, NaP;, NaP,@TiO, and TiO,, obtained by fitting the Nyquist plots to the equivalent circuit (Figure S13).

Sample Np (cm3) Vs Vs W (nm) T (ps)
(V vs Ag/AgCl) (V vs NHE at pH-0)

(Cul);P4, 3.88x10%° -0.721 -0.522 113.18 1.90
(Cul);P,@TiO, 3.83x102%° -0.692 -0.493 157.14 1.90
SniP 1.69x102° -0.730 -0.531 712.80 3.00
SnIP@TiO, 1.05x10%° -1.930 -1.731 922.89 2.40
NaP, 4,75%x10%° -0.670 -0.471 376.09 3.20
NaP;@TiO, 5.62x10%° -0.780 -0.581 118.95 1.90
TiO, 5.05x10%° -0.702 -0.503 197.42 -

Table S6. Binding energies of different element and species present in TiO, nanotubes, NaP;, NaP;@TiO,, (Cul)sP1,, (Cul)sP1,@TiO,, SnIP, SnIP@TiO,.

Sample Ti2p O1s Nals Cu2p Sn3d 13d P2p
(Ti2ps/2) (Oar.) (Na1is) (Cu 2p32)  (Sn3ds),) (13ds5) (P2p3/5)
(Ti2p,/,) (-OH) (Cu2pys)  (Sn3dsj) (13d3/2) (P2py3)
(Pxoy)
TiO, 459.46 530.98 - - - - -

465.27 532.70 - - = -

NaP, - - 1063.74 - - - 129.90
- - - - 130.77

134.56

NaP,@TiO, 459.46 530.98  1071.83 . . . 130.00
465.27 532.70 - s 130.98

133.82

(Cul)sPs2 - - - 932.91 - 619.94 134.39
- - 952.55 - 631.42 135.27

(Cul)sP,@TiO, 459.46 530.48 - 932.91 . 620.30 134.40
465.27 532.64 952.55 s 631.89 135.33

sniP - - - - 487.51 619.87 133.73
- - - 495.88 631.37 134.71

139.77

SnIP@TiO, . 530.98 5 5 487.51 619.87 133.94
. 532.74 5 495.88 631.37 134.83

139.77

All binding energy values are in eV.
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The article 'Vapor growth of semiconducting P allotropes into TiO2 nanotube arrays for
photo-electrocatalytic water splitting applications' was submitted to 'ACS Applied Nano
Materials' in February 2019 and published online in May 2019. Results were presented
by Ebru Uzer at the 101t Canadian Chemistry Conference and Exhibition in Edmonton,
Canada in May 2018 and the Annual ATUMS meeting in Raitenhaslach, Germany in
November 2018.

The objective of this work was a modification of TiO2> nanotube properties by band
gap engineering and optimization of key factors required for photocatalytic hydrogen and
oxygen evolution in water-splitting experiments. In a similar manner as presented in par-
agraph 3.1., hybrid materials of semiconducting P allotropes, namely black P and fibrous
red P were fabricated, following a simple low-pressure vapor deposition onto and into
TiO2 nanotube arrays.

Previously electrochemically anodized TiO> nanotube membranes of 40 — 150 um
nanotube length and ~100 nm inner tube diameter were successfully covered by fibrous
red P and black P, confirmed by light microscope imaging, SEM-EDS analysis, and pow-
der X-ray diffraction. STEM-EDS images displayed individual and bundle-TiO> nano-

tubes corroborating fibrous red P and black P. Filling of the tubes was additionally
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approved by point-by-point Raman analysis. A 1.5 um resolution laser was run along a
razor cut cross section of hybrid membranes. The detected data resulted in characteristic
fibrous red P Raman modes next to TiO» anatase down to 20 um and crystalline black P
down to 7 um both from the membrane top side.

Elemental binding energies, oxidation states and surface composition indicated the
similar characteristics for pristine fibrous red P, black P, TiO2 and the hybrid materials,
tested in HR-XPS analyses. A peak change in the P2p region, sparsely in fibrous red
P@TiO: and significant in black P@TiO: implied partial reaction to phosphorus oxides.
Initiated engineering of optical properties was observed after gas-phase transport reac-
tions onto TiO2 nanotube arrays, showing an initial optical band gap value of 2.97 eV (vs.
3.2 eV in pristine TiO. anatase®'). Band gap values of pristine fibrous red P and black P
were found to be 1.97 eV and 1.67 eV. In hybrid materials we found slightly shifted peak
wavelengths toward the long wavelength region for (2.1 eV in fibrous red P@TiOg;
1.54 eV in black P@TiO>). Thus, an effect of improved visible light absorption could be
identified beneficial for solar light harvesting applications.

Efficiency of potential photocatalytic water-splitting agents (commercially used TiO2
nanotubes, pristine P allotropes and hybrid materials) were compared. Photocurrent
density was tested in linear sweep voltammetry which resulted in values of 0.22 mA-cm?
for pristine TiO2, 0.25 mA-cm? for fibrous red P, and 0.19 mA-cm? for black P at
0.6 V vs Ag/AgCl (1.23 V vs RHE). Hybrid fibrous red P@TiO: exhibited a three-fold im-
provement of 0.6 mA-cm? compared to 0.20 mA-cm? of black P@TiO.. Suggesting a
successful heterojunction generation in fibrous red P@TiO2 and reduced photocatalytic
performance effects of black P@TiO2 presumably based on undesirable PO, formation.
Calculated photoconversion efficiency of hybrid fibrous red P@TiO, was found to be ~3.5
times higher than for pristine TiOx.

EIS investigation of mobile charge carriers in the semiconductor-electrolyte interfaces
revealed reduction of charge transfer resistance, charge transport resistance and elec-
trochemical double-layer capacitance of hybrid materials compared to pristine TiO-
nanotubes. The latter component is indicating a formation of a wider depletion region at
the fibrous red P-TiO: interface. Longest recombination lifetime of the measured com-
pounds could be accounted for pristine TiO2 nanotubes with 2.8 us at highest. Due to
interfacial effects in hybrid allotrope P materials as detected in HR-XPS data, a larger
impact on fibrous red P@TiO: than black P@TiO- is implied.

Charge carrier concentration derived from impedance potential analysis was im-
proved in both hybrid fibrous red P@TiO. (1.9-10?' cm™®) and black P@TiO;
(8.4-102' cm®) than in hollow TiO2 nanotubes. Including UPS results, an energy level
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diagram was constructed, describing a Z-scheme junction formation during energy level
alignment at the semiconductor-hetero interface. Deeper VBmax energy values in hybrid
phosphorus allotrope@TiO> compared to pristine compounds suggest successful het-
erojunction formation and p-type characteristics for the P allotropes and therefore the
formation of a p/n-heterojunction system. In the charge carrier flow process at the P
allotrope-titania interface, an upward band bending in the P allotrope band structure and
a downward band bending in TiO2> was demonstrated.

AUTHORS CONTRIBUTION: E.U. and R.K. performed synthesis and characterization of
P allotrope-TiO2 hybrid materials. P.Ku. was involved in XPS, UPS, and photoelectro-
chemical studies and compilating the results. P.Ka. was responsible for electrochemical
characterizations. K.S. and T.N. planned and supervised all research studies. All authors

were involved in writing their respective parts.
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ABSTRACT: Recent evidence of exponential environmental degrada-
tion will demand a drastic shift in research and development toward
exploiting alternative energy resources such as solar energy. Here, we
report the successful low-cost and easily accessible synthesis of hybrid
semiconductor@TiO, nanotube photocatalysts. In order to realize its
maximum potential in harvesting photons in the visible-light range, TiO,
nanotubes have been loaded with earth-abundant, low-band-gap fibrous
red and black phosphorus (P). Scanning electron microscopy— and
scanning transmission electron microscopy—energy-dispersive X-ray
spectroscopy, X-ray diffraction, Raman spectroscopy, X-ray photo-
electron microscopy, and UV—vis measurements have been performed,
substantiating the deposition of fibrous red and black P on top and
inside the cavities of 100-um-long electrochemically fabricated nano-
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tubes. The nanotubular morphology of titania and a vapor-transport technique are utilized to form heterojunctions of P and
TiO,. Compared to pristine anatase 3.2 eV TiO, nanotubes, the creation of heterojunctions in the hybrid material resulted in
1.5—2.1 eV photoelectrocatalysts. An enhanced photoelectrochemical water-splitting performance under visible light compared
with the individual components resulted for the P@TiO, hybrids. This feature is due to synergistically improved charge
separation in the heterojunction and more effective visible-light absorption. The electronic band structure and charge-carrier
dynamics are investigated in detail using ultraviolet photoelectron spectroscopy and Kelvin probe force microscopy to elucidate
the charge-separation mechanism. A Fermi-level alignment in P@TiO, heterojunctions leads to a more reductive flat-band
potential and a deeper valence band compared to pristine P and thus facilitates a better water-splitting performance. Our results
demonstrate effective conversion efficiencies for the nanostructured hybrids, which may enable future applications in

optoelectronic applications such as photodetectors, photovoltaics, photoelectrochemical catalysts, and sensors.

KEYWORDS: phosphorus, TiO,, vapor-phase deposition, low-band-gap materials, photocatalyst, heterojunction,

sunlight-driven water splitting

B INTRODUCTION

Limited reserves of carbon-emitting fossil fuels and their
associated negative environmental impact have triggered
research into finding alternative self-sustainable technologies.
Sunlight-driven water splitting to generate hydrogen fuels is a
promising approach as an alternate energy technology.
However, photosplitting of water to generate hydrogen is
unfavorable because of a high positive Gibbs free-energy
change (+237 kJ mol™") and the need for a process requiring a
photocatalyst (usually semiconductor) with appropriate
conduction band (CB) and valence band (VB) positions.'
Various nanostructured semiconductor materials have been
extensively investigated for application in photochemical and
photoelectrochemical water splitting, i.e., BiVO,, WO;, Fe,O;,
MoS,, CoO, g-C;N,, CdS, Ga,_,ZnN,_O,, SnS,, SrTiO;,
etc.”~’ However, meeting the broad range of required

4 ACS Publications  © xxxx American Chemical Society

properties in one single material to actuate water splitting
remains a challenge; such properties include visible-light
absorptivity, long-lived charge carriers, high quantum efh-
ciency, electrochemical resiliency, low cost, and nontoxicity
with the appropriateness of the CB (<0.00 V vs NHE) and VB
(>1.23 V vs NHE) edges for electron transfer and the
formation of hydrogen (reduction) and oxygen from water
(oxidation), respectively. TiO,, which meets many of the
aforementioned requirements, nevertheless suffers from poor
visible-light absorption and fast recombination of photo-
generated charge carriers. Band-structure manipulation of
TiO, via approaches such as doping, sensitization, hetero-
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junction formation, etc., and morphological engineering are
enticing approaches to improve the quantum efficiency.’”""
One-dimensional (1D) TiO, nanostructures like nanorods,
nanotubes, nanocones, etc., are particularly interesting because
of their large accessible surface areas, vectorial charge-transport
pathways, and a carrier retrieval length comparable to that of
the smallest dimension of the nanostructure. Thus, they have
emerged as excellent candidates for heterojunction formation
with low-band-gap semiconductors.'*~"”

Low-cost TiO, nanotube layers fabricated via electro-
chemical anodization present varied applications in photo-
catalytic, photovoltaic, and optoelectronic sensing devi-
ces."" ™ By maximization of the specific surface area from
bulk to nanoparticulate TiO,, improvement of the photo-
electrochemical water-splitting performance using solar light
can be achieved.”’ To broaden the application spectrum and
overcome key drawbacks of TiO, nanotubes, our intention is
band-gap engineering and semiconductor/electrolyte contact
optimization, which play a major role in efficient photocatalytic
water splitting.”””’ Therefore, we utilize a hybrid system of
semiconductor materials between highly ordered self-organized
TiO, nanotube membranes and inexpensive phosphorus (P)
allotropes, 1D fibrous red P and two-dimensional (2D) black
P, which leads to higher-efficiency composite photocatalysts.
As-prepared hollow nanosized cylinders of TiO, nanotubes
were formed by electrochemical, field-aided, three-step
anodization of titanium (Ti) films or foils in electrolytes
containing F~/I"/ClO;~ ions. Both P allotropes were
deposited via low-pressure chemical vapor deposition
(CVD).*** In order to prevent the semiconductor—semi-
conductor hybrid from material degradation during long
thermal treatment processes, the vapor deposition or so-called
mineralization technique allows crystallization of amorphous
TiO, to anatase. At the same time, the desirable growth of P
nanorods inside and onto the nanotubes in one annealing step
(at ~500 °C) takes place. The intrinsic band gap for the n-type
semiconductor anatase TiO, in the UV range at 3.2 eV limits
light absorption to only <5% of the solar spectrum.”® To much
better exploit the solar spectrum, heterojunction systems with
two P allotropes were investigated: (a) fibrous red P, exhibiting
a band gap of 2.25 eV based on our experimental results and
(b) p-type semiconducting black P due to a direct band gap of
0.3 eV for bulk material in the near-IR region. The latter is
characterized by a high, layer-dependent hole-carrier mobility
of ca. 10° cm?/(V s).””~*’ Fibrous red P is being investigated
regarding its potential as a water-splitting agent and black P as
a field-effect transistor, a photodetector, and a sensor.”’ > Ina
heterojunction system, the photogenerated carrier mechanism
can induce the formation of a built-in potential (V;) and
hinder electron—hole pair recombination.”*™** The dense
hybrid structure supports the fast charge separation of carriers,
created inside the nanorods, and migration of a short distance
equal to the nanotube radius to cross the heterojunction
interface. Excellent quantum yields can be obtained from the
suitable nanotube structure because of a high aspect ratio,
which ensures efficient photon harvesting, orthogonalized
processes of charge separation and light absorption, and
improved light trapping by Mie scattering.””~** Modification
of the TiO, nanotubes has been approached by the decoration
of surfaces with noble-metal nanoparticles, such as gold, silver,
and platinum. A solid interface occurs, in which a Schottky
contact is formed that is less preferable than a p/n-
semiconductor contact in terms of charge-carrier recombina-

tion loss.”***>*" Recently, the desired Z-scheme junction

formation has been successfully carried out with CdS, g-C;N,,
MoS,, Znln,S,, Fe,Os halide perovskites, etc., for use in
extensive photocatalytic applications such as CO, photo-
reduction, high-performance photoanodes for water-splitting
devices, selective gas sensors, and high-efficiency solar
cells.”*~* In this work, we introduce a vapor-transport process
to grow hybrid semiconductor—semiconductor 1D and 2D
materials to form heterojunctions capable of realizing
enhanced photoelectrochemical water splitting.

B RESULTS AND DISCUSSION

This section is divided into two main chapters: (1) structural
characterization of fibrous red and black P deposited into and
onto the TiO, nanotube arrays and (2) the photocatalytic
activity of the P allotrope@TiO, hybrid materials. Spectro-
scopic [X-ray photoelectron spectroscopy (XPS), UV—vis,
Raman, and Kelvin probe force microscopy (KPFM) studies in
the Supporting Information, SI] and X-ray diffraction (XRD;
see the SI) experiments were applied to characterize the bare
and hybrid materials. A brief photoelectrocatalytic inves-
tigation of the P allotrope@TiO, hybrid materials contains the
full electrochemical characterization [hydrogen and oxygen
evolution and calculation of the efficiencies, i.e., ABPE, IPCE,
APCE, and Faradaic efficiency (FE) in the SI], including a
plausible mechanism for the water-splitting activity of the title
compounds.

Structural Characterization of P Allotrope@TiO,
Nanotube Hybrids. In order to fabricate hybrid semi-
conducting materials, we succeeded in filling the anatase-type
TiO, nanotubes with fibrous red and black P using a short-way
transport reaction (Figure 1; experimental details are given in

( . >
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a

Figure 1. (a) Fibrous P (purple pellet) reacted onto and into TiO,
nanotube membranes (pink). Representative SEM pictures of the
electrochemically prepared TiO, nanotube membranes used in a
mineralizer-driven short-way transport reaction along the (b) bottom,
(c) top, and (d) normal side views.

the SI). This reaction is adapted from the so-called
mineralization principle used for the synthesis of a plethora
of P-containing compounds, as in fibrous solely, binary, and
ternary P compounds like NaP, and SnIP.**~>°

The TiO, nanotube structure could be preserved after the
deposition of P allotropes via thermal treatment during the
transport reactions.

Fibrous Red P@TiO, Nanotubes. The mineralization
method can be applied to prepare element allotropes and
binary and ternary compounds. An example is the successful
deposition of fibrous red P onto and into TiO, nanotube
membranes via the gas phase, as shown in Figure 2. Pure
fibrous P exhibits photocatalytic activity and has the potential
for water-splitting applications.”” Fibrous red P has been
formed everywhere on the TiO, nanotube membrane (Figure
2b). Noticeably, fibrous P is distributed on the whole surface
of the membranes, as scanning electron microscopy—energy-

DOI: 10.1021/acsanm.9b00221
ACS Appl. Nano Mater. XXXX, XXX, XXX—XXX



ACS Applied Nano Materials

Figure 2. (a) Crystal structure of fibrous red P. (b) TiO, nanotube
membrane covered with fibrous red P after reaction via gas phase. (c
and d) SEM images of the cross section and surface of fibrous P@
TiO, nanotube membranes. Fibrous P covers the surface of the
membrane. EDS of the cross section shows P all along the nanotubes
(Table S1).

dispersive X-ray spectroscopy (SEM—EDS) measurements
exhibit in Figure 2¢,d and Table S1. According to powder XRD
data, the growth of fibrous red P on top of the TiO, nanotube
membranes was confirmed (Figure S1).

Scanning transmission electron microscopy (STEM) images
taken after separation of the TiO, nanotubes by an
ultrasonication process show a bundle of nanotubes with
diameters of ~90—100 nm. Elemental mapping confirms Ti,
oxygen (O), and P with a distribution of P along the full tube
length (Figure 3).

" #100nm
o=}

Figure 3. (a) STEM bright-field image of TiO, nanotubes separated
from a membrane by an ultrasonication procedure. (b) Elemental
mapping of the overlaid elements Ti, O, and P. (c and d) Ti and O of
the TiO, nanotubes, (e) with P distributed along the full length of the
tubes.

The successful growth of a fibrous red P structure up to a
certain depth into the TiO, nanotube arrays can be verified via
Raman measurements. Therefore, TiO, nanotube membranes
were cut along the cross section after CVD of fibrous red P,
and imaging at specific spots from the surface of a TiO,
nanotube array downward along a vertical line was acquired.
The laser has a standard mode spot size of 1.5 um (at 50X
magniﬁcation). Raman spectra were recorded at several spots
along the 65-um-long cross section of the membranes. The
experimental frequencies of bulk fibrous red P match the
significant modes between 352 and 462 cm™' recorded up to
20 pm in distance to the surface from the top side and 15 pm
in distance to the surface from the bottom side along the cross
section of the membranes (shown in Figure S2). A systematic
detection of spots further into the 65-um-long tubes shows the

expected modes for pure anatase and the additional character-
istic modes of fibrous P up to 15 um recorded from the top
side of the nanotube array and 15 pm from the bottom side
(Figure 4). A reduction of the crystallinity of fibrous red P
upon going deeper into the tubes can be observed.

h ———fibrous red P

———5 um/ top side

/"\ ~———15 um/ top side
N

e e i ettt

20 um/ top side

———5 um/ bottom side

B

Intensity (a.u.)

——10 um/ bottom side

———15 um/ bottom side

—Ti0, anatase

100 200 300 400 500 600 700
Raman shift (cm™)

Figure 4. Raman spectroscopy on fibrous red P@TiO, membranes.
From the top down: reference Raman spectrum of fibrous red P and
spectra of a fibrous red P@TiO, membrane cross section measured at
approximately S, 15, and 20 ym in distance to the surface (membrane
top side) and at approximately S, 10, and 15 pm in distance to the
surface (membrane bottom side) and a blank TiO, membrane
(anatase, brown).

After the successful growth of fibrous red P onto and into
TiO, nanotube arrays was demonstrated via powder XRD,
SEM—EDS, Raman spectroscopy, and STEM—EDS analysis,
the growth of partially crystalline fibrous P into the membrane
was realized, whereas nicely crystallized fibrous P was found at
the surface of the membranes.

Black P@TiO, Nanotubes. A similar successful gas-phase
deposition has been performed with black P, another element
allotrope of P. Black P is characterized by a structure (on the
number of neighboring P layers)-dependent band-gap value
covering a wide range of the electromagnetic spectrum.”’
Thus, black P has potential in applications such as field-effect
transistors, p—n junctions, photodetectors, etc.”” This
orthorhombic allotrope of P crystallizes in space group Cmca
(crystal structure in Figure Sa) shows a high carrier mobility
and in-plane anisotropy, playing a role in hydro$en and oxygen
generation in photocatalytic water splitting.”’ Moreover, a
broadening of the absorption fraction toward the visible-light
range of 3.2 eV TiO, anatase can be provided by a
heterojunction formation with the narrow-band-gap semi-
conductor black P. Depending on the number of neighboring
layers stacked onto each other, a band gap of 0.3 eV in bulk
black P to ~2 eV for the monolayer (called phosphorene) can
be realized. The overall efficiency of the existing narrow-band-
gap water-splitting photocatalysts is affected by photo-
corrosion, which results from the chemical bond strength of
the given system.”” This fact can be avoided by the fabrication
of a heterojunction hybrid system between black P and TiO,
nanotube arrays, where the chemical bond strength of the bulk
material (TiO, anatase) will remain and only an alignment of
the Fermi levels between the materials during charge-carrier-
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Figure 5. (a) Crystal structure of black P. (b) TiO, nanotube
membranes with black P needles on the front and back sides after
reaction via the gas phase. (c and d) SEM images of the cross section
and covered surface of black P@TiO, nanotube membranes. There is
visible horizontal growth along the vertical tube axis between white
arrows. EDS of the cross section shows P all along the nanotubes.

transport reactions within the hybrid occurs.”® A visual
deposition of characteristic flat metallic-colored needles,
spreading out gradually on the TiO, nanotube membranes
(reversed side), can be seen in Figure Sb. A SEM image in
Figure Sc shows the successful deposition of a thick black P
layer covering the surface of this cut cross-sectional part of a
TiO, nanotube membrane. The second SEM image in Figure
5d is displaying a gradual growth of small horizontally aligned
black P crystals between the two arrows, which is confirmed by
EDS measurements (Table S2). A reason for this unusual
growth can be the unique 2D structure of black P. Powder
XRD data can confirm the formation of black P on top of the
TiO, nanotube arrays (Figure S3).

After separation of the TiO, nanotubes in an ultrasonication
process, STEM imaging displays a singular tube with a width of
~150 nm. P was detected inside the tube besides Ti from the
TiO, membrane after elemental mapping. Furthermore,
analysis of tin (Sn) and iodine (I) inside the tubes was carried
out because of the fact that Snl, was used during the transport
reaction for synthesis. The formation of SnIP, as a possible side
product, in such a transport reaction was ruled out (Figure

6).50

Overlap

e

Figure 6. (a) STEM bright-field image of TiO, nanotubes separated
from a membrane by an ultrasonication procedure. (b) Elemental
mapping of overlaid elements Ti (representing TiO,), P, Sn, and L
(c) Ti and (d) P substantiating P distributed along the full length of a
TiO, nanotube, with (e) Sn and (f) I coming from the mineralizer
only present in small amounts.

To verify the successful growth of black P into TiO,
nanotubes, several Raman spectra were recorded after cutting
the nanotube membranes at the cross section after synthesis. A
simultaneous presence at the membrane surface of black P
(main phase), with the most prominent modes at 360, 436,
and 464 cm™ next to anatase with a characteristic mode at 145
cm™}, can be confirmed. A gradual change is detectable when
the laser is pointed down to a depth of 7 pm into the
nanotubes, where black P next to anatase (main phase) still can
be confirmed (Figure 7). The crystallinity of the black P phase

black P

top side

———3 um/ top side

5 um/ top side

Intensity (a.u.)

7 um/ top side

——TiO, anatase

i

100 200 300 400 500 600 700
Raman shift (cm™)

Figure 7. Raman spectroscopy on black P@TiO, membranes. From
the top down: reference Raman spectrum of black P, spectra of a
black P@TiO, membrane cross section measured at the surface and
approximately 3, S, and 7 ym in distance to the surface (membrane
top side), and a fresh TiO, membrane (anatase, brown).

remains unchanged, in comparison to Raman imaging of
fibrous red P@TiO, nanotubes. This is an additional proof of
the assumption of distinct P needles in the SEM image in
Figure 5d.

XPS. Characterization of the surface composition, binding
energies, and oxidation states of fibrous red and black P next to
blank TiO, samples, hybrid fibrous red P@TiO,, and black P@
TiO, was investigated via high-resolution XPS studies. The
heterostructure systems reveal consistent oxidation states along
with the pure samples. A shift of the binding energies in the O
1s region of fibrous red P@TiO, and black P@TiO, compared
to pristine TiO, can be primarily attributed to the formation of
P—O bonds in the heterostructure system (Figures SS and S6).

UV-Vis Spectroscopy. The optical properties of the
samples were determined using UV—vis in diffuse-reflectance
mode (Figure S4). A sharp peak around 320 nm in the UV—vis
spectrum of TiO, with a band tailing up to 380 nm arises from
a O 2p — Ti 3d transition of electrons, demonstrating a VB to
CB transition. The absorption spectrum of fibrous red P shows
a broad absorption band extending to the visible range. Fibrous
red P deposited on wide-band-gap TiO, shows improved
absorption in the visible region because of the presence of
moderate-band-gap fibrous red P. The UV—vis spectrum of
black P shows three absorption bands at 315, 374, and 438 nm,
with broadening of the absorption bands in the IR region. This
is in line with findings in the published literature.’*> After the
deposition of black P on TiO, nanotubes, the visible-light and
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Figure 8. (a and b) Linear-sweep voltammograms of TiO,, fibrous red P, fibrous red P@TiO,, black P, and black P@TiO,, under dark conditions
and 1 solar simulated AM1.5 G light irradiation (100 mW cm™2) showing the photoresponse during on—off and (c) standard mode cycling. (d)
ABPE % versus RHE plot under AM1.5 G light irradiation (100 mW cm™2). Color code: TiO, under dark conditions, black; TiO, under AM1.5 G
light irradiation, grey; fibrous red P, red; fibrous red P@TiO,, brown; black P, blue; black P@TiO,, light blue.

IR absorption range was increased, which demonstrates a
better visible-light response of the samples.

Visible-light absorption of the samples was investigated in
detail using Tauc plots by plotting a graph of (ahv)'’* versus
hy, followed by extrapolation of a linear tangent to the X axis,
where « is the absorption coefficient, h is the Planck constant,
and v is the light frequency (Figure S4). The values of the
optical band gaps from the Tauc plots were found to be 2.97
eV for TiO,, 1.97 eV for fibrous red P, 2.1 eV for fibrous red
P@TiO,, 1.67 €V for black P, and 1.54 eV for black P@TiO,,
respectively, which are in close agreement with the reported
values and clearly demonstrate absorption in the visible region
by the heterojunction hybrids (Figure S4).

Photocatalytic Activity of P Allotrope@TiO, Nano-
tube Hybrids. The photoelectrochemical water splitting
performance of all compounds was tested using a three-
electrode system. In this setup, the specimens, deposited on
fluorine-doped tin oxide, formed the anode (working
electrode), while platinum and Ag/AgCl were used as the
cathodes (counter electrode) and reference electrode,
respectively. The photoanode was irradiated with AM1.S G
simulated sunlight with a power density of 100 mW cm™ (1
sun) at the sample surface. The current density (mA cm™2)
was measured using linear-sweep voltammetry (LSV) by
sweeping the applied voltage from —0.1 to +0.8 V versus
Ag/AgCl at a scan rate of 0.1 V s™'. To compare the
photoresponses, the dark current was also measured. The
photocurrent response during light on—off cycles shows a rise
and drop in the photocurrent, which substantiates the
photogeneration of charge carriers in the samples under light
irradiation (Figure 8a,b). The photocurrent densities for TiO,,
fibrous red P, fibrous red P@TiO,, black P, and black P@TiO,,
at 0.6 V versus Ag/AgCl (1.23 V vs RHE; water oxidation

potential), were measured to be 0.22, 0.25, 0.60, 0.19, and 0.20
mA cm™” respectively (Figure 8c). Under dark conditions, a
negligible current was observed. The photocurrent densities of
pristine black P, bare TiO,, and pristine fibrous red P were
almost identical because of the poor carrier separation in P and
the lack of visible-light absorption in TiO,. Further, black P@
TiO, does not show a noticeable increase in the photocurrent
density, which can be attributed to the lack of a synergistic
photocatalytic process, which is likely due to the higher degree
of oxidation of P in black P to P,O,, which was evident in the
XPS data (Figure SS). Interestingly, the fibrous red P@TiO,
hybrid exhibited a relatively high photocurrent density (0.60
mA cm™?), suggesting the successful formation of a
heterojunction and better charge transfer between fibrous red
P and TiO, (Figure 8a). The viability of the photocatalytic
system to perform under visible light was tested by irradiating
the specimens with a 425 nm LED light and a power density of
54.15 mW cm™2 The increase in the photocurrent under 425
nm of irradiation clearly demonstrates the applicability of the
system to perform at longer wavelengths (Figure S11). The
highest applied bias photon-to-current efficiency percentage
(ABPE %; calculation details are given in the SI) was found for
a fibrous red P@TiO, nanohybrid, which was approximately
3.0 times higher than that for TiO, and pristine fibrous red P,
and demonstrates that heterojunction formation with TiO,
increases the photoelectrocatalytic performance significantly
(Figure 8d).°*” Further, action spectra, showing IPCE and
APCE % of materials as a function of the wavelength,
demonstrate that a fibrous red P@TiO, nanohybrid out-
performed and calculated IPCE and APCE % at 450 nm were
found to be 1.30 and 1.65%, respectively (see the SI). To verify
that the generated photocurrent originated from the photo-
electrochemical water splitting and not from side reactions or
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Figure 9. UPS WF spectra of (a) TiO, and fibrous red P@TiO, and (c) TiO, and black P@TiO,. Inset: E . The value of the WF was
determined from the UPS WF spectra by using the equation WF(®) = 21.21 — E_ . where 21.21 eV is the energy of the incident He I line of a
He discharge lamp used for UPS. UPS VB spectra of (b) fibrous red P and fibrous red P@TiO, and (d) black P and black P@TiO, Color code:
TiO,, black; fibrous red P, red; fibrous red P@TiO,, purple; black P, blue; black P@TiO,, light blue.

photocorrosion of the electrodes, evolved hydrogen at the
platinum counter electrode was collected to calculate the
Faradaic efficiency (FE; see section 2.6 in the SI). The black
P@TiO, hybrid displayed the highest FE (90.61%), demon-
strating the origin of the photocurrent from water splitting and
negligible photocorrosion of the materials.

The band-edge energies with respect to the vacuum levels of
all samples were determined from the work function (WF) and
VB spectra acquired using ultraviolet photoelectron spectros-
copy (UPS; Figure 9). The WF was calculated by subtracting
the energy of the emitted secondary electrons (cutoff energy
Eutof) from the energy of the incident UV light (He I line of a
He discharge lamp: 21.21 eV) using the expression WF(®) =
21.21 — E ;o The extrapolation of the linear region of the WF
spectrum on the X and Y scales and their point of intersection
gave the value of the cutoff energy. The E_, ¢ values of TiO,,
fibrous red P@TiO,, and black P@TiO, were found to be
16.40, 16.24, and 16.11 €V, respectively. Hence, the values of
WF were calculated to be 4.81, 4.97, and 5.10 eV (Figure 9a,c
and insets). The increase of the WF value demonstrates
depletion region formation with concomitant band bending at
the solid-state heterointerface, which leads to a deepening of
the Fermi level of TiO, in P@TiO, hybrids. Additionally, the
valence-band maximum (VB,,,,) values calculated via linear
extrapolation of the leading edges of the UPS VB spectra for
fibrous red P, fibrous red P@TiO, black P, and black P@TiO,
were found to be 0.82, 1.49 1.41, and 1.45 eV below the Fermi
level. The small difference in the energies between the Fermi
level and VB,,,. (Ex — Eyg ) for fibrous red P (0.82 eV) and

‘max

black P (1.41 eV) reveals that the Fermi level was close to
VB,.., and the samples were moderately p-type. Further, XPS
VB spectra of TiO, gave the value of VB, as 3.15 eV below
the Fermi level (Figure S4). The increase in VB,,,, in black P@
TiO, and fibrous red P@TiO, implies a slightly uplifted Fermi
level of P in the heterojunction during Fermi-level alignment
and band bending (Figure 10). From the WF and VB,
results, it can be concluded that heterojunction formation
between P and TiO, was facilitated by upward band bending in
TiO, and downward band bending in P allotropes (black P and
fibrous red P), as expected for a p—n heterojunction. Further,
surface potential measurement of materials under dark and
light conditions provides evidence of Fermi-level alignment
and better charge transport due to the formation of a
heterojunction (see section 2.8 in the SI for more details).
Plausible Mechanism. The water-splitting process
proceeds via the absorption of light by the semiconductors,
generating electron—hole pairs, which drive proton reduction
and water oxidation reactions. In photoelectrochemical water
splitting, electrons in the CB of the semiconductors move
toward the platinum cathode, where they reduce protons, while
holes in the VB of the semiconductors oxidize water to
produce oxygen at the anode. Wide band gaps (>1.23 eV) and
aligned positions of the CB and VB (CB < 0.00 €V and VB >
+1.23 eV vs NHE at pH 0) are required to achieve proton
reduction and water oxidation, respectively. TiO, has a large
band gap, and electron—hole pairs can only be produced under
UV irradiation, which demonstrates the origin of very small
photocurrent density in LSV. However, from DR UV—vis, the
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Figure 10. Energy-level diagrams illustrating a plausible charge-separation mechanism in P allotrope@TiO, heterojunctions.

value of the optical band gap was found to be 2.97 eV, which
corresponds to 417 nm; in other words, a small visible-light
fraction can be absorbed by TiO,. The decrease in the band
gap of TiO, might be explained as the presence of a few Ti**
defects, oxygen vacancies, and trap sites. Moreover, because of
the low band gaps of pristine black P and fibrous red P, the
generation of sufficient reductive and oxidative electrons and
holes to facilitate the water-splitting reaction can be
affected.’®*® However, a hybrid material, consisting of fibrous
red P with TiO,, was found to be an efficient photocatalyst as a
result of the formation of a heterojunction and efficient charge
transfer between fibrous red P and TiO,. Heterojunction
formation leads to Fermi-level alignment. During Fermi-level
alignment, electrons flow from one semiconductor to another,
which equilibrates the Fermi-level position between the
semiconductors. Measurements of the flat-band potential for
TiO,, pristine fibrous red P, and black P were carried out via
Mott—Schottky analysis (Figure S12b), and the positions were
found to be —0.70, —0.37, and —0.56 V versus Ag/AgCl
(—4.00, —4.14, and —4.33 eV on the E,,_ scale); however, we
note that the n-type behavior found for pristine fibrous red P
and black P is attributed to a compact TiO, layer used during
measurements and should be discounted. This indicates an
electron transfer from TiO, to black P or fibrous red P,
respectively, during Fermi-level alignment. After hybrid
heterojunction formation and equilibrium was reached, the

positions of the flat-band potentials of fibrous red P@TiO, and
black P@TiO, were found to be —0.54 and —0.66 V versus
Ag/AgCl (—4.16 and —4.04 eV at the E,,. scale; Figure 10).
The downshifting of the flat-band potential of TiO, in hybrid
systems suggests downward band bending of the CB edge of
fibrous red and black P while upward band bending in TiO,
occurs. This clearly demonstrates the formation of a p—n-type
heterojunction between P allotropes and TiO,. These
observations were also supported by WF values (position of
the Fermi level in a vacuum), where the WF of TiO, changed
from 4.97 versus vacuum in fibrous red P@TiO, to 4.81—5.10
eV in black P@TiO, (Figure 10), which is a sufficiently
positive potential for water oxidation to occur (—S5.72 eV vs
E,, or +1.23 V vs NHE at pH 0). The increase in the WF
value in hybrid materials demonstrates lower shifting of the
Fermi level, which agrees well with heterojunction formation.

Additionally, a deeper VB, in hybrid P allotrope@TiO,
compounds than in pristine P allotropes suggests the successful
formation of a heterojunction and generation of more oxidative
holes to facilitate water splitting. On the basis of the above
findings, we have sketched a band-structure diagram of the
hybrid materials, which demonstrates that more efficient water
splitting was possible because of p—n heterojunction formation
and better charge separation (Figure 10). Further, Nyquist
plots demonstrate that charge-transfer resistance and charge-
transport resistance of hybrids are lower in comparison to
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pristine TiO,, which suggests better charge transfer and
transport in hybrid materials (Figure S12). The cavities of the
TiO, nanotube membranes are evidently filled with visible-
light-absorbing P allotropes. Thus, generated electron—hole
pairs can be transferred to TiO,. Because of a short path
distance and TiO, exhibiting a high carrier mobility, carrier
recombination can be prevented and a fast transit of the charge
carriers toward the semiconductor—electrolyte interface is
enabled.

B CONCLUSION

Hybrid heterojunction systems for optoelectronic applications
were designed, fabricated, characterized, and tested. The so-
called mineralization principle for short-way gas-phase trans-
port of solids was performed to grow semiconductors on TiO,
nanotube arrays. Fibrous red and black P were successfully
deposited onto and into electrochemically produced TiO,
nanotube membranes. The formation of hybrid nanostructures
was analyzed with several spectroscopic and diffraction
methods such as XRD, STEM—EDS, Raman spectroscopy,
UV—vis, and XPS. The effectiveness of the vapor transport was
verified through SEM, STEM, and elemental mapping of the
surface and cross section of nanohybrids, showing deposition
of the materials inside the tubes.

Raman spectroscopy taken at the surface and along the
razor-cut cross section of the nanotubes confirmed the
penetration and growth of fibrous red P up to 15 ym (6S
um in length) and black P up to 7 ym into the nanotubes (60
um in length). The fibrous red P@TiO, and black P@TiO,
hybrid materials displayed an improved photoelectrochemical
performance for water splitting in the visible-light regime
because of successful p—n heterojunction formation. UPS WF
spectra demonstrate band alignment, the Fermi level of TiO,
gets downshifted, and an upshift was observed for the P
allotropes during heterojunction formation. This formation
enables carrier transportation from the VB of downshifted
TiO, to P allotropes, resulting in successful oxidation in the
water splitting. At the same time, Mott—Schottky plots
corroborate the occurrence of more reductive flat bands in
hybrid P allotrope@TiO, materials, which facilitate the
effective reduction of hydrogen. The increased charge-carrier
mobility, lower charge-transfer resistance, and lower charge-
transport resistance of such hybrid materials lead to better
charge separation and an improved photoelectrochemical
performance.
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B ABBREVIATIONS

black P@TiO, = hybrid of black phosphorus and TiO,
CB = conduction band

DR UV—vis = diftuse-reflectance ultraviolet—visible spec-
troscopy

fibrous red P@TiO, = hybrid of fibrous red phosphorus and
TiO,

IR = infrared radiation

KPFM = Kelvin probe force microscopy

LSV = linear sweep voltammetry

NHE = normal hydrogen electrode

SEM = scanning electron microscopy

STEM—EDS = scanning transmission electron microscopy—
energy-dispersive X-ray spectroscopy

VB = valence band

UPS = ultraviolet photoelectron spectroscopy

WEF = work function

XPS = X-ray photoelectron spectroscopy

XRD = X-ray diffraction
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1 EXPERIMENTAL DETAILS

1.1 Synthesis of TiO2 nanotube membranes

The anodization method was used to fabricate TiO2 nanotube membranes.' Titanium foil 0.5 cm
wide and 2 cm long was used as the cathode, and titanium foil 1 cm wide and 4 cm long was
used as the anode; both titanium pieces had thicknesses of 0.89 mm. The electrolyte was
comprised of ethylene glycol with the addition of 3 Vol.-% deionized water and 0.03 wt%
NH.F. The electrolyte was well-mixed before anodization. The cathode and anode were spaced
2 cm apart in a 100 mL beaker filled with electrolyte; this beaker was submerged in an ice-
water bath for cooling. A constant voltage of 60 V was applied for 3 days. Afterwards, samples
were removed and submerged in methanol for cleaning, and a razor was used to scratch off the
anodized 0.89 mm thick sides of the titanium piece to enable delamination of the membranes.
The membranes were left to dry, which caused delamination of the membrane to occur. The
inner pores of the nanotubes were then exposed by reactive ion etching, followed by a cleaning
step for each side of the membrane. An SFs etch using a pressure of 20 mTorr and a forward
power of 250 W was utilized, followed immediately by an O: clean using a pressure of 150
mTorr and a forward power of 225 W. The side of the membrane that was exposed directly to
electrolyte was subjected to the SFe etch for 200 s followed by the O: clean for 10 min; the
membrane was then flipped, and the side of the membrane that formed the barrier layer of
TiO-/Ti foil was subjected to the SFs etch for 300 s followed by the O: etch for 10 min.

1.2 Synthesis of hybrid fibrous P@TiO: nanotube membranes

Chemical vapor deposition of fibrous red P on TiO: nanotube membranes was attained
according to literature procedures.” Red phosphorus (300 mg, ultrahigh grade, 99.999+%,
Chempur) and purified Cul (15 mg) were transferred into a silica-glass tube (0.8 cm inner
diameter, 8 cm length). TiO2 nanotube membranes were subsequently added. The ampoule was
sealed under vacuum (p < 10~ mbar) and placed horizontally in a Nabertherm muffle furnace
(L3/11/330) by locating the precursors in the hot zone of the furnace and the TiO2 nanotube
membranes to the colder zone. The furnace was heated to 773 K within 8 h, with a holding
period of 48 h, cooled down to 673 K within 24 h and held at this temperature for 11 d. Room
temperature was reached within 24 h.

Purification of Cul was carried out by solving Cul (98+%, Chempur) in concentrated HI
(57 %, Riedel de Héen) and a following precipitation in water. The precipitate was purified by
washing twice with water and ethanol and dried under vacuum.

1.3 Synthesis of black P@TiO: nanotube membranes

The preparation of black P@TiO: nanotube membranes can be carried out through in situ
growth from amorphous red phosphorus following a short way transport reaction following the
literature procedures.” The precursors Sn (20 mg, 99.999%, Chempur) and Snls (189.6 mg,
synthesized according to literature procedures)* were added as mineralization additives. Red
phosphorus (500 mg, Chempur, 99.999+%) were placed together with Sn and Snls in a silica-
glass tube (0.8 cm inner diameter, 8 cm length, 0.25 cm wall thickness) and TiO: nanotube

membranes in short distance. The ampoule was sealed under vacuum (p < 10~ mbar) and then
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put horizontally, with the precursors located at the hot end and the TiO2 nanotube membranes
located towards the colder zone of the Nabertherm muffle furnace (LL3/11/330). The furnace
was heated to 923 K and then cooled down within 7.5 h to 773 K.

1.4 Photo-/electrochemical characterization

To determine the electrochemical properties of the samples a CHI660E series electrochemical
workstation equipped with a three-electrode configuration was used. A FTO glass deposited
sample was assigned as working electrode (photoanode) while Pt and Ag/AgCl electrodes were
used as counter (cathode) and reference electrode respectively. To fabricate the photoanode a
20 nm thick layer of TiO2 compact layer was deposited on FTO by following our previous
recipe after three times dilution of titanium di-isopropoxide solution.” The thin TiO: layer serves
as blocking layer by preventing direct contact between solvent and FTO. After that the
materials, dispersed in very dilute solution of titanium di-isopropoxide, were drop-casted on
TiO: followed by heating up to 150 °C for 1 h which allows robust binding of the materials on
the surface of FTO/TiOz. To measure the photo-electrochemical performance 0.1 M KOH was
used as electrolyte. Three -electrodes were immersed in KOH electrolyte and
photoelectrochemical performance was investigated by sweeping the applied voltage from —
1.0 Vto+0.8 V vs Ag/AgCl at 10 mV/s scan rate. A solar simulator (Newport, Oriel instrument
USA, model 67005, solar simulator) equivalent to AM1.5 G spectrum having a power density
of 100 mW m * at the sample surfaces was used for photo-irradiation. The photo-response of
the materials at higher wavelength and respective efficiencies (IPCE and APCE%) were
determined using monochromatic 425 nm (54.15 mW cm?), 420, 505, 580 and 620 nm
wavelength LED having a power density of 21.00 mW c¢m™ on the electrode surface. For the
measurements of evolved hydrogen on the Pt counter electrode a photoelectrochemical water
splitting H-cell was used. The samples from the Pt electrode containing arm was withdrawn
after 2 h interval using a gas tight syringe and injected in a GC (gas chromatographer). See
Figure S16 for an image of the experimental setup. To confirm oxygen evolution occured due
to photoelectrochemical water splitting, the gaseous sample from the photoanode was analyzed
using GC-PDD (gas chromatographer pulsed discharge detector) before photoirradiation (after
purging with N2 for 30 min) and after photoirradiation for 1 h. Flat band potential and charge
carrier concentration of the materials were determined from Mott-Schottky analysis obtained
from impedance-potential measurements using 0.5 M Na2SOs solution in —1.0 to +1.0 V range
at 1 K frequency. Nyquist plotting to draw equivalent circuit and to determine the value of
charge transfer resistance, space charge capacitance, carrier lifetime etc. was obtained using
electrochemical impedance spectroscopy (EIS) under dark and 1 sun irradiation on the applied
potential of 0.5 V vs Ag/AgCl in 0.1 M KOH, with an AC amplitude of 0.005 V at frequency
value 1 Hz to 100 kHz.

Chemicals and reagents. Anhydrous Na:SOs (99.0%), KOH (99.0%), titanium(IV)-
isopropoxide (99.99%), were purchased from Sigma Aldrich and used as received. Fluorine
doped tin oxide (FTO) glass (transmittance 80-82%) was purchased from Hartford Tec Glass
Company. The surface of FTO was degreased by ultrasonication in water, methanol and acetone
for 10 min each. HPLC grade solvents were used throughout studies.

Structural and physicochemical characterization
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X-ray powder diffraction. X-ray powder data were applied on a Stoe Stadi P diffractometer
(Cu-Koi radiation, A = 1.5406 A, Ge-monochromator) fitted with a Mythen 1 K detector (Fa.
Dectris) and calibrated externally using (a = 5.43088 A). Phase analysis and indexing was
carried out with the program package of Stoe Winxpow 2011.°

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDS).
Scanning Electron Microscopy imaging on TiO: nanotubes and according nanofibers were
performed via JEOL [SEM 5900LV, Si (Li) detector]. The composition of the hybrid
compounds was determined semi-quantitatively by EDS measurements (Energy Dispersive X-
ray Spectroscopy, Rontec). The samples were applied with an acceleration voltage of 15 kV.
The measured composition is in good agreement with the composition achieved from structure
refinement.

Scanning Transmission Electron Microscope (STEM) and Energy Dispersive X-ray
spectroscopy (EDS). STEM-EDS analysis data were collected on a JEOL JEM-ARM200cF
STEM, along with a cold Field-Emission Gun (cFEG) and a probe Cs corrector. EDS scans
were applied with a Silicon Drift (SDD) EDS detector at an acceleration voltage of 200 kV.

Raman spectroscopy. The hybrid semiconductor@TiO:2 nanotube arrays were investigated by

Raman spectroscopy at 300 K using a Renishaw inVia RE04 Raman Microscope fitted with a
Nd:YAG and diode laser (A =532 nm; 785 nm) and a CCD detector. The applied laser power
was 250 mW, recording a total number of 500 scans. Scans along a razor cut cross section of
the membranes were conducted by moving the focused Raman beam from the outside to the
center of the membrane via a x-y stage. One Raman spectrum was recorded for each individual
step.

Scheme S1. Left: Raman microscope focus on a cross section of a membrane used for Raman spectroscopic
investigations. Right: Consecutive Raman spectra were recorded along the cross section.

X-ray Photoelectron spectroscopy (XPS) and Ultraviolet photoelectron spectroscopy
(UPS). To determine the surface chemical nature and binding energy of elements XPS was
performed on all samples using Axis-Ultra, Kratos Analytical instrument equipped with
monochromatic Al-Ka source (15 kV, 50 W) with an incident X-ray energy of 1486.7 eV
operating under ultra-high vacuum (UHV ~10® Torr). To assign the binding energy of the
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elements the binding energy of Cls of adventitious hydrocarbon (BE ~ 284.8 eV) was used as
standard (carbon correction). The acquired raw data in the form of .vms files was
deconvoluted in various peak components using CasaXPS and extracted .csv files were
plotted in origin 8.5. The electronic band structure of all materials was determined using
ultraviolet photoelectron spectroscopy (UPS) using a 21.21 eV He I line of a He discharge
lamp to collect work function and valence band spectra.

Diffuse reflectance UV-Vis spectroscopy (DR UV-Vis). The absorption spectra of all
materials in UV-Vis region was recorded on a Perkin Elmer Lambda-1050 UV—Vis-NIR
spectrophotometer working in diffuse reflectance mode equipped with an integrating sphere
accessory.

Kelvin Probe Force Microscopy (KPFM). The nature of charge carrier transport to probe the
successful formation of heterojunction between infiltrated phosphorous and TiO: nanotubes,
surface potential (SP) of bare and hybrid materials were determined using peak force KPFM on
a Dimension Fast Scan Atomic Force microscope (Bruker Nanoscience Division, Santa
Barbara, CA, USA). To perform KPFM measurements, samples were deposited on FTO and a
Pt coated SINSCM-PIT cantilever of 2.5 4.4 N/m stiffness was used. Samples containing FTO
were grounded with the AFM chuck using a conductive copper tape. The surface potential of
the samples was measured at 100 nm x 75 nm lift height at 12 kHz lockin bandwidth and a scan
speed of 0.51 Hz. To investigate charge carrier dynamics under light irradiation conditions
samples were irradiated with 450 and 635 nm LEDs and dark and light conditions were
maintained for 5 min, to achieve equilibrium condition. The measurements were performed at
zero tip bias and Pt tip was calibrated by measuring the contact potential difference (CPD) of
highly oriented pirolytic graphite (HOPG) and the Pt tip using following expression.

EF (tip) = 4.6 eV (Work function of HOPG) + VCPD (HOPG and Pt tip)

Gas chromatography (GC). The identification and quantification of reaction product was
done by gas chromatography using custom made Shimadzu GC equipped with Porapak Q
column and Mol Sieve column, and a pulsed discharge detector (PDD). Conditions: He carrier
flow rate: 0.5 mL min™, detector temperature: 160 °C, oven temp: started from 60 °C and raised
up to 160 °C to expel water vapor. A standard calibration gas mixture (Praxair gas, Canada)
was used for the quantification of hydrogen.
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2 STRUCTURAL CHARACTERIZATION

2.1 Fibrous red P@TiO: nanotube hybrids

fibr. red P on TiO,

Relative Intensity (a.u.)

fibr. red P; triclinic

20 30 a0 50 60 70
20(%)

Figure S1. Powder X-ray diffraction substantiates the formation of crystalline fibrous red phosphorus onto the
membrane. A calculated diffractogram based on the structure data of fibrous red phosphorus® is drawn with
negative intensities. Slight variations in intensity are due to texture effects.

In Figure S2 Raman modes were detected 5 um in distance to the membrane surface. The
formation of fibrous red Phosphorus was confirmed at this depth. Significant shifts are found
for the 158 cm™ E¢ mode, which is located at 145 cm™ in the hybrid material. The whole
spectrum of anatase is slightly shifted towards higher wavenumbers, which can be due to doping
or defect formation in TiOx.

a b
TiO2 anatase
;_&_;L
o 3
< fibr. red P in TiO, E fibr. red P in TiO,
':'-h' cross section ..2‘ cross section
g g
£ £ .
!\ A fibr. red'p !\ A fibr. red P
100 200 300 400 500 600 700 100 200 300 400 500 600 700

Raman shift (cm™) Raman shift (cm™)

Figure S2. Raman spectroscopy on fibrous red P@TiO2 membranes a) Raman spectra of a fresh TiO2 membrane
(anatase, grey), fibrous red P@TiO2 membrane cross section measured approx. 5 um in distance to the surface
(black), fibrous red P (red), recorded at the surface and reference spectrum of fibrous red P (dark red). Raman-
microscope picture of the fibrous red P@TiO2 membrane where the Raman spectrum was recorded at the top. b)
Raman spectra of a fresh TiO2> membrane (anatase, grey), fibrous red P@TiO2 membrane cross section measured
approx. 15 [m in distance to the surface (black), fibrous red P (red), recorded at the surface and reference spectrum
of fibrous red P (dark red). Raman-microscope images of fibrous red P@TiO2 membranes, recorded during the
measurement show the laser path along the cross section.
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2.2 Black P@TiO: nanotube hybrids
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Figure S3. Powder X-ray diffraction confirms formation of crystalline black phosphorus onto the membrane. A
calculated diffractogram based on the structure data of black phosphorus® is drawn with negative intensities. Slight
variations in intensity are due to texture effects.

2.3 EDS analysis

Table S1. Elemental analysis of deposited crystals found on both sides of the membranes and different spots along
the razor cut cross section of fibrous red P@TiO2 membranes via EDS-measurements. Elemental composition in
at% deriving from P and Ti were found whereas Cu and I (originated from the mineralizer used during synthesis)
could not be detected. Atomic percent of Ti is representing Ti in TiOx.

EDS P (at%) Ti (at%) Cu (at%) I (at%)
Fibrous red P@TiO: cross 75.7(6) 24.3(4) — —
section 1

Fibrous red P@TiO:2 cross 37.5(4) 62.5(6) — —
section 2

Table S2. Elemental analysis of deposited crystals found on both sides of the membranes and different spots along
the razor cut cross section of black P@TiO2 membranes via EDS-measurements. Elemental composition in at%
deriving from P and Ti were found whereas Sn and I (originated from the mineralizer used during synthesis) was
present in small amounts. Atomic percent of Ti is representing Ti in TiOx.

EDS P (at%) Ti (at%) Sn (at%) I (at%)
Black P@TiO: cross 26.8(3) 72.0(6) 1.1(1) —
section 1

Black P@TiO:2 cross 75.4(6) 19.7(3) 3.5(2) 1.3(2)
section 2




2.4 UV-Vis analysis
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Figure S4. DRS UV-Vis spectra of a) TiO2, fibrous red P, and fibrous red P@TiO:. b) TiO2, black P, and black
P@TiO2. Tauc plot for ¢) TiOz, fibrous red P, and fibrous red P@TiO:2. d) black P, TiO2, and black P@TiOs.
Color: TiO2 (black), black P, fibrous red P (red), black P@TiO: and fibrous red P@TiO2 (blue).

2.5 XPS analysis of phosphorus allotrope@TiO: membranes

The nature of the chemical species present in the materials and their binding energies were
determined using high resolution X-ray photoelectron spectroscopy (HR-XPS). Survey scan for
elemental analysis gave peaks corresponding to all the elements in TiO2 (Ti2p, Ols), black P
(P2p), black P@Ti0: (P2p, Ti2p, O1s), fibrous red P (P2p) and fibrous red P@TiO: (P2p, Ti2p,
Ols) (Figure S5a and b). The deconvoluted core-level HR-XPS spectra of TiO2 gave two peak
components centred at BE ~459.7 and 465.3 eV, originating from Ti2ps2 and Ti2pie
components of Ti*" present in anatase phase TiO: (Figure S5a).” The position of Ti2ps2 and
Ti2pi12 components does not change after vapor phase growth of black P and fibrous red P on
and inside TiO2 nanotube membranes which implies, the oxidation state of Ti in TiO: lattice
remains equal (4+) during deposition conditions (Figure S5a and b). Further, the absence of any
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shoulder peak in Ti2p region overrules any possibility of phosphorus doping in TiO: lattice.
HR-XPS spectra of TiO:2 in Ols region was deconvoluted in two peaks components located at
530.9 and 532.2 eV, assigned to Ti*" coordinated oxygen atoms present in TiO: crystal lattice
and surface adsorbed non-lattice oxygen (adventitious and —OH oxygens).'""" After vapor phase
deposition of black P on TiO: the O1s peak get shifted toward higher binding energies and new
peaks were situated at 532.6 and 533.8 eV. The shifting of Ols peak was attributed due to
transformation of certain fraction of black P into P-O (bridging and dangling oxygen bonding)
and coordination of P atoms in black P with Ti*" present on the surface of TiO2 which change
coordination environment of lattice bounded oxygen on the surface of TiO:2 (Figure S5¢).'*"
Previous studies demonstrated that three P atoms in black P can coordinate tetragonally with
surface metals centre which provides more stable configuration due to satisfaction of
tetravalency of undercoordinated Ti*" present on the surface of TiO2."*"'® It should be noted that
XPS gives information of only surface chemical composition up to 5-10 nm and bulk chemical
composition of TiO2 was preserved as confirmed by XRD analysis and Raman spectra. For the
fibrous red P@TiO: the XPS peak position in Ols region was found at relatively higher BE =
532.0 and 533.5 eV again due to lattice O atoms bonded with P coordinated Ti and adventitious
oxygen (Figure S5d). HR-XPS scan of black P in P2p region gave two peaks located at 130.9
and 134.5 eV corroborated to contribution from P2p of P atom in the sheets and oxidized P
(PxOy) respectively (Figure S5e)."” After deposition of black P on the TiO2 nanotube membranes
the intensity of P 2p peak component at 130.4 eV was diminished which demonstrate higher
degree of oxidation of P in black P@TiO.."* Further, pristine fibrous red P show only one peak
at BE = 134.9 in P2p region due to P atoms in fibrous P and absence of any peak corresponding
to P-O suggest better stability of fibrous red P than black P (Figure S5f), possibly caused by the
structural preference of black P reacting with air. The peak position and intensity of P2p peak
remains the same in fibrous red P@TiO: revealing the unaffected chemical nature of fibrous
red P deposited on TiO: (Figure S5f). Additionally, HR-XPS of pristine black P and black
P@TiO: show 13d (I3ds2 BE = 619.6 and 13d32 BE =~ 631.7) and Sn3d (Sn3ds2 BE = 488.1 and
Sn3di2 BE = 496.6) peaks which was originated from Snls, used as transporting materials for
vapor deposition (Figure S6).
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Figure S5. Core level HR-XPS spectra of TiO2 and black P@TiO2 a) in Ti2p region, b) in Ti2p region, ¢) Ols
region and HR-XPS spectra of TiO2 fibrous red P and fibrous red P@TiO2 d) in Ols region, e) in P 2p region, f)
in P 2p region.
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Figure S6. XPS elemental survey scan of a) black P, TiOz, black P@TiOz2, b) fibrous red P, TiO2, fibrous red
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2.6 Calculation of Efficiencies:

To discern materials/interface performance of materials, diagnostic efficiencies of materials
were calculated.
Applied Bias Photon-to-current Efficiency (ABPE %)

Since external bias is applied in photoelectrochemical measurements, the electrical energy must
be subtracted during efficiency calculation. Applied Bias Photon-to-current Efficiency
(ABPE%), which demonstrate photo-conversion efficiency under applied bias conditions and
provides information of materials system/interface performance, was determined by plotting a
graph between ABPE% at different applied voltage on a reversible hydrogen electrode (RHE)
scale. To ABPE% was calculated by using following expression:

ABPE (%) = [J (mA cm™2) - #;‘;”_2)] - 100 (1)

Where, J is the current density, V) is applied voltage at RHE scale and P is power density of the
incident light.
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The applied voltage on Ag/AgCl scale was converted to RHE scale by using following
expression:

RHE = Vg agc1 + 0.059 pH + Vi ager )
Where Vg ager = 0.197 V.

The optimum ABPE% for TiO,, black P, black P@TiO,, fibrous red P and fibrous red P@TiO>
was calculated to be 0.07, 0.03, 0.03, 0.07 and 0.20 respectively (Figure 8d).

Incident photon-to-current efficiency (IPCE%)

Incident photon-to-current efficiency (IPCE) also referred as external quantum efficiency
(EQE) measured at fixed incident wavelengths to evaluate performance of a photoelectrode for
water splitting (Figure S7d). The IPCE is defined as the number of photogenerated charge
carriers per incident photon flux as a function of wavelength contributing to the photocurrent.
The IPCE% of materials were calculated at an applied bias of +0.6 V vs Ag/AgCl (1.23 V vs
RHE, thermodynamic water splitting potential) using 420, 505, 580, 620 nm wavelength LEDs
having 21.00 mW cm™ power density at the surface of samples. IPCE% was calculated using
the following expression.

1240.J (mA cm™2)
A (nm).P (mW cm—2)

IPCE (%) = | |- 100 3)
Where, J is photocurrent density, A is wavelength of incident light in nm and P is the power
density of incident light.

The IPCE action spectra of samples is given in Figure S7d. The calculated value of IPCE% at
420, 505, 580 and 620 nm for TiO> (0.20, 0.16, 0.11, 0.08), black P@TiO> (0.66, 0.39, 0.16 and
0.11) and fibrous red P@TiO- (1.30, 0.43, 0.23 and 0.02) respectively.

Absorbed photon-to-current efficiency (APCE%)

Absorbed photon-to-current efficiency (APCE) is also referred as internal quantum efficiency
(IQE) (Figure S7d). Since IPCE measurements demonstrate incident photons conversion
efficiency and loss of photon being unabsorbed by the materials is not considered during
calculation. A parameter of efficiency which takes unabsorbed photons into account should be
used. So, APCE which defines the photocurrent collected per incident photon absorbed seem
to be a suitable parameter to designate performance of devices. The APCE% can be calculated
by following formulas:

APCE% = (IPCE/LHE) x 100 4)
Where, LHE is light harvesting efficiency or absorptance which is numbers of electron hole
pairs produced per incident photon flux. Considering each absorbed photon produces equal
numbers of electron hole pairs, the value of LHE or absorptance can be calculated by Beer’s
law using following expression.

LHE or absorptance = (1-10"%)

So

-2
APCE (%) = 1240.] (mA cm™2)

A (nm).P (mw cm‘z).(l—lo‘A)

100 @)
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Where, J 1s photocurrent density, A is wavelength of incident light in nm, P is the power density
of incident light, LHE is light harvesting efficiency and A is absorbance at measured
wavelength.

The calculated value of APCE% at 420, 505, 580 and 620 nm for TiO (0.28, 0.23, 0.16, 0.11),
black P@TiO> (1.04, 0.67, 0.26 and 0.20) and fibrous red P@TiO> (1.65, 0.57, 0.32 and 0.03)
respectively (Figure S7d).
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Figure S7 Photocurrent density vs applied voltage plot for a) TiO», b) black P@TiOs, b) fibrous red P@TiO; under
dark (black), 420 (blue), 505 (green), 580 (yellow), 620 (red) nm wavelength LEDs (21.00 mW cm™) and d) IPCE
and APCE% TiO, (black), black P@TiO; (blue), fibrous red P@TiO; (red).

Faradaic Efficiency (FE%)

Faradaic Efficiency (FE%) was determined to verify the generated photocurrent. It is originated
due to photoelectrochemical water splitting and not due the side reactions or photo-corrosion
of the electrodes. Faradaic Efficiency can be defined as ratio of observed hydrogen in
experimental condition divided by the theoretically evolved Hz calculated from photocurrent
density.

., .. Experimental gas evolution (measured H
Faradaic ef ficiency (%) = [ £ g n C 2) ] -100 (6)
Theoretical H, gas evolution (based on photocurrent)

H, evolution measured (mol)
J (A cm™2).A (cm?2).T (sec)
2.e (C).N4 (mol™1)

Faradaic ef ficiency (%) = -100 (7
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Where, J is the photocurrent density (A cm™), A is the irradiation area of the photoelectrode
(cm?), T is time of measurement (seconds), e is the charge of an electron (1.602 x 107" C) and
Na is the Avogadro number (6.02 x 10?* mol™'), the amount of hydrogen generated during PEC
is expressed in moles.

For the measurements of evolved hydrogen, a three electrode H-cell was used and produced
hydrogen at Pt cathode was analyzed by gas chromatography using a PDD detector (Figure S8).
The experimental rate of hydrogen evolution per cm? was found to be 1.37, 3.38 and 8.15 for
TiO2, black P@TiO, and fibrous red P@TiO,, respectively. Further, calculated Faradaic
efficiency for TiOz, black P@TiO> and fibrous red P@TiO; was calculated to be 33.41, 90.61
and 72.83 respectively (Figure S9, Table S3). The obtained faradaic efficiencies demonstrate
populated side reaction and photo-corrosion of TiO> electrode while black P@TiO> shows
excellent FE% which demonstrates true origin of photocurrent from water splitting reaction.
Furthermore, to validate origin of photocurrent due to water splitting at anode not because of
self oxidation of photoanode materials, oxygen concentration on black P@TiO; photoanode
was also determined before reaction and after reaction. The gaseous sample was analyzed using
GC-PDD equipped with Porapak Q column and Mol Sieve column. After 1 h the GC
chromatogram of product clearly demonstrate significantly increased oxygen peak
area/concentration. The increase peak area of oxygen collected at the photoanode suggest the
origin of photocurrent/hydrogen at counter electrode from water splitting (Figure S10 a and b).
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Figure S8. GC chromatogram of photoelectrochemically evolved H: collected at the Pt counter electrode.
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Figure S9. Graph of amount of H2 evolved during PEC measurements (AM1.5 G) and corresponding Faradaic
efficiencies.

Table S3. Experimentally observed amount of H> and theoretically calculated H> in PEC measurements and
corresponding Faradaic efficiencies.

Sample H: evolved (umol  Theoretical H: Faradaic Efficiency (%)
h"' em™) (umol h' ecm™)

TiO2 1.37 4.10 33.41

black P@TiO: 3.38 3.73 90.61

fib. red P@TiO: 8.15 11.193 72.83

S-15



After irradiation Black P@TiO,

Peak area:
1928337676

3

(1]

o

==

b

»

S :

-E Before irradiation Peak area:
= : 1367517810
©

c

2

w

24.60 24.75 24.90 25.05
Retention time

Figure S10. GC chromatogram of gaseous sample collected at black P@TiO2 photoanode (a) before photoreaction
after purging N> for 30 min and (b) after 1 h photoreaction under AM1.5 G irradiation.

2.7 Electrochemical characterization of phosphorus allotrope@TiO: membranes

Charge transfer resistance (Rc) at the semiconductor electrolyte interface (SEI), charge
transport resistance (Rr) and space-charge capacitance (Csc) were determined using
electrochemical impedance spectroscopy (EIS) under AM1.5 G irradiation as well as under
dark conditions (Figure S12a). EIS was performed at room temperature in a sodium sulfate
electrolyte at pH 7 and at a potential of -0.4 V vs Ag/AgCl in a frequency range of 10 Hz and
105 Hz. EIS Nyquist plots, obtained under AM1.5 G illumination condition, for blank TiOx,
fibrous red P, fibrous red P@TiO-, black P and black P@TiO: are shown Figure S12 and under
dark conditions in Figure S13. Generally larger diameters of the Nyquist plots obtained under
dark conditions confirm a higher charge transfer resistance in dark. From Nyquist plotting under
irradiation an equivalent circuit diagram shown in Figure S12¢ could be obtained. As mentioned
in the equivalent circuit, Rs, Rc, Rr, Csc and Cru are electrolyte resistance, charge transfer
resistance, charge transport resistance, space charge capacitance, and electrochemical double-
layer capacitance, respectively. The equivalent circuit also comprises of a constant phase
element, @, with coefficient n. Resistive circuit elements, Rs, Rc, are Rr are independent of
frequency and have the same magnitude as the resistances itself. The frequency-dependent
impedances due to capacitances (Z_Cgc and Z_Cy) and the constant phase element (Z Q) are
given by eqt. (8) to (10).
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Zesc = T zmp) o ®
ZLlu = i'(Zﬂ;)'CH ©)
20 =——— (10)
i+ (2nf) - Csc
Z=Rs+Rc+Rer +ZCsc+Z Cy+2Z, (11)
T=R¢- Cg (12)

In eqt. (8) to (11), i = v/—1, Z is the total impedance of the system. The magnitude of Z is the
sum of impedance of all circuit elements and given by eqt. (11). The values of the circuit
elements are obtained by fitting Z with experimentally obtained Nyquist plots, and are listed in
Table S4. Rc (i.e. 200 () of blank TiO: is much higher than those for fibrous red P, fibrous red
P@TiO, black P, black P@TiO:. Also notable is that the smallest Rc is of fibrous red P. Alike
Rc, Ry of the blank TiO: is also the highest among the sample studied, with black P being an
exception. Recombination lifetime (7, calculated using eqt. (12)) values are generally similar,
with blank TiO: exhibiting the longest recombination lifetime (i.e. 2.8 ps) and fibrous red
P@TiO: exhibiting the shortest lifetime (i.e. 1.7 ps). The lower recombination lifetimes of the
semiconductor blends are expected because of interfacial defects, which may be caused by
recombination effects.

1 2 {(V Von) kT} 13
C2. esgye,Np FB7 e (13)

Ny = L{ ‘W} (14)

egoer (dCEc

Carrier concentration (Np) and flat band potential (Vrs) values were calculated using Mott—
Schottky analysis as described by eqt. (13) and eqt. (14), wherein &, is the semiconductor
dielectric constant; &, of fibrous red P and black P are expected to be 8.5;' and blank TiO: as
30," and dielectric constant of the blends of black P and TiO2 (black P@TiO:) as well as fibrous
red P and TiO: (fibrous red P/Ti02) are expected to be an intermediate value of 15. g, is the
vacuum permittivity (8.854 x10™* F m™); k is the Boltzmann constant (1.381 x10> J K™); T
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is the temperature in (298 K); e is the electron charge (1.602 x10™° C); and V is the applied
potential. Np of the samples were obtained using eqt. (12), where slopes of the Mott-Schottky
plots (Figure S12b) were factored into. Positive slopes indicate n-type conductivity and
electrons as the majority carrier. The n-type slope in Mott-Schottky measurements for fibrous
red P and black P was attributed to the contribution in charge transport from underlying compact
TiO2 used during measurements; note that pristine fibrous red P and black P graphs are less
steep compared to pristine TiO2. We note p-type behaviour from UPS measurements, which is
considered to the actual behaviour of the fibrous red P and black P. The values of Np are
indicated within the plot. Vgg was determined from the intersection of the slope of the Mott-
Schottky’s plot with the horizontal axis, which denotes potential with respect to Ag/AgCl. Vgg
values for TiOz, fibrous red P, black P, fibrous red P@TiO: and black P@TiO: was calculated
to be to be -0.70, -0.37, -0.56, -0.54 and -0.66 V vs Ag/AgCl respectively (Figure S12b).
Interestingly, Np of blank Ti0O: is the least among the samples while its Vg is the most negative
as well. In photocatalysis, the band potential is usually expressed at the scale of vacuum energy
level (Evacuum). So, we have first converted the value of flat band potential from Ag/AgCl scale
to RHE (reversible hydrogen electrode) followed by conversion to vacuum level by following
equation:

Ewrugy = Eagjagct + 0.059pH + Eug/a4c1
(15)
Evacuum = _(E(RHE) + 4'5)
(16)

Where, E’sgugar=0.199 V at 25 °C, Eagugcris working potential and Evecuun (€V) is the potential
at vacuum scale. From the eqt. (15) and (16) the position of flat band potential of TiO-, fibrous
red P, black P, fibrous red P@TiO2 and black P@TiO: was estimated to be -4.00, -4.33, -4.14,
-4.16 and -4.04 eV respectively.

a 0.0s5 b 0.03
Black P

P Fibred P

0.00

& 0.00 "'E [
f_, 5003
<.0. = L
E 0.05 £ -0.06
= ) b
%-0.10 Z -0.09
& E, I ——dark
o -0.12 — 425 nm
=-0.15 =
[7] [
= g -0.15
5-0.20 a
-0.18
-0.25 2 ' I A A 2
-0.8 -0.4 0.0 0.4 0.8 -0.8 0.4 0.0 0.4 0.8
Potential V vs Ag/AgCI Potential V vs Ag/AgCI

Figure S11. Photocurrent density vs applied voltage plot at 425 nm wavelength for a) black P b) fibrous red P.
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Table S4. Values of Rs, Rc, Rt, Csc, Cu, Q and n, obtained by fitting the Nyquist plots to the equivalent circuit.

Sample

Rs

Csc

Rr

Cn Re Q n T
©Q (F) ©Q (F) @ (Fs'™ (ns)
TiO: 9  1.00x107 28  220x10° 200 6.00x10° 0.57 2.8
fibrous red P 5 120x10° 18  1.90x10° 1  1.55x10* 0.55 2.2
fib. red 12 810x10° 21 1.70x10° 70  1.30x10* 057 1.7
P@TiO:
black P 5 3.10x10° 40  1.25x10° 50  3.65x10° 0.52 1.3
black P@TiO: 7 1.10x107 22 1.60x10° 15 2.15x10* 0.51 24
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2.8 Kelvin Probe Force Microscopy (KPFM) Measurement

To understand the mechanism of charge carrier transport and verify successful heterojunction
formation between phosphorous materials (black P and fibrous red P) and TiO: nanostructures,
change in surface potential (SP) was determined using Kelvin Probe Force Microscopy (KPFM)
under dark and irradiation conditions (Figure S14). The surface topographical AFM image of
Ti0z, black P, black P@Ti0O:, fibrous red P and fibrous red P@TiO: samples exhibit rough
surface features (Figure S14 a-e). The surface potential map of samples under dark condition,
450 and 635 nm irradiation are given in Figure S13a-e. The surface potential (SP) map of bare
TiO: displayed nonuniform charge distribution due to the uneven morphology of TiO:
nanotubes, while, SP distribution of pristine black P and fibrous red P and hybrids were
comparatively uniform. The hybrid materials (black P@TiO: and fibrous red P@TiO:)
displayed intermediate SP distribution. Under dark condition, the SP map image of bare TiO:
samples show bright contrast in comparison to pristine black P and fibrous red P which
demonstrates electron rich surface of n-type TiO2 nanotubes. However, SP map of hybrid
materials show slightly increased contrast in comparison to pristine materials due to reduced
surface charge, suggesting a transfer of electronic charge from the surface of TiO: due to the
formation of heterojunction. Further, after illumination with 450 nm laser, the contrast of red
regions was further increased for all samples which was corroborated due to the transfer of
photogenerated electrons on the surface phosphorous to TiO:’s surface. The hybrid materials
(particularly black P@TiO2) displayed the highest change in SP which clearly verifies
heterojunction formation between the materials leading to improved charge carrier generation
under illuminated condition. Further, under 635 nm illumination similar pattern was followed
suggesting improved charge carrier creation and separation in hybrid P@TiO: heterojunction
even at a higher wavelength.

The measured surface potential distribution or contact potential difference (CPD) for TiO-,
black P, black P@TiO:, fib. red P and fib. red P@TiO: under dark condition was found to be
+36, +86, +39, +16 and +14 mV, respectively (Figure S14f-)). A slight negative shift of SP
distribution of hybrid samples in comparison to pristine phosphorous reveals a decrease in the
work function (WF) value. The observed decrease in WF suggest uplifting of Fermi level of
phosphorous in hybrid due to Fermi level alignment leading to the formation of heterojunction.
As expected after irradiation with 450 and 635 nm laser, the CPD of TiO:, black P, black
P@TiO:, fibrous red P and fibrous red P@TiO: show a slight negative shift due to the
accumulation of photogenerated negative charge on the sample’s surface. Bare TiO2 and fibrous
red P displayed extremely small SP shift under 450 and 635 nm illumination which demonstrate
poorly generated charge in TiO:2 and faster recombination rate in fibrous red P respectively.
While, black P show relatively higher shift under illumination conditions which might be due
to longer lifetime of generated charge on 2D phosphorous structure. A similar pattern was
followed for fibrous P@TiO:2 and black P@TiO: heterojunction which demonstrate visible
responsive nature of hybrid materials (Figure S14).
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Figure S16. Photograph of photoelectrochemical water splitting cell irradiated under 505 nm LED.
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3.3. Synthesis, structure, and properties of rare-earth germanium
sulfide iodides REsGe2Ssl (RE = La, Ce, Pr)

Dundappa Mumbaraddi 2, Abishek K. lyer 2, Ebru Uzer ®, Vidyanshu Mishra 2, Anton O.
Oliynyk 2, Tom Nilges °, Arthur Mar &°

@ Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2
® Department of Chemistry, Technische Universitat Miinchen, 85747 Garching, Germany

Journal of Solid State Chemistry Pages 97 - 103
DOI: 10.1016/j.jssc.2019.03.034

The article 'Synthesis, structure, and properties of rare-earth germanium sulfide iodides
REs;GexSsl (RE = La, Ce, Pr)' was submitted to 'Journal of Solid State Chemistry' in Jan-
uary 2019 and published online in June 2019. The main results were presented by
Dr. Abishek lyer at the Annual ATUMS meeting in Jasper, Canada in November 2017
and by Dundappa Mumbaraddi and Ebru Uzer at the 101! Canadian Chemistry Confer-
ence and Exhibition in Edmonton, Canada in May 2018.

An extended study on chalcogenides as optical materials was conducted through
mathematical models in machine-learning to support property prediction for systematical
approaches. A solid-state synthesis and characterization of three quarternary sulfide io-
dides was carried out after. REzGe2Sgl (RE = La, Ce, Pr) were prepared from melting
and annealing processes at elevated temperatures (900 °C). The rare-earth chalco-
genidehalide compounds crystallize monoclinically, in space group C2/c. In Table 3.3
cell parameters are listed.

Table 3.3. Unit cell parameters of RE;Ge;Sgl (RE = La, Ce, Pr).

Formula a (A) b (A) c(A) V (A3)
LasGe2Ssl 16.156(6) 7.9776(18) 11.018(3) 1405.6(6)
CesGe:Ssl 16.054(2) 7.9233(11) 10.9624(15) 1379.9(3)
PrsGe:Ssl 15.9760(9) 7.8786(5) 10.9281(6) 1360.56(14)
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Isostructural to the Las(SiO4)Cl-type the title compounds contain isolated [GeS4]*-tetra-
hedrons, stacked along the c-axis and separated by RE** cations. Mixed-anion com-
pounds exhibit structure control advantages. In this way, large tunnels are formed, where
I-anions are located along the stacking direction. Each RE site is occupied by one | and
eight S atoms, forming an almost regular to tricapped trigonal prism.

Optical band gap properties were determined using diffuse reflectance UV-Vis spec-
troscopy. Tauc-plotting the converted absorption spectra by extrapolation resulted in an
optical band gap of 3.1 eV for LasGe2Ssl, 2.7 eV for CesSi2Ssl, and 2.9 eV for PrsGexSgl
which is in close agreement to the nearly colorless appearance of the compound. A sig-
nificantly larger band gap was calculated using LMTO approximation for LasGe2Ssl
(3.9 eV).% In contrast to LasGe2Ssl, LMTO calculations were underestimating the exper-
imentally found band gap for CesSi>Ssl (calculated: 2.9 eV).%

Magnetic susceptibility measurements on CesGe2Sgl and PrsGe2Ssl showed Curie-
Weiss paramagnetism for both compounds, with no magnetic ordering down to 2 K. Ef-
fective magnetic moments were found to be 4.51(1) ps/f.u. for CeszGe2Sgl and
6.20(1) pe/f.u. for PrsGezSsl.

AUTHORS CONTRIBUTION: A.l. and E.U. performed synthesis and XRD studies on
RE;GexSsl (RE = La, Ce, Pr). D.M. and V.M. investigated optical band gap and magnetic
properties of the compounds. A.O. was involved in crystal structure refinement. A.M. and
T.N. planned and supervised research studies. All authors were involved in writing their

respective parts of the manuscript.
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The rare-earth germanium sulfide iodides RE3GeSgl (RE = La, Ce, Pr) have been prepared by reaction of the
elements at 900°C. They adopt the monoclinic La3(SiO4)2Cl-type structure (space group C2/c, Z=4;
a=16.156(4)-15.9760(9) A, b=7.9776(18)-7.8786(5) A, c=11.081(3)-10.9281(6) A, f=98.192(5)-
98.4525(10)° on progressing from La to Pr for the RE component) consisting of isolated thiogermanate tetrahedral
groups [GeS4]* separated by RE* and I~ ions. The optical band gaps fall in the range of 2.7-3.1 eV. Magnetic

measurements indicated simple paramagnetic behaviour for Ce3GeySgl and Pr3GeaSgl.

1. Introduction

Mixed-anion compounds, which contain more than one type of anion,
offer ways to control the structures and properties of solids that are not
accessible in single-anion or mixed-cation compounds [1]. The local
environment around cations can be changed to create coordination
polyhedra with different symmetries, the bonding character can be
adjusted by introducing intermediate degrees of electron transfer, and
the band gap can be varied to desired magnitudes. Well-known examples
of mixed-anion compounds typically contain oxide with fluoride (e.g.,
LiFeSO4F as cathode materials in batteries [2]), other chalcogenide (e.g.,
LaCuChO (Ch =S, Se) as transparent conductors [3]), and pnictide ions
(e.g., Caj_,La,TaOy «Nj 4 as inorganic pigments [4], LaFeAsO as super-
conductors [5]). Mixed-anion compounds containing heavier chalco-
genide and halide ions are less common [6], but they have also emerged
as attractive candidates for various applications (e.g., AgsTe,Cl as ionic
conductors [7], BiSI and BiSel as photovoltaic materials [8], BasZnGas.
Se1oCly as infrared nonlinear optical materials [9], and TlgSI4 as hard
radiation detectors [10]).

Chalcogenide halides containing rare-earth metals are relatively
scarce but may be interesting because of their potential as optical and
magnetic materials [6]. Narrow-band optical spectra and large magnetic
moments may be expected from the presence of unpaired electrons in
highly localized f-orbitals. Within the systems RE-Tt-Ch-X (RE =rar-
e-earth metal; Tt = Si, Ge, Sn (tetrel), Ch =S, Se, Te; X =F, Cl, Br, I), the

* Corresponding author.
E-mail address: arthur.mar@ualberta.ca (A. Mar).

https://doi.org/10.1016/j jssc.2019.03.034

only known quaternary phases so far are RE3SizSgX (RE = early
rare-earth metals; X = Cl, Br, I) [11-17] and RE3SiS¢Cl (RE = Nd, Sm)
[18,19], first discovered nearly 20 years ago. The compound Ce3SiaSgl
luminesces in the blue region and may be useful in electroluminescent
devices [13].

As part of our ongoing investigations of chalcogenides as optical
materials, we are examining these RE-Tt-Ch-X systems to ascertain if
other quaternary phases can be found. In particular, we hypothesize that
the Ge-substituted analogues of RE3Si»SgX may be viable targets to pre-
pare. The existence of Ce3Ge,Sgl has been mentioned but no publication
has been forthcoming [13]. Here, we present the synthesis and full
structural characterization of the Ge-containing members RE3GesSgl,
their electronic band structure, and their optical and magnetic properties.

2. Experimental
2.1. Synthesis

Starting materials were freshly filed rare-earth metal pieces (RE = La,
Ce, Pr; 99.9%, Hefa), germanium powder (99.999%, Sigma-Aldrich),
sulfur flakes (99.998%, Sigma-Aldrich), and iodine crystals (99.8%,
Anachemia). The elements were combined in stoichiometric ratios on a
0.5-g scale to target the composition RE3GesSgl, with a 10% excess (by
weight) of Iy added. The mixtures were finely ground, cold-pressed into
pellets, and loaded into fused-silica tubes (12 mm diameter and 15 cm

Received 15 January 2019; Received in revised form 12 March 2019; Accepted 17 March 2019

Available online 18 March 2019
0022-4596,/© 2019 Elsevier Inc. All rights reserved.
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Table 1
Crystallographic data for RE3Ge,Sgl.
formula LazGe,Sgl Ce3Ge,Sgl Pr3Ge,Ssl
formula mass 945.29 948.92 951.29
(amu)
space group C2/c (No. 15) C2/c (No. 15) C2/c (No. 15)
a (;\) 16.156(4) 16.054(2) 15.9760(9)
b (;\) 7.9776(18) 7.9233(11) 7.8786(5)
c (A) 11.018(3) 10.9624(15) 10.9281(6)
VAQ) 98.192(5) 98.262(3) 98.4525(10)
V(A% 1405.6(6) 1379.9(3) 1360.56(14)
V4 4 4 4
T (K) 296(2) 296(2) 296(2)
Peated (g cm ™) 4.467 4.568 4.644
crystal 0.05 x 0.04 x 0.04  0.07 x 0.05 x 0.04  0.05 x 0.04 x 0.04
dimensions
(mm)
p#(Mo Ka) 16.49 17.41 18.36
(mm™)
transmission 0.511-0.558 0.331-0.531 0.471-0.553
factors
20 limits 5.09-66.33° 5.13-66.56° 5.16-66.54°
data collected —24 <h<24, —24<h<24, —24<h<24,
-12<k<12, -12<k<12, -12<k<12,
-16<1<16 -16<1<16 -16<1<16
no. of data 9974 9823 9815
collected
no. of unique 2654 2634 2605
data, including
F2<0
no. of unique 1767 1874 1946
data, with
F3> 20(F3)
no. of variables 65 65 65
R(F) for 0.048 0.043 0.041
F3> 20(F3)°
Ry (F3)° 0.128 0.108 0.104
goodness of fit 1.02 1.02 1.07
3.70, —2.52 3.13, —2.08 3.47, —2.21

(Ap)maxs (AP)min
(eA™®

* R(F) =Y_|IFo| - |Fell/3]

|Fol.

 Ru(F2) = [CW(F2 - FA21/Y wFalY% wl = [6*(F2) + (Ap)® + Bpl, where

p = [max(F3, 0) + 2F21/3.

Table 2

Atomic coordinates and equivalent isotropic displacement parameters (A%)? for

RE3Ge,Sgl.
Atom  Wyckoff x y z Ueq A%»?

position

LasGe,Sgl
Lal 8f 0.30365(3) 0.12072(6) 0.32098(4) 0.0144(1)
La2 4e 0 0.10242(9) 1/4 0.0166(2)
Ge 8f 0.15867(6)  0.03916(11)  0.02736(8)  0.0139(2)
S1 8f 0.0650(1) 0.1575(3) 0.5404(2) 0.0163(4)
S2 8f 0.1446(1) 0.2501(3) 0.1496(2) 0.0166(4)
S3 8f 0.2160(1) 0.4296(3) 0.4133(2) 0.0155(4)
S4 8f 0.3507(1) 0.4014(3) 0.1684(2) 0.0153(4)
I 4e 0 0.5186(1) 1/4 0.0273(2)
Ce3GesSgl
Cel 8f 0.30319(3)  0.12132(5) 0.32094(4)  0.0147(1)
Ce2 4e 0 0.10510(8) 1/4 0.0173(1)
Ge 8f 0.15843(5)  0.03936(10)  0.02651(7)  0.0143(2)
S1 8f 0.0649(1) 0.1602(2) 0.5395(2) 0.0187(4)
S2 8f 0.1445(1) 0.2522(2) 0.1496(2) 0.0179(4)
S3 8f 0.2152(1) 0.4299(2) 0.4133(2) 0.0162(3)
S4 8f 0.3510(1) 0.4020(2) 0.1703(2) 0.0163(3)
I 4e 0 0.5193(1) 1/4 0.0267(2)
Pr3Ge,Sgl
Prl 8f 0.30270(2)  0.12199(4) 0.32111(3)  0.0131(1)
Pr2 4e 0 0.10822(7) 1/4 0.0156(1)
Ge 8f 0.15808(4)  0.03975(9) 0.02567(6)  0.0125(2)
S1 8f 0.0647(1) 0.1618(2) 0.5380(2) 0.0165(3)
S2 8f 0.1441(1) 0.2534(2) 0.1490(2) 0.0160(3)
S3 8f 0.2151(1) 0.4306(2) 0.4131(2) 0.0147(3)
S4 8f 0.3516(1) 0.4019(2) 0.1723(2) 0.0145(3)
I 4e 0 0.5203(1) 1/4 0.0241(2)

? Ueq is defined as one-third of the trace of the orthogonalized Uj tensor.
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Table 3 length), which were evacuated to 103 mbar and sealed. To minimize
Interatomic distances (A) in RE3GesSgl. volatilization losses of sulfur and iodine, and to avoid catastrophic failure
LasGesSel CesGe,Ssl PryGe,Ssl of the tubes, the samples were heated slowly at 2 °C/min to 300 °C, held
there for 2 d, heated at 2 °C/min to 900 °C, held there for 7 d, and then
RE1-S4 2.963(2) 2.937(2) 2.914(2)
RE1-S3 2.976(2) 2.960(2) 2.948(2) cooled to room temperature over 2 d. The targeted compounds formed as
RE1-S1 3.007(2) 2.982(2) 2.967(2) powders, with excess I, deposited at the other end of the tubes.
RE1-S3 3.016(2) 2.998(2) 2.988(2) Products were analyzed by powder X-ray diffraction (XRD) performed
RE1-S4 3.062(2) 3.038(2) 3.024(2)

on an Inel powder diffractometer equipped with a curved position-

RE1-52 3.077(2) 3.047(2) 3.030(2) -, .

REL_S3 3.086(2) 3.068(2) 3.049(2) sensitive detector (CPS 120) and a Cu Ka; radiation sour.ce operated at
RE1-S2 3.139(2) 3.117(2) 3.103(2) 40kV and 20mA. The XRD patterns were analyzed with use of the
RE1-1 3.4708(9) 3.4565(6) 3.4499(4) TOPAS Academic software package [20]. The background was modeled
RE2-54 (% 2) 2.930(2) 2.910(2) 2.896(2) by a six-term polynomial function and a Pawley fit was applied (Fig. 1).
RE2-52 (> 2) 2.967(2) 2.947(2) 2.928(2) Small irregularly shaped crystals (light yellow or nearly colourless
RE2-S1 (x 2) 3.252(2) 3.224(2) 3.193(2) s
RE2-S1 ( x 2) 3.381(2) 3.394(2) 3.415(2) LagGesSgl, yellow Ce3GesSgl, and green Pr3GeySgl) were found within
RE2-1 3.3190(14) 3.282(1) 3.246(1) the products which were examined on a JEOL JSM-6010LA InTouch-
Ge-S2 2.187(2) 2.191(2) 2.188(2) Scope scanning electron microscope, operated with an accelerating
Ge-S4 2.192(2) 2.191(2) 2.195(2) voltage of 15 kV. Energy-dispersive X-ray (EDX) analyses performed with
Ge-S1 2.199(2) 2.200(2) 2197(2) acquisition times of 120 s on several points of multiple crystals (insets of
Ge-S3 2.217(2) 2.218(2) 2.212(2) q p plecry

Fig. 1) gave compositions of 19-25% RE, 10-16% Ge, 50-58% S, and

Fig. 2. Structure of RE3Ge,Sgl (RE = La, Ce, Pr) (a) viewed down the c-direction revealing tunnels occupied by I atoms, (b) highlighting a slice parallel to the ac-plane
containing isolated GeS, tetrahedra, and (c) showing the coordination environments around RE atoms.
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Table 4
Bond valence sums in RE3Ge,Sgl.
LazGe,Sgl Ce3Ge,Sgl Pr3Ge,Sgl

RE1 2.97 2.99 2.94
RE2 2.74 2.75 2.73
Ge 4.24 4.22 4.25
S1 1.76 1.75 1.75
S2 2.07 2.07 2.07
S3 2.07 2.06 2.06
S4 2.27 2.29 2.26
I 0.81 0.84 0.82

8-13% I, in reasonable agreement with expectations (21% RE, 14% Ge,
57% S, 7% I). The high I content is attributed to surface deposition of
some excess iodine which can be removed by washing the crystals with
DMF.

Attempts were made to extend the RE substitution beyond Pr (e.g.,
RE=Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er) and to prepare the analogous
selenide series RE3GesSel, using the same preparative conditions as
indicated above, but these generally led to formation of ternary phases
RE3Ge; ,S7 or RE3Geq ,Se;. Attempts were also made to prepare the Cl
or Br analogues through use of binary halide starting materials, but these
were unsuccessful and led to complex multiphase mixtures.

2.2. Structure determination

Intensity data for RE3GeySgl (RE = La, Ce, Pr) were collected at room
temperature on a Bruker PLATFORM diffractometer equipped with a
SMART APEX II CCD area detector and a graphite-monochromated Mo
Ko radiation source, using w scans at 7-8 different ¢ angles with a frame
width of 0.3° and an exposure time of 10-12 s per frame. Face-indexed
numerical absorption corrections were applied. Structure solution and
refinement were carried out with use of the SHELXTL (version 6.12)
program package [21]. The centrosymmetric monoclinic space group
C2/c was chosen on the basis of Laue symmetry and intensity statistics.
Initial positions of all atoms were easily found by direct methods, and
structure refinement proceeded in a straightforward fashion. All sites
were confirmed to be fully occupied when occupancies were refined. The
displacement parameters for the I atom are slightly elevated compared to
those of the other atoms, but this appears to be a recurring characteristic

(@)

4
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in related RE3SiaSeX structures associated with its location within a large
tunnel and its relatively weak bonding to only three neighbouring RE
atoms [11-17]. Atomic positions were standardized with the program
STRUCTURE TIDY [22]. Table 1 lists crystal data, Table 2 lists atomic and
displacement parameters, and Table 3 lists interatomic distances. CCDC
1890620-1890622 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

2.3. Electronic structure calculations

Tight-binding linear muffin-tin orbital (TB-LMTO) band structure
calculations were performed on LazGeySgl within the local density and
atomic-spheres approximation with the use of the Stuttgart TB-LMTO
program [23]. The basis set consisted of La 6s/6p/5d/4f, Ge 4s/4p/4d,
S 3s/3p/3d, and I 5s/5p/4d/4f orbitals, with the La 6p, Ge 4d, S 3d, and I
4d/4f orbitals being downfolded. Integrations in reciprocal space were
carried out with an improved tetrahedron method over 78 irreducible k
points within the first Brillouin zone. Crystal orbital Hamilton pop-
ulations (COHP) were evaluated to analyze bonding interactions [24].

2.4. Diffuse reflectance spectroscopy

Optical diffuse reflectance spectra for all three compounds were
measured from 200 nm (6.2 eV) to 2500 nm (0.50 eV) on a Cary 5000
UV-vis-NIR spectrophotometer equipped with a diffuse reflectance
accessory, with a compacted pellet of BaSO4 used as a 100% reflectance
standard. These reflectance spectra were converted to optical absorption
spectra using the Kubelka-Munk function, F(R)=a/S = (1—R)2/2R,
where «a is the Kubelka-Munk absorption coefficient, S is the scattering
coefficient, and R is the reflectance [25].

2.5. Magnetic susceptibility measurements

Zero-field-cooled dc magnetic susceptibility measurements were
made on RE3Ge,Sgl (RE = Ce, Pr) between 2 and 300 K under an applied
magnetic field of 0.5 T on a Quantum Design 9T-PPMS magnetometer.
Susceptibility values were corrected for contributions from the holder
and sample diamagnetism.

(€)
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T La | 1 Ge R La-l
— Total | S Ge-S
J T T k T T T T T L
0 20 40 60 0 20 0 20 -10 -5 0 51 10
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Fig. 3. (a) Density of states (DOS) (b) atomic projections, and (c) crystal orbital Hamilton population (-COHP) curves for LazGe,Sgl.
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Energy (eV)

Fig. 4. Optical absorption spectra, converted from the diffuse reflectance
spectra, for (a) LazGeySgl, (b) Ce3Ge,Sgl, and (c) Pr3Ge,Sgl.

3. Results and discussion

The sulfide iodides RE3Ge,Sgl were successfully prepared by reactions
of the elements at 900 °C. They are the first quaternary phases found in
the RE-Ge-S-1 systems. As in the corresponding Si-containing com-
pounds RE3SisSgX (X = Cl, Br, I) [11-17], the range of RE substitution in

166

Journal of Solid State Chemistry 274 (2019) 162-167

1.0
120

0.9 -
- G 100
© 0.8
= = 804
E 074 5
3 . §, 60
E 06, :§: 40
= 05 0
= s ]
% 0-4_% 0
= v 0 100 200 300
@ 034% T(K)
8 i
5 024%%
@ d g%% o RE,Ge,S,|

0.1- \ H=05T

Ce "'--f.: vVvvvvvvv
0.0 . : : : ---T.-.-T-.--:----?-YNTY-Y.?-Y.YTY-W-
0 50 100 150 200 250 300

Temperature, T (K)

Fig. 5. Magnetic susceptibility and
(RE = Ce, Pr).

its inverse (inset) for RE3Ge,Sgl

RE3GeySgl is limited to the lighter members (RE =La, Ce, Pr). The for-
mula could also be written as RE3(GeS4);! to emphasize the presence of
thiogermanate groups, in analogy to the orthosilicate groups found in the
Lag(SiO4)2Cl-type structure [26] to which these compounds are iso-
structural. The monoclinic structure (space group C2/c) consists of
discrete anionic [GeS4]4' tetrahedra arranged in stacks along the c-di-
rection and separated by RE>" cations; these stacks outline large tunnels
occupied by I anions (Fig. 2a and b). The Ge-centred tetrahedra are
quite regular with nearly equidistant Ge-S bonds (2.18-2.22 A) that fall
within the usual range (2.1-2.3 A) found in other Ge-containing sulfides
[27]. The two types of RE sites are each surrounded by one I and eight S
atoms in roughly tricapped trigonal prismatic geometry, but the coordi-
nation environment around RE2 is quite irregular (Fig. 2¢). These envi-
ronments are asymmetric as a result of the presence of the two different
kinds of ions, S2~ and 1", around the RE®* cations. The distances to the S
atoms are shorter (La-S, 2.96-3.14A; Ce-S, 2.94-3.12A; Pr-S,
2.91-3.10 A) than to the T atoms (La-1, 3.47 A; Ce-1, 3.28 A; Pr-1, 3.25 A),
and agree well with the sum of Shannon ionic radii (La>*, 1.16 A; Ce3*,
1.14A; Pr**, 1.134; 52, 1.844; 1", 2.20 A) [28]. Bond valence sums
(Table 4) [29] support the simple charge-balanced ionic formulation
(RE*M)3(Ge* (8% )g(1).

Electronic structure calculations were performed on La3GesSgl,
whose closed-shell electron configurations for all atoms imply the pres-
ence of a band gap. The density of states (DOS) curve shows a gap be-
tween filled states below the Fermi level at 0 eV and empty states above
1.0 eV (Fig. 3a). The gap is a direct one at the Brillouin zone centre I, as
revealed in a band dispersion diagram (not shown). The valence band
results largely from mixing of S 3p with Ge 4p (from —6.0 to —1.2 eV) and
I 5p states (from —0.9 to 0 eV), as indicated by the atomic projections of
the DOS curve (Fig. 3b). The normal expectation is that the band gap is
controlled by the strongest covalent interactions in the structure, namely
that it would correspond to the separation of filled Ge-S bonding and
empty Ge-S antibonding levels. As seen in the crystal orbital Hamilton
population (-COHP) curves (Fig. 3c), this is indeed the case, but the band
gap is considerably narrowed by the presence of the I-based states that lie
higher in energy than the Ge-based states in the valence band. This
feature was also observed in the electronic structure of Ce3SisSgl [12].
Notwithstanding the ionic formulation indicated earlier, both La-S and
La-I interactions bring important contributions to the covalent bonding
stabilization of the structure. The integrated COHP values (-ICOHP) are
15.5eV/cell for Ge-S, 14.0eV/cell for La-S, and 1.5eV/cell for La-I
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interactions.

The optical band gaps are 3.1 eV for LazGesSgl, 2.7 eV for Ce3GesSsl,
and 2.9 eV for Pr3Ge,Sgl, as extrapolated from the absorption edges of the
UV-vis-NIR diffuse reflectance spectra, converted to absorption spectra
(Fig. 4). For LazGeySgl, the observed band gap is significantly larger than
found in the electronic structure calculated from the LMTO method (with
a discrepancy of similar magnitude as found for Ce3Si>Sgl [12]), which
tends to underestimate the gap, but it is consistent with the nearly col-
ourless appearance of crystals of LagGe,Sgl. For comparison, the experi-
mental band gap of the Si-containing analogues are larger, 3.9 eV for
LasSisSgl and 2.9 eV for CezSisSgl [13].

Magnetic susceptibility measurements made on Ce3GeySgl and
Pr3GeySgl, which contain RE components with unpaired f electrons,
reveal simple paramagnetism with no obvious transitions down to 2K
(Fig. 5). The linear portions of the inverse magnetic susceptibility (over
the entire temperature range for Ce3GesSgl and above ~20K for
Pr3Ge;Sgl) were fit to the Curie-Weiss law, y = C/(T - 6,,). The effective
magnetic moments evaluated from the Curie constant, through e =
8C)Y2, were 4.51(1) pp/f.u. for CesGeySgl and 6.20(1) up/fu. for
Pr3Ge;,Sgl. If the RE atoms are assumed to be the only contribution to the
effective magnetic moment, according to pesr = (3u&g)'/2, the values of
ugg are 2.60(1) pp/Ce for CesGeySgl and 3.63(1) up/Pr for Pr3GesSgl, in
good agreement with the theoretical free-ion values of 2.54 ug for Ce>"
and 3.58 yg for Pr¥t. The paramagnetic Weiss constants are 0(1) K for
Ce3GeySgl and 9(1) K for Pr3GeySgl, implying little to no magnetic
coupling of the RE atoms, which are quite far apart (4.5A) from each
other. In comparison, Ce3SizSgl also follows the Curie-Weiss law with
Hett = 2.45(2) up/Ce and 6, = —4.7(3) K [12].

4. Conclusions

The Ge-substituted analogues of RE3SiSgl (RE = La-Nd, Sm, Tb) have
been successfully prepared, but the range of RE substitution is even more
limited to just the largest components, RE3GesSgl (RE =La-Pr). The
structures can be viewed as consisting of isolated [GeS4]‘L units in
combination with monoatomic RE>* and I~ ions. Preliminary experi-
ments in which powders of these samples are exposed to a handheld UV
light source showed no visibly detectable luminescence.
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4. Summary and Outlook

This work focusses on fabrication and characterization of new functional inorganic
materials. In particular single-phased crystals or phosphorus-based compounds and
TiO2 nanotube hybrid materials, which exhibit great light harvesting application potential
are investigated. Three single-phased quaternary sulfide iodides were found and ana-
lyzed for possible optoelectronic utilization. Hybrid materials, through heterojunction gen-
eration of TiO2> nanotube arrays together with low-cost phosphorus allotropes and poly-
phosphides were manufactured and studied in regard to their photocatalytic activity.

TiO2 nanotube arrays are commercially used in photovoltaics, photodetectors, sen-
sors. Key drawbacks are addressed when shifting the absorption spectra more towards
solar radiation and delaying charge carrier recombination. In this way its potential in vis-
ible-light-driven photocatalytic applications can be maximized in an easy approach via
short way gas-phase transport reaction was accomplished. Successful decoration and
infiltration of TiO2 nanotubes with nanostructured phosphorus allotropes (fibrous red P,
black P), binary and ternary polyphosphides (NaPz, SnlIP, (Cul)sP12) without material
degradation was achieved. Elemental phosphorus deposition on the nanotube surface
was accomplished with less effort than using binary and ternary compounds. The order
of deposition is fibrous red P>black P>NaP7>SnIP>(Cul)sP12. Photo-electrochemical in-
vestigation in water splitting experiments revealed overall enhanced photoconversion
efficiencies of the hybrid materials compared to pristine TiO.. Filling of phosphorus and
polyphosphides into TiO2 nanotubes was determined for NaP;@TiO: all along the tubes.
Moreover, NaP-@TiO. showed 50% decoration of the array surfaces and full surface
decoration was found for fibrous red P@TiO.. However, the filling and decoration grade
of the nanotube arrays are not directly correlated to their photocatalytic activities as they
showed performance in the order of SNIP@TiO2> (Cul)sP12@TiO2> NaP-@TiO2> fibrous
red P@TiO2> black P@TiOz. A crucial artificial Z-scheme junction formation was con-
firmed for all hybrid samples. Detailed energy level diagrams were constructed, illustrat-
ing efficient absorption of visible photons due to better charge carrier separation. Lowest
double layer (Helmholtz) capacitance values were observed, resulting in a wider deple-
tion layer at the SnIP-TiO: interface.

The hybrid materials are promising candidates as photocatalyst for future optoelec-
tronic applications. An additional improvement in the field of water splitting can be real-
ized by optimizing the semiconductor-electrolyte interface to an islands-like heterostruc-
ture, covering the TiO> surface only partially. As previously reported by Godart et al.,
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metallic islands photoelectrochemically deposited onto p-InSe in sizes <0.5 um lead to
an increase of photogenerated hydrogen.®* Applying a solvothermal synthesis route, by
generating the respective nanofibers and -layers under reduced temperature and pres-
sure on ultrasonicated TiO2 nanotubes in a suitable solvent should be studied to further
enhance the hybrid materials’ photocatalytic performance. Thus, a selective growth on
the nanotube surface forming a heterojunction at the interfaces could be achieved.

Chalcogenide halides were first classified with the aid of mathematical models in
terms of their estimated optical properties. Therefore, data collection and building of in-
house selection routines served as systematical approach. Three new rare-earth chal-
cogenidehalide REsGe2Ssl (RE = La, Ce, Pr) were successfully prepared and investi-
gated in terms of structure, optical band gap and magnetic properties. The quaternary
mixed-anion compounds crystalize in the Las(SiO4)2Cl structure type, in space group
C2/c. An experimental optical band gap of LasGe2Ssl was determined to be 3.1 eV
(400 nm). Measurements on magnetic susceptibility for paramagnetic CesGe»Sgl and
PrsGe2>Sgl demonstrated Curie-Weiss behavior.

Future substitution experiments of iodine by chlorine and bromine could broaden the
gap between 4f and 5d energy levels (Cl < Br < I) and may therefore play a role to im-
prove these compounds as photovoltaic material. On the basis of estimated room-tem-
perature luminescence, further research should be conducted to clarify whether they can
be used in lighting and display applications, amplifiers, optical fibers or in electrolumi-

nescent devices.
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Appendix

List of Figures

1. A) View on pristine nature in Jasper, Canada. B) Photovoltaic installation in Garching,
Germany. C) Urban farming LED system for location-independent vegetable and fruit

cultivation.
1.1-1. Schematic illustration of a dye-sensitized solar cell.

1.1-2. Left side: Schematic representation of a photoelectrochemical cell consisting of
semiconductor photoanode and metal cathode. Right side: Corresponding oxidation and
reduction reaction generating Oz and H: in the electrolyte during light illumination.

1.1-3. PEC cell with n-type semiconductor photoanode and metal cathode under equilib-
rium and illumination of light with splitting of Fermi levels to quasi-Fermi levels for charge
carrier transport through semiconductor-electrolyte interface for water oxidation reac-

tions.

1.2. A p/n-Heterojunction semiconductor heterostructure with space charge region after
depletion of majority carriers resulting in electron-flow from n- to p-type material and
holes from p- to n-type. Referring vacuum level is highlighted as green line.

1.3-1. Energy levels for one atom and energy level transitions to a molecule consisting

of two, three up to 102® atoms in a molecule.

1.3-2. Electronic energy states of a molecule, discrete energy levels in semiconductor
nanocrystals and quasi-continuous energy levels in a bulk semiconductor with energy Eq

for electronic excitation.

1.3-3. Electron density distribution for quantum levels 1,2 and 3 considering a metallic
nanoparticle as 'particle in a box'. There is zero probability of finding an electron outside
the particle of an insulator, regardless of the quantum level, whereas in a metallic nano-
particle, surrounded by electrons, an electron can be located at a space outside the par-
ticle through tunneling effects. Dispersion relations and density of sub-band states of a
quasi-one-dimensional quasi-1D-nanofiber considered as a rectangular box, describing

a parabolic in-plane dispersion.
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1.3-4. Crystal structure sections of A) SnIP and B) (Cul)sP12 with two representative
strands, C) NaP- with representative Na-coordinated polyphosphide substructure, D) fi-
brous red P and E) black P.

1.4-1. Left side: Chemical vapor transport of phosphorus and polyphosphides (pink pel-
let) onto and into TiO2 nanotube arrays through gas-phase with starting materials. Right
side: Schematic illustration of interpenetrating heterostructure (nanomaterials in pink) in
outer TiO2 nanotube arrays. Yellow narrows indicate lateral migration of excitons gener-

ated in semiconducting nanomaterials.

2.2-1. Experimental setup of TiO2 nanotube array anodization, with two Ti-foils used as
anode and cathode with benchtop power supply (DC MPJA POWER SUPPLY 9312-PS) for
anodization at 60 V in an electrolyte containing 97:3 v/v ethylene glycol and deionized
water (0.03 wt-% NH4F).

2.2-2: Samples after gas-phase transport reaction growth of A) nanofibers of (Cul)sP12
and B) hybrid materials of black P (deposition marked as white narrows) onto TiO2 nano-

tube membranes (grey membranes marked within yellow boxes).

List of Tables

2.1. Specification of reactants and precursors used for synthesis steps in this work.

3.3. Unit cell parameters of REsGezSsl (RE = La, Ce, Pr).
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