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46 ABSTRACT. Recent evidence of exponential environmental degradation will demand a drastic
48 shift in research and development towards exploiting alternative energy resources such as solar
50 energy. Here, we report the successful low-cost and easily accessible synthesis of hybrid
semiconductor@TiO2 nanotube photocatalysts. In order to realize its maximum potential in

55 harvesting photons in the visible light range, TiO> nanotubes have been loaded with earth
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abundant, low band gap fibrous red P and black P. SEM-, STEM-EDS, XRD, Raman spectroscopy,
XPS 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 nanotubes.
The nanotubular morphology of titania and a vapor transport technique is utilized to form
heterojunctions of P and TiO>. Compared to pristine anatase 3.2 eV-TiO2 nanotubes, the creation
of heterojunctions in the hybrid material resulted in 1.5-2.1eV photoelectrocatalysts. An
enhanced photoelectrochemical water splitting performance under visible light compared with the
individual components resulted for the phosphorus@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 to
elucidate the charge separation mechanism. A Fermi level alignment in phosphorus@TiO:
heterojunctions leads to a more reductive flat band potential and a deeper valence band compared
to pristine phosphorus, and thus facilitate better water splitting performance. Our results
demonstrate effective conversion efficiencies for the nanostructured hybrids that may enable future
applications in  optoelectronic applications such as photodetectors, photovoltaics,

photoelectrochemical catalysts and sensors.

INTRODUCTION

Limited reserves of carbon-emitting fossil fuels and their associated negative
environmental impact have triggered research to find alternative self-sustainable
technologies. Sunlight driven water splitting to generate hydrogen fuels is a promising

approach as an alternate energy technology. However, photo-splitting of water to generate
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hydrogen is unfavorable due to a high positive Gibbs free energy change (+237 kJ mol ™),
and the 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. BiVOs4, WO3, Fe>O3, MoSy,
Co0, g-C3N4, CdS, Gai-xZnxN1-xOx, SnS; and SrTiO3 etc.’ However, meeting the broad
range of required properties in one single material to actuate water splitting remains a
challenge; such properties include visible light absorptivity, long lived charge carriers, high
guantum efficiency, electrochemical resiliency, low-cost and non-toxicity with
appropriateness of conduction (<0.00 V vs NHE) and valence band edges (>1.23 V vs
NHE) for electron transfer and formation of hydrogen (reduction) and oxygen from water
(oxidation) respectively. TiO2, which meets many of the aforementioned requirements,
nevertheless suffers from poor visible light absorption and fast recombination of
photogenerated charge carriers. Band structure manipulation of TiO2 via approaches such
as doping, sensitization, heterojunction formation etc. and morphological engineering are
enticing approaches to improve the quantum efficiency.® One dimensional TiO;
nanostructures like nanorods, nanotubes, nanocones etc. are particularly interesting due to
their large accessible surface area, vectorial charge transport pathways and a carrier
retrieval length comparable to the smallest dimension of the nanostructure. Thus, they have
emerged as excellent candidates for heterojunction formation with low band gap
semiconductors.*?’

Low-cost TiO2 nanotube layers fabricated via electrochemical anodization present varied

applications in photocatalytic, photovoltaic and optoelectronic sensing devices.!®?° By
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maximizing the specific surface area from bulk to nanoparticulate TiO», improvement of in
photoelectrochemical water splitting performance using solar light can be achieved.?! To
broaden the application spectrum and overcome key drawbacks of TiO2 nanotubes, our
intention is band gap engineering and semiconductor/electrolyte contact optimization,
which play a major role in efficient photocatalytic water splitting.?222 Therefore, we utilize
a hybrid system of semiconductor materials between highly ordered self-organized TiO>
nanotube membranes and inexpensive phosphorus allotropes, 1D fibrous red P and 2D
black P, which leads to higher efficiency composite photocatalysts. As-prepared hollow
nano-sized cylinders of TiO2 nanotubes, were formed by electrochemical, field aided, three-
step anodization of Ti films or foils in electrolytes containing F/I/CIOs ions. Both
phosphorus allotropes were deposited via low pressure chemical vapor deposition.?*2> In
order to prevent the semiconductor-semiconductor 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, desirable
growth of phosphorus 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 TiOz in
the UV range at 3.2 eV limits light absorption to only < 5 % of the solar spectrum.?® To
exploit the solar spectrum much better, heterojunction systems with two phosphorus
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, owing a direct bandgap 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?/Vs.2’-?° Fibrous red P is being investigated

regarding its potential as water splitting agent and black P as field effect transistor,
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photodetector and sensor.2>32 In a heterojunction system, the photogenerated carrier
mechanism can induce the formation of a built-in potential (Vbi) and hinder electron hole
pair recombination.33=3¢ The dense hybrid structure supports 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, owing to a high aspect ratio, which ensures efficient photon
harvesting, orthogonalized processes of charge separation and light absorption, and
improved light trapping by Mie scattering.3"-*® Modification of TiO, nanotubes has been
approached by decoration of surfaces with noble metal nanoparticles, such as Au, Ag, and
Pt. A solid interface occurs, where a Schottky-contact is formed that is less preferable than
a p/n-semiconductor contact in terms of charge carrier recombination loss.?® 38 40-41
Recently, desired Z-scheme junction formation has been successfully carried out with CdS,
0-C3N4, Mo0S2, Znln,S4, Fe20s3, halide perovskites etc. for use in extensive photocatalytic
applications such as CO» photoreduction, 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.

RESULTS AND DISCUSSION

This section is divided into two main chapters: Structural characterization of fibrous red P-
and black P deposited into and onto the TiO2 nanotube arrays and the photocatalytic activity
of the phosphorus allotrope@TiO2 hybrid materials. Spectroscopic (XPS studies in

Supporting information, UV-vis and Raman) and diffraction experiments (XRD as
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Supporting Information) were applied to characterize the bare and hybrid materials. A brief
photo-electrocatalytic investigation, of the phosphorus allotrope@TiO> hybrid materials
contains the full electrochemical characterization including a plausible mechanism for the

water splitting activity of the title compounds.

Structural Characterization of phosphorus allotrope@TiO2 nanotube hybrids

In order to fabricate hybrid semiconducting materials, we succeeded in filling the anatase-
type TiO2 nanotubes with fibrous red phosphorus and black phosphorus using a short-way
transport reaction (Figure 1, experimental details are given in the Supporting Information).
This reaction is adapted from the so-called mineralization-principle used for the synthesis
of a plethora of phosphorus containing compounds, as in fibrous P solely, binary and

ternary phosphorus compounds like NaP; and SnIP.4850

‘----*
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Figure 1. a) Here, fibrous phosphorus (purple pellet) is reacted onto and into TiO2 nanotube membranes (pink).
b) Representative SEM pictures of the electrochemically-prepared TiO, nanotube membranes used in a mineralizer-

driven short-way transport reaction in bottom side view, c) top side view, d) side view.

The TiO2 nanotube structure could be preserved after deposition of the phosphorus

allotropes via thermal treatment during the transport reactions.

Fibrous red P@TiO2 nanotubes. The mineralization method can be applied to prepare element

allotropes, binary compounds and ternary compounds. An example is the successful deposition
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of fibrous red P onto and into TiO2 nanotube membranes via gas phase as shown in Figure
2. Pure fibrous P exhibits photocatalytic activity and has potential for water splitting
applications.?° Fibrous red P has been formed everywhere on the TiO2 nanotube membrane
(see Figure 2b). Noticeably, fibrous P is distributed on the whole surface of the membranes
as SEM-EDS measurements exhibited in Figure 2c, d, and Table S1. According to powder
X-ray diffraction data, the growth of fibrous red P on top of the TiO. nanotube membranes

was confirmed (Figure S1).

Figure 2. a) Crystal structure of fibrous red P. b) A TiO, nanotube membrane covered with fibrous red P after reaction
via gas phase. ¢) and d) SEM images of the cross section and surface of fibrous P@TiO2 nanotube membranes. Fibrous
P covering the surface of the membrane. EDS of the cross section show phosphorus all along the nanotubes (Table
S1).

STEM images taken after separation of the TiO2 nanotubes by an ultrasonication process

show a ranged bundle of nanotubes with a diameter of ~90-100 nm. Elemental mapping

confirms Ti, O and P with a distribution of P along the full tube lengths (see Figure 3).
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| o

Figure 3. a) STEM bright-field image of TiO, nanotubes separated from a membrane by an ultrasonication procedure.

b) Elemental mapping of overlaid elements Ti, O and P. ¢) and d) Ti and O of the TiO, nanotubes, with ) P distributed

along the full length of the tubes.

A successful growth of the fibrous red P structure up to a certain depth into the TiO>
nanotube arrays can be verified via Raman measurements. Therefore, TiO2 nanotube
membranes were cut along the cross section after chemical vapour deposition of fibrous
red P and imaging at specific spots from the surface of a TiO2 nanotube array downwards
along a vertical line was acquired. The laser has a standard mode spot size of 1.5 micron
(at 50x magnification). Raman spectra were recorded at several spots along the 65 pum 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 ©'m in distance to the
surface from top side and 15 1/m in distance to the surface from 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 show the expected modes for pure anatase and the additional
characteristic modes of fibrous P up to 15 pum recorded from the top side of the nanotube
array and 15 pm from the bottom side (see Figure 4). A reduction of crystallinity of fibrous

red P as going deeper into the tubes can be observed.
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Figure 4. Raman spectroscopy on fibrous red P@TiO, membranes. From top to down: Reference Raman spectrum of

fibrous red P, spectra of a fibrous red P@TiO, membrane cross section measured at approx. 5, 15 and 20 um in
distance to the surface (membrane-top side), at approx. 5, 10 and 15 pum in distance to the surface (membrane-bottom

side) and a blank TiO, membrane (anatase, brown).

After successful growth of fibrous red phosphorus onto and into TiO2 nanotube arrays was
demonstrated via Powder X-ray diffraction, SEM-EDS, Raman spectroscopy and STEM-
EDS analysis. A growth of partially crystalline fibrous P into the membrane was realized,

whereas nicely crystalized fibrous P was found at the surface of the membranes.

Black P@TiO2 nanotubes. A similar successful gas-phase deposition has been performed
with black P, another element allotrope of phosphorus. Black P is characterized by a
structure (No. of neighboured phosphorus layers) dependent band gap value covering a
wide range of the electromagnetic spectrum.®* Thus, black phosphorus has potential in
applications such as field-effect transistors, p-n junctions, photodetectors etc.>> This

orthorhombic allotrope of phosphorus crystallizes in space group Cmca (crystal structure
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in Figure 5a), shows a high carrier mobility and in-plane anisotropy, playing a role in
hydrogen and oxygen generation in photocatalytic water-splitting.>> Moreover, a
broadening of the absorption fraction towards the visible light range of 3.2 eVV-TiO; anatase
can be provided by a heterojunction formation with the narrow band gap semiconductor
black P. Dependent on the number of neighbouring 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 existing narrow band gap water-splitting photocatalysts
Is affected by photocorrosion, which results from chemical bond strength of the given
system.> This fact can be avoided by fabrication of a heterojunction hybrid system between
black P and TiO2 nanotube arrays, where the chemical bond strength of the bulk material
(TiO2 anatase) will remain and only an alignment of Fermi levels between the materials
during charge carrier transport reactions within the hybrid occurs.? A visual deposition of
characteristic flat metallic coloured needles, spreading out gradually on the TiO2 nanotube
membranes (reversed side) can be seen in Figure 5b. A SEM image in Figure5b shows the
successful deposition of a thick black P layer covering the surface of this cut cross section
part of a TiO2 nanotube membrane. The second SEM image in Figure 5d is displaying a
gradual growth of small horizontally aligned black P crystals in between the two arrows,
which is confirmed by EDX-measurements (Table S2). A reason of this unusual growth
can be the unique 2D structure of black P. Powder X-ray diffraction data, can confirm the

formation of black P on top of the TiO> nanotube arrays (Figure S3).
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19 Figure 5. a) Crystal structure of black P. b) TiO, nanotube membranes with black P needles on front and backside
21 after reaction via gas phase. ¢) and d) SEM images of cross section and covered surface of black P@TiO, nanotube
23 membranes. Visible horizontal growth along vertical tube axis between white arrows. EDS of the cross section show

25 phosphorus all along the nanotubes.

28 After separation of the TiO2 nanotubes in an ultrasonication process, STEM imaging
30 displays a singular tube with the width of ~150 nm. Phosphorus was detected inside the
32 tube besides Ti from the TiO2, membrane after elemental mapping. Furthermore, analysis
of Sn and | inside the tubes was carried out due to the fact that Snls was used during the
37 transport reaction during synthesis. The formation of SnIP, as possible side product in such

39 a transport reaction was ruled out (see Figure 6).°

47 v Overlap

e

54 Figure 6. a) STEM bright-field image of TiO nanotubes separated from a membrane by an ultrasonication procedure.

56 b) Elemental mapping of overlaid elements Ti (representing TiO2), P, Sn and I. ¢) Ti and d) P substantiating P

60 ACS Paragon Plus Environment
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distributed along the full length of a TiO2 nanotube with ) Sn and f) I coming from the mineralizer is only present in

small amounts.

To verify the successful growth of black P into TiO2 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 cm™, 436 cm™ and 464 cm™ next to anatase with a characteristic
mode at 145 cm can be confirmed. A gradual change is detectable, when pointing the laser
down to a depth of 7 um into the nanotubes, were black P next to anatase (main phase) still
can be confirmed, see Figure 7. The crystallinity of the black P phase remains unchanged,
In comparison to Raman imaging of fibrous red P@TiO2 nanotubes. This is an additional

proof of the assumption of distinct P-needles in the SEM image in Figure 5d.

=3 um/ top side
——T_
’\ w5 um/ top side

7 um/ top side

L —TiO, anatase
]

100 200 300 400 500 600 700
Raman shift (cm™)
Figure 7. Raman spectroscopy on black P@TiO, membranes. From top to down: Reference Raman spectrum of black

black P

top side

Intensity (a.u.)

P, spectra of a black P@TiO, membrane cross section measured at the surface and approx. 3, 5, and 7 um in distance

to the surface (membrane-top side), and a fresh TiO, membrane (anatase, brown).
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XPS Spectroscopy. The characterization of surface composition, binding energies and
oxidation states of fibrous red P and black P next to blank TiO2 samples, hybrid fibrous red
P@TiO. and black P@TiO. were investigated via high resolution-XPS studies. The
heterostructure systems reveal consistent oxidation states along with the pure samples. A
shift of binding energies in the O1s region of fibrous red P@TiO2 and black P@TiO>
compared to pristine TiO2 can be primarily attributed to a formation of P-O bonds in the

heterostructure system (Figure S5 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 TiO2 with a band tailing up to 380 nm arises from O2p—>Ti3d transition of
electrons demonstrating valence band to conduction band transition. The absorption
spectrum of fibrous red P show a broad absorption band extending to the visible range.
Fibrous red P deposited on wide bandgap TiO2 shows improved absorption in visible region
due to presence of moderate bandgap fibrous red P. The UV-Vis spectrum of black P shows
three absorption bands at 315, 374 and 438 nm with broadening of absorption bands in the
IR region. This is in line with findings in the published literature.>*> After deposition of
black P on TiO2 nanotubes, the visible light and IR absorption range was increased which
demonstrates better visible light response of samples.

Visible light absorption of the samples was investigated in detail using Tauc plots, by
plotting a graph between (aiv)"? vs hv followed by extrapolation of a linear tangent to the
X-axis; where a is the absorption coefficient, / is the plank 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 TiO2, 1.97 eV for fibrous red P, 2.1 eV for fibrous red P@TiO, 1.67 eV
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for black P and 1.54 eV for black P@TiO, respectively which were in close agreement with
reported values and clearly demonstrate absorption in the visible region by the

heterojunction hybrids (Figure S4).

Photocatalytic activity of phosphorus allotrope@TiO2 nanotube hybrids

The performance in photo-electrochemical water splitting of all compounds was tested
using a three-electrode system. In this setup, the specimens, deposited on FTO, formed the
anode (working electrode) while Pt and Ag/AgCl were used as cathode (counter electrode)
and reference electrode respectively. The photoanode was irradiated with AM1.5 G
simulated sunlight with a power density of 200 mW cm (one sun) at the sample surface.
The current density in mA cm2 was measured using linear sweep voltammetry (LSV) by
sweeping the applied voltage from -0.1 V to +0.8 V vs Ag/AgCl at a scan rate of 0.1 V s,
To compare the photo response, dark current was also measured. The photocurrent response
during light On-Off cycles shows a rise and drop in photocurrent which substantiates the
photogeneration of charge carriers in the samples under light irradiation (Figure 8a and b).
The photocurrent densities for TiO2, fibrous red P, fibrous red P@TiO2, black P and black
P@TIiO2, at 0.6 V vs Ag/AgCI (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
condition, negligible current was observed. The photocurrent densities of pristine black P,
bare TiO2 and pristine fibrous red P were almost identical due to poor carrier separation in
phosphorus and the lack of visible light absorption in TiO». Further, black P@TiO2 does
not show a noticeable increase in 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 PxOy which was evident in XPS data (Figure S5). Interestingly, the fibrous
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red P@TiO2-hybrid exhibited a relatively high photocurrent density (0.60 mA cm2)
suggesting successful formation of heterojunction and better charge transfer between
fibrous red P to TiO> (Figure 8a). The viability of the photocatalytic system to perform
under visible light was tested by irradiating the specimens with 425 nm LED light and a
power density of 54.15 mA cm2. The increase in photocurrent under 425 nm irradiation
clearly demonstrates the applicability of the system to perform at longer wavelengths
(Figure S7). The highest applied bias photon-to-current efficiency percentage (ABPE%,
calculation details are given in the Supporting Information) was found for fibrous red
P@TiO2 nanohybrid which was approximately 3.5 times higher than for TiO2 and pristine
fibrous red P which demonstrates that heterojunction formation with TiO increases the

photo-electrocatalytic performance significantly (Figure 8d).>¢>’
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Figure 8. a), b) and Linear sweep voltammogram of TiO,, fibrous red P, fibrous red P@TiO,, black P, black P@TiO»,
under dark condition, and under 1 solar simulated AM1.5 G light irradiation (100 mW cm-?) showing photo response
during On-Off and c) standard mode cycling. d) ABPE % vs RHE plot under AM1.5G light irradiation
(100 mW cm?) Color: TiO2 under dark (black), TiO, under AM1.5 G (black), fibrous red P (red), fibrous red P@TiO2

(brown), black P (blue) and black P@TiO2 (light blue).
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The band edge energies with respect to vacuum level of all samples were determined from
work function (WF) and valence band (VB) spectra acquired using ultraviolet
photoelectron spectroscopy (UPS) (Figure 9). The WF was calculated by subtracting the
energy of emitted secondary electrons (Ecut-off) from the energy of incident UV light (He
laser: 21.21 eV) using the following expression WF (®) = 21.21-Ecutofr. The extrapolation
of the linear region of the WF spectrum on X and Y scale and their point of intersection
gave the value of the cut-off energy. The Ecut-off €nergies of TiOz, fibrous red P@TiO3, and
black P@TiO2 were found to be 16.40, 16.24 and 16.11 eV respectively. Hence, the values
of WF were calculated to be 4.81, 4.97 and 5.10 eV (Figure 9a and c and insets). The
increase of WF value demonstrates depletion region formation with concomitant band
bending at the solid-state hetero-interface which leads to deepening of the Fermi level of
TiO2 in P@TIiO2 hybrids. Additionally, the valence band maximum (VBmax) Vvalues
calculated via linear extrapolation of the leading edges of UPS valence band spectra for
fibrous red P, fibrous red P@TiO2 black P and black P@TiO2, were found to be 0.82, 1.49
1.41 and 1.45 eV below the Fermi level. The small difference between Fermi level and
valence band (Er — Evemax) for fibrous red P (0.82 eV) and black P (1.41 eV) reveals, that
the Fermi level was close to VBmax and the samples were moderately p-type. Further, XPS
valence band spectra of TiO2 gave the value of VBmax to be 3.15 eV below the Fermi level
(Figure S4) The increase in VBmax in black P@TiO2 and fibrous red P@TiO2 implies
slightly uplifted Fermi level of phosphorus in the heterojunction during Fermi level
alignment and band bending (Figure 10). From WF and VBmax results, it can be concluded

that heterojunction formation between phosphorus and TiO> was facilitated by upward band
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bending in TiO2 and downward band bending in phosphorus allotropes (black P and fibrous

red P) as expected for a p-n heterojunction.

o
o

o
j=—=Fibrous red P@'ﬂz

==Fibrous red P
= Flbrous red PETIO;

Ecut-oft

\;.40 o

16240V

Intensity {a.u.)

1%

Intensity (a.u.)
Intensity (a.u.)

16 " 1%
Binding Enengy (V)

E,

cut-off 1.49 eV
? o VBmax
0 5 10 15 20 0 1 2 3
c Binding Energy (eV) d Binding Energy (eV)
—Ti%g ——BlackP
==Elack P@TIOz Black P@TIOy
= —_
o _:; VBmax
2 = 1.45ev
g F
2 H N
E o
- 5 E [ by W
Ecut-off 1.41 eV
0 5 10 15 20 0 1 2
Binding Energy (eV) Binding Energy (eV)

Figure 9. UPS work function spectra of a) TiO; and fibrous red P@TiO, and ¢) TiO, and black P@TiO, and Inset
showing cut-off energy (Ecutofr). The value of Work function (WF) was determined from the UPS work function
spectra by using the equation WF (®) = 21.21 — Ecutofr, Where 21.21 eV is the energy of the incident He laser used for
UPS. UPS valence band spectra of b) Fibrous red P and fibrous red P@TiO,, and d) black P and black P@TiO Color:

TiO; (black), fibrous red P (red), fibrous red P@TiO: (purple), black P (blue) and black P@TiO: (light blue).
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Figure 10. Energy level diagrams illustrating plausible charge separation mechanism in phosphorus allotrope@TiO2

Plausible mechanism

The water splitting process proceeds via 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 conduction band CB of
semiconductors move toward the Pt-cathode where they reduce protons while holes in the
valence band VB of the semiconductors oxidize water to produce oxygen at the anode.
Wide band gap (>1.23eV) and aligned position of conduction and valence band
(CB<0.00 eV and VB>+1.23 eV vs NHE at pH-0) are required to achieve proton reduction
and water oxidation, respectively. TiO>2 has a large band gap and electron hole pairs can

only be produced under UV-irradiation which demonstrates the origin of very small
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photocurrent density in LSV. However, from DR UV-Vis the 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 band gap of TiO2> might be
explained due to a presence of few Ti*" defects, oxygen vacancy and trap sites. Moreover
because of the low band gaps of pristine black P and fibrous red P, generating sufficient
reductive and oxidative electron and holes to facilitate 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 TiO2. The heterojunction formation leads to
Fermi level alignment. During Fermi level alignment electrons flow from one
semiconductor to another which equilibrates 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 S8b), and found to be -
0.70, -0.37 and-0.56 V vs Ag/AgCl (-4.00, -4.14, -4.33 eV on Eyac. scale). This indicates an
electron transfer from TiO. to black P or fibrous red P, respectively during Fermi level
alignment. After hybrid heterojunction formation and reaching equilibrium, the position of
flat band potential of fibrous red P@TiO2 and black P@TiO2 was found to be -0.54 and -
0.66 V vs Ag/AgCI (-4.16 and -4.04 eV at Evac scale) (Figure 10). The down-shifting of flat
band potential of TiO2 in hybrid systems suggest downward band bending of the conduction
band edge of fibrous red and black P while upward band bending in TiO2 occurs. This
clearly demonstrate formation of p-n type heterojunction between phosphorus allotropes
and TiO2. These observations were also supported by WF values (position of Fermi level

in vacuum) where WF of TiO2 changed from 4.97 vs vacuum in fibrous red P@TiO while
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4.81t05.10 eV in black P@TiO: (Figure 10). The increase in WF value in hybrid materials
demonstrates lower shifting of the Fermi level which agrees well with heterojunction
formation.

Additionally, a deeper VBmax in hybrid phosphorus allotrope@TiO2 compounds than in
pristine phosphorus allotropes suggest successful formation of heterojunction and
generation of more oxidative holes to facilitate water splitting. Based on above findings we
have sketched a band structure diagram of the hybrid materials which demonstrates that
more efficient water splitting was possible due to p-n heterojunction formation and better
charge separation, Figure 10). Further, Nyquist plots demonstrate that charge transfer
resistance and charge transport resistance of hybrids were lower in comparison to pristine
TiO2 which suggest better charge transfer and transport in hybrid materials (Figure S8).
The cavities of the TiO2 nanotube membranes are evidently filled with visible light
absorbing phosphorus allotropes. Thus, generated electron hole pairs can be transferred to
TiO. Due to a short path distance and TiO. exhibiting a high carrier mobility, carrier
recombination can be prevented and a fast transit of the charge carriers towards the

semiconductor-electrolyte interface is enabled.

CONCLUSION

Hybrid heterojunction systems for optoelectronic applications were designed, fabricated,
characterized and tested. The so-called mineralization principle for short way gas phase
transport of solids was performed to grow semiconductors on TiO2> nanotube arrays.
Fibrous red phosphorus and black phosphorus were successfully deposited onto and into

electrochemically produced TiO2> nanotube membranes. The formation of hybrid
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nanostructures was analysed with several spectroscopic and diffraction methods such as
XRD, EDX-analysis, STEM analysis, Raman spectroscopy, UV-vis- and XPS analysis. The
effectiveness of the vapor transport was verified through SEM, STEM, elemental mapping
of surface and cross section of nanohybrids, showing a deposition of the materials inside
the tubes.

Raman spectra 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 pum (65 pm in length) and black P
up to 7 um into the nanotubes (60 um in length). The fibrous red P@TiO2 and black P@TiO-
hybrid materials displayed improved photoelectrochemical performance for water splitting in the
visible light regime due to successful p-n heterojunction formation. UPS WF spectra demonstrate
band alignment, the Fermi level of TiO. gets downshifted while an upshift was observed for the
phosphorous allotropes during heterojunction formation. This formation enables a carrier
transportation from the VB of downshifted TiO> to phosphorus allotropes resulting in a
successful oxidation in water splitting. At the same time, Mott-Schottky plots corroborate the
occurrence of more reductive flat bands in hybrid phosphorus allotrope@TiO2 materials which
facilitate effective reduction of hydrogen. The increased charge carrier mobility, lower charge
transfer resistance, and lower charge transport resistance of such hybrid materials leads to better

charge separation and improved photoelectrochemical performance.

Supporting Information. Experimental details on synthesis, physicochemical and
photoelectrochemical characterization. Additional characterization on Powder-XRD, Raman
analysis, EDS analysis, DRS UV-Vis, HR-XPS, photocurrent density, EIS characterization and

Nyquist plots, Mott-Schottky plots, XPS valence band spectra.
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