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Abstract

Water splitting has been recognized as a promising solution to challenges associated
with the intermittent nature of solar energy for over four decades. A great deal of
research has been done to develop high efficient and cost-effective catalysts for this
process. Among which tantalum nitride (Ta3Ns) has been considered as a promising
candidate to serve as a good catalyst for solar water splitting based on its suitable band
structure, chemical stability and high theoretical efficiency. However, this
semiconductor is suffered from its special self-oxidation problem under
photoelectrochemical water splitting conditions. Several key unique properties of
graphitic carbon nitride (g-C3N4) render it an ideal choice for the protection of Ta3zNs.
In this work, TasNs/g-C3N4 hybrid photoanode was successfully synthesized. After
addition of co-catalyst, the solar water splitting performance of this hybrid photoanode
was enhanced. And this protection method could also act as a potential general

protection strategy for other unstable semiconductors.
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Chapter 1: Introduction

Solar energy is a clean and abundant source of energy available over the entire planet.
The capture of solar energy and its conversion to storable chemical fuel by
photoelectrochemical (PEC) systems provides a promising route to overcoming the
current global reliance on fossil fuels.'* Since the work done by Fujishima and Honda
in 1972, a great deal of research efforts has been inspired to realize this dream that is
often referred to as artificial photosynthesis.”® However, challenges related to the
development of high performance photoanodes have long thwarted the practical
applications of water splitting devices. The field has come a long way since the initial
demonstration, and exciting progress has been made. In the past decades, the advance
of materials science and electrode fabrication technologies has expanded this area
greatly. As far as efficiencies are concerned, >12% has been demonstrated by several
different systems.”® The overall progress, however, has been frustratingly slow. PEC
water splitting still faces the problems of low efficiency, poor stability, and high cost.
Much effort has been devoted to energy band tuning and morphology control. To date,
water splitting as a practical solar energy harvesting technology remains unrealistic.
However, since there are no theoretical reasons why the process cannot be both efficient
and inexpensive, the slow progress intrigues the scientific community. After all, solar
water splitting may be the only technology that can meet our energy demand on the

terawatts scale in a solar energy-powered future in the long run.’

1.1 Tantalum Nitride as Photoanode for PEC Water Splitting

Suitable energy band positions, absorption of long wavelength light, efficient charge
separation and high catalytic activity are important properties for materials to be used
for water splitting.'” Metal nitrides or metal oxy-nitrides offer wider light adsorption
spectrum and better band position for solar water splitting, they have been extensively
studied among these years.!!!? As an n-type semiconductor, tantalum nitride (Ta3Ns)
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has recently emerged as a promising photoanode material. It features a direct band gap
of 2.1 eV with high light absorption coefficients (e.g., it absorbs >60% of photons at
A=500 nm within a thickness of 100 nm) which offers it the potential to be a good PEC

water splitting catalyst.!?

Moreover, the conduction and valence band edge positions as
measured by ultraviolet photoelectron spectroscopy (UPS) and Mott-Schottky plots
indicate that they can straddle the water splitting potentials, which predicts theoretical
photovoltages >1.23 V. '* Furthermore, near-theoretical-limit photocurrent density of
12.1 mA/cm? at 1.23 V vs. reversible hydrogen electrode for water oxidation has
already been reported, supporting that charge transport is not a limiting factor in
defining the performance TasNs.'> With all above, it is predicted that a solar-to-

hydrogen efficiency exceeding 10% is possible when Ta3zNs is coupled with a practical

SiNWs photocathode in a tandem solar water splitting configuration (Fig. 1b).
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Figure 1. (a) Current-voltage behavior for a photocathode and a photoanode. (b) Theoretical water
splitting efficiencies by various photoanode materials when coupled with experimental data of a not
yet optimized Si nanowires (SINWs) photocathode. The J-V curves of photoanodes were calculated
based on the Girtner equation. The SINWs data were obtained with simulated sunlight (AM 1.5;

A>600 nm only) in our lab.

However, two remaining critical issues still limit the practical performance of Ta3Ns.
First, the high photovoltage expected from TazNs has not been achieved. In fact, in most
of cases, more positive than 0.6 V vs. RHE of turn-on potential was obtained. The

expected turn-on based on the measured band edge and flatband positions should be



more negative than 0 V. Its poor stability is another issue that needs to be addressed.
For instance, the photoactivity of TasNs is completely suppressed within several

minutes of operations when it was under no protection.!®!”

1.2 Graphitic Carbon Nitride (g-CsN4) as Protection Layer for TazNs

Several key unique properties of g-C3N4 render it an ideal choice for the protection of
Tas;Ns. As a two-dimensional (2D) material, g- C3N4 is convenient to prepare. By the
decomposition of C- and N-containing precursors at moderate temperatures, it can be
easily obtained.'® Band gap of graphene is highly affected by its thickness while g-
C3N; features a bandgap (~1.9-2.9 eV) regardless of its size.!” Furthermore, g- C3Na
has been shown to be a stable material that can survive the harsh reaction conditions of
water oxidation and reduction.?’ The stability of g- C3N4 under oxidizing conditions
may appear surprising since the majority of published works on this material focused
on studying its reduction properties. That fact that multiple groups have reported the
stability under different conditions in the past years strongly support that the stability
against oxidation is reproducible.?’! For this work, we are particularly attracted to the
following features offered by g- C3Na.

First, the 2D nature of g- C3N4 makes it possible to form a thin but uniform coverage
on a nanostructured photoelectrode surface. It has been shown, for example, that the
nanosheet of g- C3N4 can form a conformal contact with either planar or nanostructured
substrates.?? This property opens up the possibility of using g- C3Nj as a protection (or
passivation) layer.

Second, g-C3N4 has been shown as an effective water oxidation catalyst (WOC).?*2
For other well-known WOCs such as RuOz or NiFeOOH which showed a four electron
pathway for water oxidation, g-C3N4 proceeds through a 2-electron pathway to produce
H,0,.2*7 However the as-form H,O; also has a poisoning effect toward g-C3Ny itself.
A recent report offered a nice solution by adding H>O> decomposition catalysts which

helped recovering the activity of g-C3N4.?



Third, g-C3N4 was a nice WOC which contains no O element. Such a feature is a key
reason why we choose it for this study. Our recent study on TasNs as a promising
photoanode revealed that the surface N content would be easily replaced by O specis
during water oxidation and this phenomenon further killed the catalysts.'¢ It fulfills our
goal that TasNs will not undergo self-oxidation by removal of O species, and it may
possibly be used as general protection method of other non-oxide photoanode materials.
g-C3N4 provides a unique opportunity to test this hypothesis. With all special properties
mentioned above, g-C3Ny4 will potentially act as a dual-function layer for solar water
oxidation applications. We plan to apply it to TazNs and expect dramatic improvement

in terms of turn-on protential and stability.

1.3 Research Opportunities

A great deal research has been focused on TasNs due to its The potentiality and
challenges. Domen’s group applied a series of WOCs like IrO, and Co-Pi on TaszNs to
improve its stability. Although their catalyst can survive for over 100 min, the turn-on
potential was never improved.?’3! After this, they recognized the importance of the
turn-on potential and employed an Mg and Zr co-doping scheme, together with the
application of CoOx/FeOx WOCs, but only obtained a modest improvement to 0.55 V.3
To the best of our knowledge, the most important the question that what the true origins
for the two critical issues are has not been not been answered by these previous reports.
It still a critical issue for the unexpected high turn-on potential for TasNs.

The true reasons behind the key issues are often poorly understood. Issues
surrounding Ta3Ns offered a nice example of challenges encountered by most
researchers in water splitting field. In recognition of this deficiency, we recently
embarked on a detailed study to understand what limits the performance of Ta3Ns.
Using a combination of X-ray absorption spectroscopy (XAS), X-ray photoelectron
spectroscopy (XPS, including ambient pressure XPS) and PEC techniques, we
discovered that both the high turn-on potential and the poor stability of Ta;Ns are due

to severe Fermi level pinning as a result of surface N atom displacement by O during
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water oxidation. A quantitative correlation between the degree of surface oxidation
and the extent of surface Fermi level pinning was established (Fig. 2). The key
conclusion we drew from this body of research was that the performance of TasNs is
limited by a self-limiting surface oxidation process.'® We are therefore inspired to
hypothesize that low Von and good stability can be obtained on Ta;Ns by a non-oxide
coating. The coating has to be non-oxide because the presence of O is expected to
displace the N atoms and induce severe surface Fermi level pinning to compromise the

overall performance.
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Figure 2. The Evolution of TasNs Surface Energetics

Stage I: fresh TasNs free of H»O.

Stage II: TasNs with partial H>O adsorption due to exposure to ambient air.

Stage III: TazNs immersed in H>O.

Stage IV: Ta3Ns with surface oxides. The horizontal lines correspond to the surface Fermi-level
position of TazNs in stages [-IV.

Reproduced from Ref. 13.

Our hypothesis as stated above presents a unique system that features all desired
properties for solar water oxidation. By combining it with existing photocathodes (e.g.,
Si nanowires, SINWs), high-efficiency overall solar water splitting becomes possible

(Fig. 1b). Testing the hypothesis constitutes the major objective of this proposal. It is



highlighted that the resulting material, Ta;Ns/g-C3Ny is fundamentally different from
other high-efficiency solar water splitting systems such as p-n GaAs/GalnP> or the Si
triple junction in its simplicity and operation principles.® 3> While the other systems are
all based on buried junction photovoltaic modules, the Ta3Ns/g-C3Ns relies on the
photoelectrode/water interface to separate charges. It provides an opportunity to study

the fundamental principles of a PEC system.



Chapter 2: Experiment Section

2.1 Preparation of TazNs Nanotube (NTs) Photoelectrodes

The Ta3zNs NTs were synthesized through anodization of Ta foil to form tantalum oxide
NTs and subsequent post-annealing in NH3 to form tantalum nitride according to a
modified procedure reported previously.** For the anodization procedure, tantalum foil
(0.127 mm thick, Alfa Aesar) was first cut into pieces 4 cm? in size. Then, one side of
the Ta foil was roughened with sandpaper for about 10 min. After the roughening, the
Ta foil was cleaned by ultrasonication in acetone,methanol, isopropanol, and deionized
(DI) water and dried by flowing air. The electrolyte for anodization was made by mixing
38 mL of sulfuric acid (95-98%, Sigma-Aldrich), 0.4 mL of hydrofluoric acid (48%,
Sigma-Aldrich), and 1.6 mL of DI water with vigorous stirring during preparation. The
Ta foil was anodized with Pt gauze as the counter electrode at 60 V DC bias for 10 min
without stirring. After being thoroughly washed with ethanol and DI water, the as-
prepared tantalum oxide NTs were naturally dried in air. The conversion of oxide to
nitride was performed in a quartz-tube furnace (Lindberg/Blue M). The temperature
was raised from room temperature to 1,000 °C at the rate of 10 °C/min and held at 1,000
°C for 2 hr. After that, the furnace was naturally cooled down to room temperature.
Throughout the process, 75 sccm anhydrous NH3 flowed through the quartz tube, and
the pressure in the tube remained at 500 Torr. The TasNs sample was scratched on the
edge to expose the conductive Ta underneath. Tinned Cu wire was secured to the
exposed Ta substrate by Ag epoxy (M.G. Chemicals). Non-conductive hysol epoxy
(Loctite 615) was used to seal the sample, except for the exposed area for testing.

Typical electrodes were ~0.05 cm? in area.
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Scheme 1. Synthesis of Ta;Ns NTs
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2.2 Preparation of Cubic Ta3;Ns Photoelectrodes

Tantalum foils (0.127 mm thick, 99.95% purity, Alfa Aesar) were cut into 4 cm? pieces
and then one side was sanded with sand paper. By sonicating in acetone, isopropanol,
and ethanol, surface impurities were removed. Then it was rinsed with deionized water
and dried in air. Porous tantalum oxide films were formed by anodization in a solution
of 38 ml sulfuric acid (95-98%, Sigma-Aldrich), 0.4 mL of hydrofluoric acid (48%,
Sigma-Aldrich), and 1.6 mL of DI water at 60 V DC for 10 min. After anodization, the
porous tantalum oxide films were treated with NaOH solution to obtain NaTaO3 films.
Typically, 15 mL of 2 M NaOH solution was transferred into a Teflon-lined stainless-
steel autoclave. Porous tantalum oxide films were then immerged into the solution. The
autoclave was sealed and maintained at 200 °C for 24 h and allowed to cool down to
room temperature naturally. Finally, TasNs films were formed by nitriding the as-

prepared NaTaOs films in a quartz-tube furnace under NH; flow at 1,000 °C for 2 h.!”

Hydrothermal Nitridation
treatment
> —
_Bagy \ ~/ _ /4
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Scheme 2. Synthesis of cubic TasNs.

2.3 Synthesis of TazNs/polymeric g-C3sN4 Hybrid Photoanode

Bulk C3N4 was synthesized through the polymerization of urea (98 %, Sigma-Aldrich).



Typically, 10 g of urea was placed in a quartze-tube furnace. The temperature was
increased to 550 °C at the rate of 10 °C/min in a NH3 atmosphere and held at this
temperature for 3 h. After cooling to room temperature, the resulted light yellow bulk
C3N4 was collected. Then it was dispersed in isopropanol and sonicated for 1 hour to
get g-C3Ny solution. TasNs/polymeric g-C3Ns photoandoe was prepared by
electrophoresis method. Ta3zNs electrodes were used as working electrode, a Ta foil was
used as counter electrode. After immersing the TazNs into g-C3N4 isopropanol solution,
different potential was applied between working and counter electrodes for different

time. Then all the electrodes were washed thoroughly with DI water.

2.4 Deposition of Co-Pi, Co(OH);, NiFeOOH and CoNiFeOOH co-

catalysts.

CoPi catalyst was deposited using photo-assisted electrochemical deposition method.
The precursor solutions were made by mixing 0.01M cobalt(Il) nitrate hexahydrate
(Co(NO3)2:6H20, ACS reagent, 98% Sigma-Aldrich) in 0.1 M phosphate buffer
solution (pH 7) in the volume ration of 1:1. Then the deposition of CoPi was carried
out under the anodic current of 10 uA/cm? for 10 min while stirring. The electrodes

were then washed thoroughly with DI water.

Co(OH)(OCH3) powders were synthesized based on a modified method. 1 mg
Co(OH)(OCH3) powder was added to 10 mL of DI water and ultrasonicated for 30 min.
The supernatant was added to a Teflon autoclave with the TasNs NTs facing up, after
etching in a mixture of HF:HNO3:H>O (1:2:7 v/v/v) for 30 s. The container was placed
in an oven at 120 °C for 1 hr. After that, the sample was washed gently in DI water and

dried in air.

NiFeOOH and CoNiFeOOH catalysts were deposited using cathodic eletrodepostion.

For NiFeOOH deposition, a 0.09 M solution of nikel(Il) nitrate hexahydrate
9



(Ni(NO3)2:6H20, 98% Alfa Aesar) was purged with N> for 20 min. Then 0.01 M of
iron(Il) chloride (FeCl»,98%, Sigma-Aldrich) was added. The deposition was carried
out galvonostatically at -0.1 mA/cm? for 10 min without stirring. The electrodes were
then washed thoroughly with DI water. The deposition of CoNiFeOOH was in the
mixture of 16 mmol nikel(Il) nitrate hexahydrate, 10 mmol iron(II) chloride (FeCl2,98%,
Sigma-Aldrich) and 16 mmol of cobalt(Il) nitrate hexahydrate (Co(NO3).-6H,0, ACS
reagent, 98% Sigma-Aldrich) under the anodic current of -0.1 mA/cm? for 10 min

without stirring.

2.5 Deposition of GaN

GaN was deposited on TazNs nanotube using the Cambridge nanotech (Savannah 100)
plasma enhanced atomic layer deposition (PE-ALD) system based on previous reports.
The Ga precursor was tris(dimethylamino)gallium dimer (Gax(NMez)s, 98%, Strem
Chemicals) and NHj3 or N, gas was used as plasma and N source. During the deposition,
the Ga precursor was heated to 120 °C and the growth temperature was varied from 200
and 275 °C. For each cycle, the pulse time for Gax(NMe»)s was 0.1 s, then purged with

N> for 10 s, a 40 s pulse for N plasma, a second purge with N> for 10 s.

2.6 PEC Measurement

PEC measurement was carried out with a potentiostat (Modulab XM coupled with
Modulab XM ECS software) in a three-electrode configuration. The light source was
an AM 1.5 solar simulator (100 mW/cm?, Solarlight Model 16S-300-M Air Mass Solar
Simulator). For water oxidation, the electrolyte was 1 M NaOH (pH 13.6), and the
reference electrode was Hg/HgO. For hole scavenger oxidation, the electrolyte was 0.1
M potassium phosphate with 0.1 M K4Fe(CN)s (pH 10), and the reference electrode
was Ag/AgCl. The TasNs photoanode served as the working electrode, an Ag/AgCl

electrode (for testing electrolytes at pH 10) or an Hg/HgO electrode (for testing
10



electrolytes at pH 13.6) served as the reference electrode, and a Pt wire served as the
counter electrode. The potential was corrected to RHE scale according to the Nernst
equation (Erue = Eagagct + 0.059pH + 0.197 or Erue = Engngo +0.059pH + 0.098).
Typical linear sweep voltammetry indicated that the potential was swept from negative
to positive at a rate of 20 mV/s with stirring. The onset potential is defined as the
potential where the logarithm of absolute photocurrent reaches the lowest value in the

J-V curves.

2.7 Materials Characterization

Scanning electron microscopy (SEM) (JSM6340F) was used to obtain the perspective
and front-view images. The nanotube samples were first scratched from Ta foils and
dispersed in isopropyl alcohol by ultrasonication. Then, the dispersion was dropcasted
onto a Cu grid for TEM measurement. X-ray diffraction patterns (XRD) was performed
on a Bruker D2 PHASER with Cu Ka radiation. Regular XPS measurements were
performed with a PHI 5400 XPS system equipped with an Al X-ray source (incident
photon energy 1,486.7 eV). The aperture size was set to 1.1 mm in diameter. The
binding energy of the obtained XPS spectra was calibrated with respect to the C 1s peak
of adventitious carbon at 284.4 eV. Infrared spectrum (IR) was performed with a Termo

Scientific Nicolet Is5 System. Frequencies are reported in wavenumbers (cm™).
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Chapter 3: Data Analysis and Discussion

3.1 TazNs N'Ts/g-C3N4 Hybrid Material as Photoanode.

3.1.1 Materials Characterization

We synthesized Ta3;Ns nanotubes by electrochemical anodization of Ta foil and then
performed the NH; annealing process. The crystal structure of the TazNs NTs was
confirmed by X-ray diffraction patterns. As show in Fig. 3a, XRD patterns of the entire
TasNs NTs structure show that except for TazNs, the remaining peaks can be assigned
to TaxN/TasNe phases for all the electrodes. The morphology and microstructures were
studied by scanning electron microscopy (SEM). From SEM image, it can be clearly
seen that Ta;Ns nanotubes were formed. As formed TazNs NTs has a length of about 2.5
um. It was also important to be noticed that the nanotubes were covered by a Ta3;Ns thin
film. After deposition of g-C3N4, top-view SEM images suggested that the surface of
TaszNs can be uniformly covered by exfoliated g-C3N4 nanosheet (Fig.3d). IR was also
carried out to confirm the successful deposition of g-C3N4 on TasNs NTs (Fig. 3b).
Obviously new peaks showed up on TasNs after deposition of g-C3Ns. The peak
positions also matched well with bare g-cans which indicated that electrophoresis
method worked well on depositing g-C3N4 onto surface of TaszNs.

(a) (b)
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Figure 3. XRD spectrum of bare Ta3N;s (a). IR spectrum of TazNs and Ta3Ns/g-C3N4 hybrid material
(b). SEM images of bare TasNs (¢) and TazNs/g-C3Ny4 hybrid material (d).
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3.1.2 PEC Performance of TazNs NTs/g-C3N4 Hybrid Material

As shown in Fig 4a, the performance of all electrodes are almost the same. Since Ta3N5s
was severely suffered from self-oxidation, the effect of g-C3N4 may be hindered by this
side reaction. In order to establish the difference more clearly, we conducted PEC
characterization with hole scavengers, which are expected to be effective in extracting
holes from the photoelectrode under PEC conditions but do not involve O as a necessary
intermediate or product. To our surprise, the performance of Ta3Nsg-C3N4 hybrid
material becomes even worse in hole scavenger solution (Fig. 4b). The non-change or
even worse performance of the hybrid material could be caused by the poor
conductivity of g-C3N4.*>> Under illumination, the photo-generated holes from TasNs
would inject into g-C3Na4, however, due to the poor conductivity of g-C3Ns, holes can’t
transfer to water molecules and might recombine inside the g-CsNs. Since photo-
generated holes were blocked by the protection layer, surface TasNs will be self-

oxidized to form TaOy and the performance was dramatically suppressed.

(a) 4 (b) -
in 1M NaOH 12 |in 0.1 M Fe(CN),
L | bare Ta N,
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Figure 4. PEC measurement of Ta3Ns/g-C3N4 hybrid photoanode in 1 M NaOH (a) and hole

scavenger (b).

As long as the holes cannot be extracted from g-C3N4 to H2O, surface oxidation and
recombination will become dominant. Based on previous studies, addition of co-
catalysts may help improving the charge transfer between semiconductor and water

molecules. In order to improve the poor kinetics between the g-C3N4 and water,
13



different water oxidation catalysts (WOCs) have been used in this work including
NiFeOOH, CoPi, Co(OH); and carbon quantum dots.?® Fig. 5 showed the performance
of hybrid electrodes with NiFeOOH as co-catalyst. Different deposition time and
deposition voltage of g-C3N4 was applied to the electrodes for comparison. Changing
the time showed that 40 s offered the highest photocurrent. Varying the voltage showed
that 60 V gave the best current density, however when the voltage was increased to 80
V, the stability was slightly enhanced with 5 cycles (Table 1). Thus lower voltage may
be better. Even though the photocurrent was increased after addition of NiFeOOH, the
stability of the hybrid material was not improved. Long-term stability still remained as
a problem.

Table. 1 PEC performance of Ta3N5/g-C3N4/NiFeOOH with different g-C3N4 deposition voltage.

60V 80V 100V 120V 140V

Samples w/o C3Na
40s 40s 40s 40s 40s

Stability (current remained after 5 cycles at

50% 74%  83%  19%  T1% 2%
1.23 Vv RHE)
Jon (mA/cmy) at 1.23 V v RHE (1% cycle) 3.0 4.9 3.6 32 3.8 3.1
a b
(@) (b) ,
g [LW/ NiFeOOH in 1 M NaOH i w/ 10 min NiFeOOH in 1 M NaOH
7 [—NeCN, i NoCN,
L—— 100V 20's 6 [——EPD 60V 40s
6 —— 100V 40s « 5 [——EPD80V40s
E 5 [——100V60s g | ——EPD 100V 40s
< A [——100Vs8os 24}t EPD 120V 40 s
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Figure 5. PEC performance of Ta3;Ns/g-C3N4 hybrid photoanode with NiFeOOH
(a) Varying the electrophoresis deposition time of g-C3N4 while keep voltage at 100V.
(b) Varying the electrophoresis deposition voltage of g-C3N4 while keep time for 40 s.
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Since NiFeOOH didn’t work very well in improving the stability of the hybrid
photoelectrodes, other well-known WOCs was also tried. As showed in Fig. 6, after the
addition of Co(OH)2 and CoPi. Photocurrent was not dramatically improved, but the

stability was slightly enhanced. However, the improvement was far beyond our

expectation.
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Figure 6. (a) PEC performance of Ta3Ns/g-C3N4 hybrid photoanode with Co(OH).. (b) PEC
performance of Ta3Ns/g-C3N4 hybrid photoanode with Co-Pi.

Previous research revealed that g-C3Ns was not stable under water oxidation
conditions, cause H>O», which is a partial oxidation product of water, can attach to g-
C3Ns strongly.® The attached H,O» will not only deactivate g-C3N4 but may also act as
a O source to oxidize TasNs. Researcher has shown that the existence of carbon
nanodots (CDots) (or other H,O> decomposition catalysts such as MnQy) is critical to
the functionality of g-C3N4. We plan to use electrochemical synthesis to prepare CDots,
which has been previously reported to work well in conjunction with g-C3N4. CDOTs
was synthesized through a simple electrochemical decomposition of graphite rod and
deposited on hybrid electrodes by a simple soaking method.?” Photoluminescence
spectra indicated the size of CDots is around 1.5 to 3 nm (Fig.7a).*® From Fig.7, after
the introduction of CDots, the stability of Ta3Ns/g-C3Ns was slightly improved but
photocurrent was dropped. The improved stability may suggest that addition of CDots
helped stabilizing g-C3N4, however, this complicated layers may also increase the

charge transfer barrier between interfaces which lowered the photocurrent.
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Figure 7. (a) Photoluminescence spectra of CDots. In these figures, the excitation wavelength for
the black, red, blue, pink, green and dark blue PL lines are 240, 300, 360, 420, 500, and 580 nm,
respectively. (b) PEC measurement of PEC performance of Ta3Ns/g-C3N4 hybrid photoanode with
CDots. (c) Stability test of TazNs/g-C3N4 hybrid photoanode with CDots.

3.2 Cubic Ta3Ns/g-C3N4 Kybrid Material as Photoanode.

Even though TasNs NTs was considered as a very promising potential photoanode, it
may not be the best platform for this study. g-C3Ns was known to have very thin and
layered structure, but it may very difficult to have a uniform cover on the top of TasNs5
nanotubes due to its high aspect ratio. Non-uniform cover of g-C3N4 would not act as a
protection layer since the exposed TasNs could still be oxidized by water. Instead of
using nanotube structure, other morphology with smaller aspect ratio shoul be used.
Cubic TasNs was successfully synthesized previously and also showed decent

performance toward PEC water splitting.

3.2.1 Materials Characterization

Cubic TazNs was synthesized by hydrothermal treatment of TaOx with NaOH and then
performed the NH3 annealing process. The morphology and microstructures were
studied by scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). Uniform cubic structure can be observed from the SEM images. After
deposition of g-C3N4, top-view SEM images and TEM images both suggested that the
surface of cubic TazNs was uniformly covered by exfoliated g-C3N4 nanosheet (Fig. 8b).
IR spectrum was also carried out to confirm the successful deposition of g-C3N4 on

cubic Ta3Ns (Fig. 8c). New peaks can be clearly observed on TaszNs after deposition of
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g-C3N4 which matched well with bare g-C3Na.
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Figure 8. SEM image of bare cubic TasNs (a) and cubic TasNs/g-C3N4 hybrid material (b). IR
spectrum of TasNs and TazNs/g-C3Ny4 hybrid material (c).

3.2.2 PEC Performance of Cubic Ta3;Ns/g-C3N4 Hybrid Material

Based on our findings of applying WOCs on hybrid photoanode, we found NiFe-based
catalyst can improve the photocurrent and Co-based catalyst has the ability to make the
electrode more stable. Thus, the combination of those two catalysts may offer some
synergistic effect and help improving both photocurrent and stability.

After deposition of CoNiFeOOH, samples with g-C3Ns showed a higher
photocurrent and an earlier turn-on potential. The stability test by potentiostatic
measurement suggested that photocurrent of samples with g-C3N4 showed less decrease

compared with samples without g-C3Ny after 1 h illumination.
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Figure 9. (a) PEC measurement of PEC performance of cubic Ta3Ns/g-C3N4 hybrid photoanode
with CoNiFeOOH. (c) Stability test of cubic TasNs/g-C3N4 hybrid photoanode with CoNiFeOOH.
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3.3 TaszNs NTs/GaN as Photoanode.

Among the O free nitrides that could be applied to protect TasNs, GaN is particularly
interesting.’® First, GaN is relatively stable against corrosion compared to other
nitrides.***? Second, the conduction band of GaN is more negative than those of Ta;Ns,
BaTaO:;N, LaTiO:N and SrNbO:;N, which tends to mitigate the migration of
photogenerated electrons to the GaN on a thermodynamic basis, thus reducing charge
recombination.'*** Third, GaN has a long hole lifetime of 10-500 ns that is superior to
the lifetimes of (oxy)nitrides, which are generally below 10 ns.'*: 45 We assume that
by applying GaN on the top Ta3Ns, the resulting passivated nitride/electrolyte interface

can improve stability for solar water splitting.

3.3.1 Materials Characterization

In this work, GaN was first successfully synthesized on SiNWs and fluorinated tin
oxide (FTO). SEM images suggested that GaN showed nanowires structures with
around 2 um length. XRD spectrum showed that at 33 and 36 degree two new peaks
can be observed compared with bare FTO sample.*® This indicates that the surface of
the substrates was covered with GaN. However, the weak intensity also suggested that
as-prepared GaN had poor crystallinity. Even after post-annealing treatment, GaN
didn’t show better crystallinity. High resolution XPS spectrum was also carried out to
detect the Ga, N and O species. From Ga 3d spectrum, peak at 21.0 eV indicates the
existence of Ga-N bond. Peaks at 399.0 and 395.6 eV in N 1s spectrum belong to N-Ga
and Ga Auger peak, respectively.*’*® O 1s spectrum showed one peak at 532.3 eV
which belonged to O-Ga bond. All the result suggested that the PE-ALD method can

be used to synthesize GaN.
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Figure 10. (a) XRD pattern of FTO/GaN. (b) XPS spectrum of FTO/GaN.

Then Ta3Ns NTs was used as the substrate and GaN was deposited on the surface by
PE-ALD method. SEM images and XPS spectrum of Ta3Ns/GaN photoanode indicates

that GaN was successfully covered the surface of substrate.
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Figure 11. SEM image of bare TazNs NTs (a) and TasNs/GaN (b). XPS spectrum of TasNs/GaN (c).
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3.3.2 PEC Performance of Ta3Ns/GaN Material

PEC measurement was carried out under normal water splitting conditions using
Ta3zNs/GaN material. NiIFeOOH was used as the co-catalysts to enhance the charge
transfer between protection layer and H>O molecules. As show in Fig. , performance of
photoanode was decreased after deposition of GaN. The result was out of our
expectation. This may be caused by the following reasons. First, TazNs was not fully
covered by GaN. By using ALD method, we assumed that the surface will be perfectly
covered by GaN due to the excellent ability of ALD for coating nanostructures.
However, the extremely long length of Ta3N5 NTs can result in the failure of uniform
cover. Second, as-prepared gallium nitride can only be defined as GaxNy. The exact
composition of as-prepared gallium nitride was unrevealed. Without this information,
the protection layer may not even be the material we need. Third, the instability of as-
prepared gallium nitride. XPS spectrum was carried out after the photoanode was tested
under water oxidation conditions (Fig. 12c). Compared with fresh samples, Ga peaks
was almost disappeared, but peaks of O-Ta and Ta-O bonds can be clearly observed in
O 1s and Ta 4f spectrum.'® This further suggested that as-prepared gallium nitride was
not in its needed form which should be relatively stable under water oxidation
conditions. Thus, further optimization of synthesis conditions and more careful

characterization are needed to ensure the appropriate GaN is obtained.
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Figure 12. PEC measurement of bare TasNs NTs (a) and TasNs/GaN in 1 M NaOH (b). XPS
spectrum of TasNs/GaN photoanode after PEC test (c).
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Chapter 4: Conclusion

Photoelectrochemical (PEC) water splitting on semiconductor electrodes is an efficient
method because the energy of sunlight can be directly converted into chemical energy.1
In this sense, research should be performed for semiconductors with the potentiality to
realize high solar-to hydrogen conversion efficiency. However, lots of high
performance semiconductors are suffered from instability issue. Among which TazNs
gained a great interest due to it promising potentials. Previous studies revealed that the
instability of Ta3Ns is caused by a self-oxidation effect, thus applying O free protection
layer could be a good strategy to solve this problem. In this work, nitride materials like
g-C3N4 and GaN were used as O free protection layers to enhance the performance of
Ta3zNs. Ta3N5/g-C3N4 hybrid materials was successfully synthesized through a simple
electrophoresis method. After applying co-catalyst, the turn-on potential and
photocurrent of hybrid photoandoe were both improved. In addition, the stability of the
hybrid photoanode was also slightly enhanced. Predictably, O free protection layer can
potentially be an excellent solution to improve the stability of other unstable
semiconductors. Further sustained research in mechanisms and applications are

necessary for the study in material science and catalysis.
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