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Abstract

Abstract

Photoelectrochemical (PEC) water splitting is a promising approach for direct
conversion of solar energy to hydrogen. Among various semiconductors, hematite (a-
Fe203) has emerged as an excellent photoanode material due to its significant light
absorption, chemical stability in aqueous solutions, and earth abundant property.
However, its performance has been crucially limited by poor optoelectronic properties
and sluggish reaction kinetics for water oxidation. Two essential criteria, including
sufficient targeted reaction sites and efficient interfacial charge transfer, should be
considered to enhance the performance of hematite-based photoanodes. Thus, this thesis
focused on rationally designing efficient co-catalysts with modulated active sites as well
as interface engineering by inserting hole transfer mediators/constructing direct chemical

interaction between a-Fe>O3 and co-catalysts.

In chapter 1, a general background about photoelectrochemistry and a simple overview
of a-Fe2O3 photoanodes is introduced. Then, the recent development of modulation

strategies to promote the PEC performance of a-Fe;O3 is summarized.

In chapter 2, an ultrathin cobalt-manganese (Co-Mn) nanosheet, consisting of
amorphous Co(OH)x layers and ultrasmall MnzO4 nanocrystals, is designed as an efficient
co-catalyst on a-Fe2Os film for PEC water oxidation. The uniformly distributed Co-Mn
nanosheets lead to a remarkable 2.6-fold enhancement on the photocurrent density at 1.23
V vs. reversible hydrogen electrode (RHE) and an impressive cathodic shift (~200 mV)
of onset potential compared with bare o-Fe;Os film. Furthermore, the decorated
photoanode exhibits a prominent resistance against photo-corrosion with an excellent
stability for over 10 h. Detailed mechanism investigation manifests that incorporation of
Mn sites in the nanosheets could create electron donation to Co sites and facilitate the
activation of OH group, which drastically increases the catalytic activities for water
oxidation. These findings provide valuable guidance for designing high-performance co-
catalysts for PEC applications and open new avenues towards controlled fabrication of

mixed metallic composites.

In chapter 3, in order to reinforce the interfacial interaction at the a-Fe>Os/co-catalyst
interface, a novel charge transfer system for PEC water oxidation is designed by inserting
MXene nanosheets (MNSs) between a-Fe>O3 and co-catalyst. In this system, MNs act as
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the hole transfer mediators to efficiently suppress the interfacial charge recombination
owing to the high hole mobility of MNs and the formation of built-in electric field at the
MNs/a-Fe203 junction. Meanwhile, the co-catalyst layers, in turn, can protect the MNs
from oxidation to achieve a prominent stability. The optimized photoanode of Co-
Pi/MNs/a-Fe,O3 can achieve a remarkable photocurrent density, up to 3.20 mA cm at
1.23 V vs. reversible hydrogen electrode (RHE) under AM 1.5 G illumination. An
impressive cathodic onset potential shift of ~250 mV is obtained with the synergistic
effect of MNs and co-catalyst (Co-Pi). Furthermore, this strategy is also applicable to
other photoanode materials, such as BiVO4, WO3 and ZnO, verifying the versatility by
utilizing the MNs as hole transfer mediators for efficient photogenerated charge

separation to enhance the PEC water oxidation.

In chapter 4, direct chemical interaction is constructed at the interface of a-Fe2O3 and
carbon nanosheets with single-nickel sites (Ni-NC) to accelerate the reaction kinetics by
providing additional charge transport channels and abundant active sites. The interfacial
carrier path induced by the chemical coupling and the efficient single-nickel sites work
collaboratively, achieving an impressive photocurrent density of 1.85 mA cm2 at 1.23 V
vs. RHE, up to 2.2 times higher than that of pure a-Fe>O3. These findings shed light on
an interface modulation strategy and provide an alternative towards utilizing unique

single active sites for efficient photoelectrochemical water splitting.

In chapter 5, an overall summary of this dissertation work was presented. This thesis
carried out a systematic study on the surface modification of hematite-based photoanodes
for efficient photoelectrochemical water oxidation. In a-Fe;Os-based PEC water
oxidation system, co-catalysts decoration has been demonstrated to be the most efficient
way to lower the reaction barrier and promote charge injection to the reactants. And the
delicate modification of the interface between the a-Fe.O3 and the co-catalysts is critical
for promoting charge transfer from the bulk of a-Fe>Os3 to the co-catalysts, which can
directly influence the surface catalysis. The relevant findings in this study deepen the
understanding of a-Fe;Oz-based PEC water oxidation system and highlight the
importance of semiconductor/co-catalyst interface modulation for the overall

photoelectrocatalytic processes.
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Chapter 1 Introduction

1.1 General introduction of photoelectrochemical water splitting

The exploitation of clean and sustainable energy sources has been regarded as a top
priority for the human society as the increasing demand for the finite fossil fuel and the
ensuing environmental problems.t Inexhaustible solar energy is one of the most
promising candidates to alleviate these issues, as the solar energy supplied to the earth
surface (173000 TW) is much larger than the total global energy consumption (17.91 TW
in 2017).-®1 However, the intermittency of solar energy together with the temporal and
geographical divergence means that it is urgently needed to develop efficient strategies
for the harvesting and storage. Accordingly, there are several technologies to covert the
solar energy into the chemical energy, among which, photoelectrochemical (PEC) water
splitting, using the earth abundant semiconductors to produce the clean hydrogen energy
with zero emission, is one of the ultimate solutions for the solar energy conversion

revolution.[*?]

Water splitting reaction (generating H. and O2 molecules) is energetically uphill,
requiring a standard free energy change (AG®) of 237.2 kJ mol2, or a potential of 1.23 V
for each electron (according to the Nernst equation). So the water reduction reaction needs
two electrons, while four holes are required to produce the O> molecule according to
equation (2) and (3):

light absorption: SC + hv (= E;) - eg, + h}, (@))
oxygen evolution reaction (OER): 2H,0 + 4h}, — 0, + 4H* (2
hydrogen evolution reaction (HER): 4H* + 4e;, — 2H, 3)
overall water splitting: 2H,0 - 2H, + 0, AG°=237.2 kJmol™* 4)

As shown in Figure 1.1, to drive this reaction with light by a semiconductor (SC), the
photons should supply energy greater than 1.23 eV to excite charge carriers from the bulk
of semiconductor and conduct redox reactions at the surface sites. Actually, the photons
are provided from the sunlight with the spectrum presented in Fig. 1.1a. Thus, the
bandgap (Eg) of a semiconductor must be large enough to provide the energy for water
splitting, while the band positions should be located appropriately to drive the two half

reactions by photogenerated electrons (e;,) and holes (h;,) upon light illumination.[®!
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Figure 1.1 a) Spectrum of AM 1.5 G illumination (1 sun condition with power density of
100 mW cm2). b) The kinetics progress of PEC water splitting (an energetically uphill
reaction). ¢) Excitation processes of electron/hole pairs by light of sufficient energy (hv

> E,) for redox reactions of overall water splitting.[’]

A typical PEC cell for water splitting is composed of two connected electrodes
immersed in a suitable electrolyte, in which at least one should be photoelectrode with a
semiconductor to absorb the light. As shown in Figure 1.2, when the semiconductor
harvests photons with energy equal to/higher than its bandgap, electrons will be excited
from the valence band (VB) to the unoccupied conduction band (CB), leaving the holes
in the VB. Then the excited electrons are collected by the conducing substrate, withdrawn
over the external circuit and finally arrive at the cathode for HER, while the
corresponding holes diffuse to the surface of photoanode and participate in the water
oxidation reaction. In practical condition, serious recombination will be occurred after
the excitation of charge carriers from the photoelectrode, thus a bias should be applied to
the PEC system as an assistance to promote the migration of the charge carriers and
suppress the unnecessary recombination.®! The objective of the PEC device is producing
the largest photocurrent with a minimum bias. This could be achieved by maximizing
light absorption using a semiconductor with an appropriate Eq and minimizing the loss of
charges due to bulk/surface recombination by proper modifications of the

semiconductor.[®!
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Figure 1.2 A sketch of the typical PEC cell for water splitting with an n-type
semiconductor as the photoanode and a metallic cathode.[*%!

Therefore, for the semiconductors that should be employed as the electrode in a PEC
water splitting system, several prerequisites need to fulfill as below. Firstly, the band gap
of semiconductor should be suitable to drive the reaction through absorbing the visible
part of the solar light. Secondly, the VB top for an n-type semiconductor (or CB bottom
for a p-type semiconductor) should be high enough to drive the water oxidation (or
reduction) reaction. Thirdly, the compositions of the semiconductor should be earth-
abundant with low cost. Finally, the materials should be stable under the harsh conditions
for water splitting. However, it is usually difficult to achieve overall water splitting on a
single semiconductor, even if its band structure meets the thermodynamic requirements
for reaction. In addition, compared to water reduction, water oxidation is considered as
the rate-limiting step for water splitting due to the higher energy barrier and complex
four-electron processes. Therefore, the development for effective photoanodes is

indispensable.
1.2 Properties of n-type a-Fe20s3

Since the first demonstration of PEC water splitting with TiO. in 1972, extensive
efforts have been devoted to the development of various materials for photoanodes.!*!]
Because of the wide bandgap (3.0-3.2 eV), the pure TiO2 can only harvest the ultraviolet
(UV) light, which only accounts for about 4% of the solar energy. Therefore, the
theoretical solar-to-hydrogen (STH) efficiency can only reach ~2% under the solar

illumination, severely impeding the effective utilization of solar energy. Similar
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limitations could be applied into other wide-bandgap photoanode materials, such as
Zn0,1*? Ta,0s%1 and WOs.[** Therefore, it is significantly important to develop the
semiconductors that can utilize the visible light to achieve sustainable utilization of solar

energy.

Hematite (a-Fe203), with a suitable bandgap of 2.0-2.2 eV and a theoretical maximum
STH efficiency of ~16%, has emerged as one of the most promising photoanode
materials.[*>16] Compared with other semiconductors with a narrow bandgap, several
additional advantages, such as high chemical stability in alkaline environment,
nontoxicity and low cost, endow a-Fe;O3 a huge potential for the proof-of-concept
demonstration of water splitting as the photoanode.™*> 171 However, the gases evolution
rates and STH efficiency of a-Fe2Os are usually much lower than the theoretical values
in practical application owing to some intrinsic disadvantages. Firstly, the poor charge
mobility (in the order of 102 cm? V! s71) and extremely short hole diffusion length (~2—
4 nm) are significantly limiting the charge separation and injection efficiency of a-Fe;O3
for the PEC water oxidation.[*® Secondly, the slow sluggish kinetics for the targeted
reaction (OER) and a high density of surface states result in a low reaction activity and
require a larger external bias to drive the reaction at the electrode. Generally, an external
bias of 0.3-0.4 V vs. RHE is enough to initiate the water oxidation based on the reported
flat band potential for a-Fe2Os, which is much different from the observed onset potential
of 0.8-1.0 V vs. RHE for the single a-Fe,Oj electrode in the alkaline electrolyte.™! The
remaining overpotential of ~0.5-0.6 V vs. RHE is the major drawback for the practical
application of a-Fe2Os-based PEC system, which can be attributed to the abundant surface
states and sluggish reaction kinetics. Therefore, it is urgently needed to develop delicate
modification methods to overcome these limitations and thus achieve an efficient

hematite-based PEC water splitting system.
1.3 General strategies to improve the PEC performance of a-Fe203

To address the limitations of a-Fe>Os for PEC water splitting, significant efforts have
been devoted to facilitating the charge transfer and promoting the reaction kinetic of this
material over the past decades. Nanostructure engineering, such as nanorods and
nanotubes can favor efficient charge collection and thus results in enhanced a-Fe2Os-
based PEC water splitting activity.[*>?1 Elemental doping is a simple and effective
strategy to enhance the intrinsic conductivity of a-Fe203.2*?21 However, these two

approaches still utilize a single material to conduct light absorption and charge transport.
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Serious charge recombination may still exist to reduce the achievable efficiencies.
Alternatively, hematite-based heterostructures are constructed by combining a-Fe2Os
with a second semiconductor for promoted charge separation, a surface passivation layer
for reduced surface charge recombination, or a co-catalyst for accelerated water oxidation
kinetics. Nevertheless, the introduction of the second phase on the surface of a-Fe2O3 will
generate a new interface, which is extremely crucial for the separation and migration of
photogenerated charge carriers between these two components. Thus the surface/interface
modulation on the a-Fe>Os-based PEC system is necessary to boost the charge transfer

for efficient water oxidation.
1.3.1 Morphology control

As mentioned, the short diffusion length of photogenerated holes greatly limits the
performance of a-Fe,O3-based photoanodes. Accordingly, the harvesting depth of charge
carriers would be seriously restricted and thus the holes generated in the bulk would be
recombined before reaching to the surface sites for the reaction.!®! In this case, the ideal
morphology of a-Fe>O3 should be thin enough to achieve a high efficiency. However, this
ultrathin structure of the a-Fe2Os results in a low absorption efficiency, which could be
overcome by the method of stacking multiple layers in tandem, as suggested by Itoh and
Bockris in 1984.1241 Although the stacking method can fundamentally solve the absorption
issue, the high cost and cumbersome processes make it difficult to implement in practice.
In recent years, nanostructuring of a-Fe;Os for PEC water oxidation has attracted
significant attentions.?® The nanostructured materials are supposed to expose more
surface area to the electrolyte, which is favorable for efficient transfer of charge
carriers.[?6-281 However, serious charge recombination would still occurred across the
grain boundaries between particles in nanoparticles and mesoporous films.[?’l One
dimensional (1D) nanostructures with high aspect ratios (nanowires, nanorods or
nanotubes) can enhance the collection for the charge carrier and reduce the recombination
rates at the grain boundaries.% Furthermore, the smaller diameters of 1D nanostructures
would shorten the diffusion distance of holes to the semiconductor/electrolyte interface,
thereby avoiding the serious recombination during the transport process. For instance,
Beermann et al. utilized hematite nanorod arrays as photoanodes for water oxidation,
which allowed more efficient transport of photogenerated charge carriers through a
designed route compared to the sintered spherical particles. The relatively high efficiency

was attributed to the better electron transport along the nanorodsand a directed movement
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of the electrons toward the back contact. BY  As reported by Warren's group with a
detailed comparison of nanofilm and 1D nanostructures of «o-Fe.QOs, a better photo-
response could be obtained by the 1D nanostructured electrode for water oxidation.?l
Cauliflower nanostructures grown via atmosphere pressure chemical vapor deposition
(APCVD) have shown significantly improved performances and made nanostructured
hematite become a more promising photoanode material. As reported by Andreas et al.,
the cauliflower-like nanostructure minimized the diffusion distance of photogenerated
holes to the a-Fe2Os/electrolyte interface, while still thick enough for efficient light
absorption.”1 Until now, several different approaches have been taken to prepare
nanostructured a-Fe.O3z for PEC water splitting application and further work on the
nanostructuring should be emphasized on the facile synthesis processes with high solar

utilization efficiencies.®]
1.3.2 Element doping

Foreign element doping is a prevalent and effective strategy to enhance the intrinsic
conductivity of a-Fe2Oz by increasing the carrier density in the bulk and promoting the
charge transfer ability.[?:-?2 As mentioned in 1.2, the pristine o-Fe2O3 has a low carrier
concentration and hole mobility, leading to a poor electrical conductivity. Since the
intrinsic conductivity of the semiconductor is depending on the motion of charge carriers
in the bulk, increasing the sum of carriers by doping is generally used to compensate for
the low carrier mobility.®®1 Owing to the intrinsic defects from the host lattice, such as
the oxygen vacancies, a-Fe>O3 exhibits n-type semiconductor properties. Therefore, the
n-type dopants (metal ions of +4 or +5) will induce the enhancement of donor levels and
thereby improve the charge separation, while the p-type dopants (metal ions of charge
lower than +3) will increase the positive charge carriers and then convert the a-Fe2Os to
p-type.l*4

So far, varieties of dopants have been tried to modify the properties of a-Fe>O3, among
which Ti and Sn are most widely used for improving the performance of a-Fe2Os. Pu et
al. found that Ti-doping and generated oxygen vacancies in a-Fe2Os could achieve
superior water oxidation activity. The oxygen vacancies could improve the donor density,
while Ti-doping provided more active sites for water oxidation with enhanced surface
catalytic effects.[**! Zandi et al. deposited uniform thin Ti-doped a-Fe2Os film on fluorine
doped SnO. (FTO) glass using atomic layer deposition (ALD). The ALD technique

allowed precise control of the morphology and thickness of a-Fe>O3 films. And the
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incorporation of Ti dopant atoms into hematite electrodes could improve the hole
diffusion length and water oxidation efficiency.® Sn has also been doped into hematite
to boost its conductivity. Ling et al. developed Sn-doped hematite nanocorals with a
remarkable photocurrent density, owing to the improved carrier density and optimized
structural morphology.B” The p-type a-Fe2Os could be prepared by doping with divalent
metal dopants, which could replace Fe®* in the lattice and forming hole carriers.[839
Another way of doping for a-Fe>O3 could create oxygen vacancies artificially by some
treatments, which is named as “self-doping”. The Fe?* sites in hematite could significantly
increase the conductivity of the material through a polaron hopping mechanism.“? Ling
et al. fabricated self-doped hematite nanowire arrays through thermal decomposition of
B-FeOOH in an oxygen-deficient atmosphere. The enhanced activity was owing to the
increased donor density resulting from the formation of oxygen vacancies.[*!!

1.3.3 Heterojunction construction

As discussed, the extremely short carrier diffusion length is the inherent limitation for
a-Fe>0s3, although the nanostructuring strategy has addressed this issue to a certain extent.
There is still a great chance of recombination along the charge transfer path in the
nanostructured o-Fe2O3. This limitation can be overcome by coupling a-Fe2Oz with a
second semiconductor, which should have a proper band structure to fabricate a
heterojunction.?l The charge recombination between two semiconductors would be
suppressed due to the formation of an internal electric field at the heterojunction
interface.®] The light absorption of a-Fe,Os can be also improved by forming
heterojunctions with small band gap semiconductors, which are mainly responsible for

enhancing the visible light absorption of a-Fe;Os electrode.4

As a typical heterostructure, delicately designed WOz/a-Fe>Os architectures have been
intensively studied for PEC water oxidation.[***41 WO3 has suitable band positions and
electronic properties to form a type-I1 junction with o-Fe203.1*%1 Thus, cascadal electron
injection from a-Fe203 to WO3 is expected, which improves the charge separation
efficiency. For example, Sivula et al. deposited a thin layer of a-Fe>O3 nanoparticles on
nanostructured WOs3 scaffold. An enhanced photocurrent density was obtained for
WOs/a-Fe,03 photoanodes, which could be attributed to a greater light absorption.®* As
another example, a ZnO@a-Fe203 core/shell electrode displayed excellent performance
for PEC water oxidation, with a doubling photocurrent and greater stability. This

heterojunction structure would increase the surface band bending and reduce the flat-band
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potential.*8] Similarly, Mayer et al. deposited an a-Fe2O3 overlayer on the Si nanowires,
forming a Si/a-Fe,O3 dual-absorber system. The Si nanowires could extend the
absorption region for the solar energy and provide additional photovoltage to assist PEC
water splitting by hematite, thus exhibiting greatly enhanced PEC performance.[*”]
Finally, a p-type NiO nanoparticles was found to form a built-in electric field with the n-
type a-Fe203. This system could reduce the overpotential for water oxidation, which was
attributed to enhanced charge separation by the p-n junction and catalytic effect of NiO

nanoparticles for water oxidation. 8l
1.3.4 Surface modification

For bare a-Fe2O3, the rate limiting step during the water oxidation processes should be
the hole injection into the electrolyte.[*®] Therefore, the surface charge recombination
would severely limit the efficiency for water oxidation (Figure 1.3a), especially at low or
without applied bias.®™ Surface modification is an effective way to improve the reaction
Kinetics and promote the hole transfer at the photoanode/electrolyte interface. The surface
modification strategies including decoration of passivation overlayers and oxygen
evolution co-catalysts. The sluggish hole transfer (injection) from the electrode to
electrolyte can be improved by employing passivation layers (Figure 1.3b) or co-catalysts
(Figure 1.3c) on the surface of the semiconductor. The fundamental mechanisms of these
two approaches to enhance the PEC performance are totally different. Surface passivation
is a non-catalytic process, reducing the rate of charge recombination by passivating the
surface defects. And co-catalyst decoration usually signifies the oxidation of metallic
elements in the co-catalyst, assisting hole transport from the surface to the electrolyte.

Passivation layer

(@) (b) (©)
Surface states l/CataIyst
===
8 —=A4lY 0, cB 50, cB 0,
--------- A \:-H-Z-O ~=H,0 A\‘- H,0
: ]
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| :
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Semiconductor  Electrolyte Semiconductor Electrolyte Semiconductor Electrolyte

Figure 1.3 Comparison of the band energetics at the semiconductor/electrolyte interface

for an n-type semiconductor. a) Inefficient water oxidation due to high charge
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recombination at surface states. b) Non-catalytic passivation layers to suppress surface
recombination. ¢) Co-catalyst layers to promote hole transfer and provide abundant

reaction sites.®4!
1.3.4.1 Passivation overlayers

Typically, due to the oxygen vacancies or crystal defects, electronic states within the
bandgap are produced on the surface of the oxide semiconductors, which are named as
the surface states.®® These surface states can trap charge carriers, leading to another
favorable pathway for an indirect charge transfer with undesirable recombination. Thus,
the water oxidation reaction would be occurred with the hole from the surface states,
rather than the valence band.®!1 As a consequence, hole accumulation at the surface states
is essential for the water oxidation, thus the charge recombination at the surface states
becomes the main limiting step for the PEC activity.[?® 2 An effective approach was
developed to reduce the surface states by introducing a surface passivation layer, which
were expected to reduce the charge recombination and enhance the charge transfer on the

photoanodes, enabling high efficiency for PEC water oxidation.

Several noncatalytic oxide layers with wide bandgap have shown their potentials as the
surface passivation layers, which could effectively reduce the surface states of a-Fe2Oa.
For example, Xi et al. found that the deposition of thin ZnO overlayers on the surface of
a-Fe;O3 could reduce the onset potential and increase the photocurrent density, which
could be attributed to the reduced surface defects and optimized flat-band potential [l
Likewise, an ultrathin TiO2 overlayer grown on the a-Fe-Oz by ALD method could
significantly reduce the onset potential by ~100 mV. The enhanced performance was
owing to reduced charge recombination, facilitated charge separation and larger
photovoltage induced by the TiO; overlayer.[®*! In particular, a Ga,Os overlayer displayed
a cathodically shifted onset potential by ~200 mV with an enhanced photocurrent density,
attributing to the lower charge recombination in o-Fe20s3.5%! Similarly, Le Formal et al.
discovered that the decoration of an ultra-thin Al,O3 on the nanostructured a-Fe>O3 could
reduce the onset potential of ~100 mV and achieve a 3.5-fold enhancement on the
photocurrent density at 1.0 V vs. RHE. More importantly, the addition of Co?" ions as
catalysts could further decrease the overpotential, suggesting that synergetic effect
between the surface passivation strategies and catalytic approaches.®! In this regards, it

is applicable to employing surface passivation layers and catalysts sequentially, which is

11
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a promising and practical strategy to achieve dramatic enhanced performance for PEC

water splitting (more details are provided in Section 1.3.4.3).55"]
1.3.4.2 Co-catalysts

Due to the complex processes of four-electrons transfer, the OER is more difficult than
the HER and is the rate-limiting step for the overall water splitting. And the reaction with
sluggish kinetics should compete with the much faster charge recombination, resulting in
a poor/moderate performance.®®! Therefore, loading co-catalysts with targeted active
sites on the semiconductors is a necessary and useful way to boost the efficiency of PEC
systems.®l Generally, co-catalysts mainly play two pivotal roles during the PEC
processes: (1) lowering the overpotential for water oxidation by providing a better
pathway for photogenerated holes; (2) accelerating the charge separation and transfer
across the semiconductor/co-catalyst junctions.'% In addition, the suitable co-catalysts
can efficiently suppress the photocorrosion of semiconductors during the water oxidation

process. 6]

In general, several important requirements should be considered to develop efficient
co-catalysts for the improved PEC water oxidation: (1) delicate design of active centers
for activating and converting the H.O molecules, with moderate adsorption strength of
pivotal intermediates to achieve robust activity; (2) highly conductive to carrier, realizing
fast injection of holes into the active sites for driving the reactions; (3) abundant surface
functionalities to establish intimate interface connection with semiconductors for fast
interfacial charge transport; (4) robust structural stability, enabling long-term operation
under harsh experimental condition (5) the amount of the co-catalysts must be optimized,

which should not block the light from reaching to the semiconductor.

As an effective strategy to accelerate the reaction kinetics of a-Fe;Os, co-catalysts
decoration attracted great attention in recent years. So far, due to the excellent intrinsic
ability for water oxidation, noble metal oxides such as RuOz and 1rO2,61-%?1 are considered
to be efficient water oxidation co-catalysts for improving the PEC water oxidation of a-
Fe20s. Grazel et al. first deposited IrO2 on the a-Fe.O3 photoanode, achieving a
photocurrent of over 3 mA cm™2 at 1.23 vs RHE under AM 1.5 G illumination. The
dramatic enhancement of the activity was attributed to the low kinetic barrier of 1rO for
charge transfer, thereby lowing the overpotential for water oxidation.!?! Later, Li et al.

deposited a heterogeneous multilayer of IrOx on a-Fe20s, which could be stable in acid

12



Chapter 1

solution. This modified photoanode could decrease the onset potential by ~250 mV and
maintain stable in acid electrolyte (pH 1.01) for 5 h.14 Similarly, RuO2 was also reported
to reduce the onset potential of a-Fe.O3 by 120 mV, while photocurrent density kept
unchanged. Fan et al. constructed a novel semiconductor/molecule interface by
immobilizing a molecular ruthenium co-catalyst on o-Fe2Os, achieving a 2-fold

enhancement in photocurrent density compared with the bare a-Fe,03.1%]

However, high cost and limited abundance of the noble metals seriously restrict their
wide applications. As the alternatives to noble metal-based co-catalysts, many kinds of
cost-effective transition-metal based co-catalysts have been exploited in recent years.[®’]
As the most common used water oxidation catalyst, since the first fabrication by Kanan
et al. through a facile electrodeposition method,® cobalt phosphate (Co-Pi) has been
extensively studied as the co-catalyst coupled with various photoanodes for efficient PEC
water oxidation.[*1 Zhong et al. improved the deposition method of Co-Pi via a
photoassisted electrodeposition (PED) approach. Compared with the electrodeposition or
wet impregnation, PED generated a more uniform distribution of Co-Pi onto a-Fe>Og,
exhibiting a nearly 170 mV cathodic shift of the onset potential and a photocurrent density
of 2.8 mA cm™? at 1.23 V vs. RHE.[Z By utilization of impedance and transient
photocurrent spectroscopies, Hanann and co-workers pointed out that the role of Co-Pi
layers during the water oxidation could be summarized as below: efficiently collect and
store photogenerated holes from the a-Fe;Os photoanode, enhance charge separation,
reduce surface recombination and provide abundant reaction sites.[”*] However, Durrant
et al. discovered an entirely different mechanism about the effect of Co-Pi layers for the
enhanced PEC performance of a-Fe;O3 photoanodes. They synthesized mesoporous Si-
doped a-Fe2O3z photoanode with cauliflower shape by the APCVD technique. The
detailed transient study revealed that the Co-Pi could trap the photogenerated electrons
from a-Fe>03, instead of the hole storage effect reported by Hamann. Therefore, the Co-
Pi layers just acted as the electron trapper, while the water oxidation occurred on the a-
Fe,O3 surface with improved hole concentration.® The main reason for these two
diverging perspectives could be attributed to the structural or morphological differences
for their respective photoanodes. Therefore, different degree of interfacial contact and
disordering may be existed between the a-Fe2O3 and Co-Pi in these two cases, resulting

in the different charge transfer behaviors.[’4]
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Figure 1.4. a) a-Fe2Oz3 films prepared by ALD with Co-Pi coating. b) Scheme of hole

movement from a-Fe,O3 to Co-Pi under PEC water-oxidation conditions.[”!

Several other metal compounds have also been used as effective oxygen evolution co-
catalysts over the a-Fe>O3 photoanodes. For instance, Hong et al. electrodeposited Ni-Bi
thin layers on the a-Fe2Os photoanode, which lowered the onset potential by ~200 mV
and achieved a 9.5-fold enhancement in the photocurrent density at 0.86 V vs. RHE.
However, owing to the kinetic limitation of Ni-Bi, the photocurrent density could be only
enhanced at low overpotentials and a gradual decrease of the photocurrent density could
be observed at higher overpotentials.’® Another Ni-based co-catalyst of ultrathin
amorphous NiOOH was photoelectrodeposited on a-Fe2Oz as an electrocatalyst, which
could reduce the charge recombination at the interface of electrode/electrolyte and result
in a huge enhancement on the PEC performance.l’®l Likewise, Yu et al.
photoelectrodeposited FeOOH on the a-Fe2Os as co-catalysts, resulting in a 140 mV
cathodic shift of the onset potential and a great enhanced photocurrent density. The
improved activity was mainly attributed to the catalytic activity of FeOOH, which
accelerated the kinetics for water oxidation and increased the amount of photogenerated
holes for the reaction.[’”! In addition, the researchers also tried to develop the co-catalysts
with multiple metal sites, which tended to possess superior activity due to the synergetic
effects caused by the interaction between different metal sites. Hu et al. designed a
FeNiOx co-catalyst by a photoelectrochemical method with loadings of merely several
micrograms per square centimeter. The low loading and high activity of the co-catalyst
resulted in significantly deceased onset potential for PEC water oxidation.l”8 Similarly,
a hybrid co-catalyst of CoFeOx with lower light absorption, higher charge separation and

better stability was reported to accelerate the water oxidation kinetics of a-Fe2Os. This
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work pointed out the elegant design of the catalytic material could generate synergetic

effects on improving PEC performance.[”
1.3.5 Interface modulation between a-Fe203 and co-catalysts

The above discuss clearly demonstrates that robust co-catalysts are significantly
important to promote the surface reaction by providing sufficient reaction sites and
reducing the surface recombination. Once the co-catalysts were loaded on the
semiconductors, a distinct interface could be formed between these two components. In
order to match the fast reaction Kinetics of the co-catalysts, sufficient photogenerated
charge carriers must be extracted from the bulk of the semiconductors to the co-catalysts.
Therefore, the co-catalyst/semiconductor interface is extremely crucial for the separation
and migration of photogenerated charge carriers between two components.®! Poor
charge transder at the interface may lead to the accumulation and recombination of the
carriers, thus leading to the poor efficiency of the PEC water splitting. Even though with
the introduction of co-catalysts, the PEC water oxidation efficiency still remains
challenging to reach the required level due to the ineffective charge transfer through the
interface of semiconductor and co-catalyst, which may be resulted from the mismatch of
crystal lattice or energy band level between the semiconductor and co-catalyst.[®!]
Therefore, much attention should be paid to the engineering of the co-

catalyst/semiconductor interface.

There are two kinds of strategies for fabricating efficient co-catalyst/semiconductor
interface to facilitate the charge transfer. The first one is introducing a carefully selected
mediator between the semiconductor and co-catalyst to modulate the interfacial charge
transfer. Those mediators locating at interfaces mainly play two roles for the whole PEC
processes: (1) reduce the interfacial defects density; (2) enhance the transport of charge
carriers from semiconductors to co-catalysts through strengthening the interfacial
communication. The co-catalysts can perform admirable when the semiconductor and the
mediators are exactly adaptive with the co-catalysts on the surface. Thus, the
semiconductors, mediators and the co-catalysts should match well and work
cooperatively from different aspects. The second approach is constructing interfacial
interaction between semiconductors and co-catalysts. The interaction between two
different components can be divided into the physical adsorption and chemical
coupling.®?l The physical adsorption, such as the VVan-der-Waals force, usually leads to

a weak interaction; while the chemical coupling results in a much stronger interaction and
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a modulated electronic structure.’®¥l Therefore, construction of chemical coupling
between semiconductor and co-catalyst is highly desirable to improve the catalytic
activity with a strong and compact interfacial interaction.[® The following discussion
will mainly focus on different mediators to optimize the charge transfer at the interfaces
between semiconductors and co-catalysts, such as hole-storage layers, passivation layers

and metal layers.
1.3.5.1 Different mediators to modulate the interfacial charge transfer

Due to the interfacial resistance between the co-catalysts and the semiconductor, an
injection barrier would be existed at the semiconductor/co-catalyst interface, leading to
the moderate hole transfer efficiency to the surface. If the holes could be exacted from
the bulk of the semiconductor and stored temporarily in a mediator, then it would be much
easier for them to transfer to the surface co-catalyst for water oxidation. Inspired by this
motivation, introducing an hole-storage layer (HSL) between the semiconductor and the
co-catalysts would be effective to promote the charge separation/transfer and thus
enhance the activity of the photoanodes.!® Recently, a layer of ferrinydrite (Fh) was
introduced as a hole transfer channel between Ti-a-Fe2O3z and CoPi for efficient charge
transfer. The tri-phase structure of CoPi/Fh/Ti-a-Fe O3z exhibited a remarkable
photocurrent density of 3.0 mA cm2 at 1.23 V vs. RHE. Electrochemical measurements
revealed that the Fh layer could improve the holes migration from Ti-a-Fe>Oz to the active
sites of Co-Pi and facilitate the hole injection into the electrolyte. Therefore, as shown in
Figure 1.5a and 1.5b, the introduction of Fh layers is beneficial for the holes transfer to
Co-Pi co-catalysts, resulting in the dramatically enhanced PEC performance.®® Similar
phenomenon could be observed on Ni(OH)2. As reported by Wang and co-workers, The
conjugated co-catalysts of Ni(OH)./IrO2 on the electrode could accelerate the reaction
and decrease the onset potential by ~200 mV (Figure 1.5d). As displayed in Figure 1.5c,
as a HSL, the Ni(OH). can extract and store the holes generated from a-Fe>Os and thus
promote the charge transfer between a-Fe>O3 and IrO>. Then the stored holes in Ni(OH):
can be utilized by 1rO, more facilely, leading to the efficient water oxidation. %
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Figure 1.5. Charge transfer processes for a) Co-Pi/Ti-Fe;O3 and b) Co-Pi/Fh/Ti-Fe.03
under illumination.®® c) Scheme of the charge transfer from a-Fe;Os to water through
Ni(OH)> and/or IrO2. d) Chronoamperometry measurement of Ti-Fe;Os, Ti-
Fe203/Ni(OH)2, and Ti-Fe203/Ni(OH)2/IrO; under a stepped potential 8]

As mention in Section 1.3.4.1, the utilization of passivation layers could facilitate the
hole injection at the semiconductor/electrolyte interface by passivating the surface states.
However, most of the passivation layers are unstable in alkaline solution or poorly
contacted with the semiconductors, leading to the poor stability of the photoanodes in
harsh condition for water oxidation. Then the combination of passivation layers and co-
catalysts on the a-Fe>O3 photoanode could achieve an effect of two birds with one stone:
the passivation layers would be protected by the outermost co-catalyst, while the charge
transfer at the semiconductor/co-catalyst interface would be optimized by the passivation
layers. Ahn et al. fabricated an efficient a-Fe;Os-based photoanode with the Ti-
SiOy passivation layer and a Co-Pi co-catalyst. Owing to the outstanding properties for
hole extraction and proper conductivity, the passivation layer of Ti-SiOx could reduce
recombination by passivating the surface states of Ti-Fe>Os. As shown in Figure 1.6, with
the passivation effect of Ti-SiOx for the surface states, the activity of Co-Pi dramatically
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increased. These results demonstrated that the optimized photoanode of Co-Pi/Ti-SiOx/a-
Fe>O3 could fully utilize the synergetic effect of the surface passivation layer, hole

extraction property and co-catalyst for efficient PEC water oxidation.”)
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Figure 1.6. a) TEM image of the Co-Pi/Ti-Fe20s, and b) Co-Pi/Ti-(SiOx/np-Fe203). c) J-
V curves of Ti-Fe;03, Co-Pi/Ti-Fez03, and Co-Pi/Ti-(SiOx/np-Fe203) under AM 1.5 G
illumination in 1 M NaOH solution. d) The reaction mechanism of Co-Pi/Ti-Fe2Os and
Co-Pi/Ti-(SiOx/np-Fe2053).187]

It was reported that the work function induced by the Fermi Level difference between
metals and semiconductors can be effective to facilitate the charge transfer from metals
to semiconductors, sometimes even faster than the lifetime of the photoexcited
electrons.®-8 Fyrthermore, the charge carrier conductivity of the metal is significantly
better than the semiconductor and the co-catalyst, which then could provide an extra
charge transfer channel for the photoanodes. For instance, Li and co-workers fabricated
a core-shell Co/CoOx modified Ti/a-Fe203 electrode. Due to the catalytic effect of CoOx,
the photogenerated holes could be collected and stored from the hematite electrode.
However, it is difficult for the holes to transfer to the surface of the electrode due to the

interfacial resistance between Ti/a-Fe203 and CoOx. Meanwhile, the metallic Co could
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provide a rapid charge transfer channel for the photogenerated holes and arrive at the
surface of the photoanode readily, resulting in lower onset potentials and enhanced

activity for water oxidation (Figure 1.7).[°0]
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Figure 1.7. The charge separation and transfer process of CoOx and core-shell Co/CoOx-

modified Ti/a-Fe,O3 under visible light illumination.®%

As revealed by the excellent examples mentioned above, besides the structure/property
of a-Fe>03 and co-catalysts, the fabrication of a high-quality heterostructured interface is
significant for the fast charge transfer across junctions and thus for achieving a
remarkable PEC activity. Additionally, the interface engineering between the co-catalysts
and the a-Fe20s is significantly important for the charge transfer from the a-Fe>O3 to the
co-catalysts. Decorating hole transfer mediators at the semiconductor/co-catalyst
interface can greatly enhance charge transfer efficiency. Therefore, a suitable mediator is
significantly important to construct an efficient charge modulation system for PEC water

oxidation.
1.3.5.2 Carbon-based co-catalysts for PEC water oxidation

Ideally, the co-catalysts should be low-cost, abundant, and efficient. In this regard,
carbon-based materials provide a great opportunity for constructing cost-effective co-
catalysts. Metal-free carbon-based materials, a promising alternative to those transition
metal-based materials mentioned in Section 1.3.4.2, feature high electrical conductivity,
surface functionality, excellent stability, and diverse morphologies. Particularly, it’s
feasible to optimize the property/activity of the carbon materials due to their editable
structure. Recently, carbon-based materials without metal have attracted great interest to
modify the a-Fe2O3 with improved activity for PEC water oxidation. Li and co-workers
decorated the reduced graphene QDs (rGQDs) on a-Fe2Os photoanode as surface

passivation layers. The self-assembly fabrication process of loading the rGQDs
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passivation layer was quite effective and resulted in a 8-fold increase in photocurrent
density for rGQD/a-Fe;Os photoanode.®! Chen et al. demonstrated a one-step
hydrothermal synthesis to fabricate CQDs/a-Fe2O3 heterojunction photoanode, which
exhibited an enhanced photocurrent density and a cathodic shift of 300 mV in onset
potential.®? More recently, Yang et al. found that the o-Fe,Os photoanode with poor
conductivity and defective surface could be activated by graphene decoration through
facilitated charge transfer. Electrochemical measurements signified that the surface
recombination and surface charge carrier density can be optimized by the graphene

overlayers, thus accelerating the water oxidation kinetics.[*®l

Although those carbon materials, serving as surface modifier over a-Fe.QO3, can exhibit
good PEC performance regardless of possible doping contribution, rational
functionalization and synthesis of carbon-based co-catalysts provide a great opportunity
for further enhancing their intrinsic activity towards water oxidation. Recently, single-
atom catalysts (SACs), with isolated metal sites supported on solid substrates, are
emerging as a highly attractive class of catalysts because they integrate the merits of
homogeneous and heterogeneous catalysis, such as high activity, selectivity, stability, and
maximization of atom utilization efficiency. Notably, the atomization of metal sites on
substrates usually possesses unsaturated coordination environment and large surface free
energy compared with the subnano, nano, bulk ones. As such, those isolated sites is much

active for chemical reactants (Figure 1.8a).%4

a b

Surface Free Energy

Minimizing Metal Sizes

Figure 1.8. a) Schematic illustration of the changes of surface free energy and specific
activity per metal atom with particle size and the support effects on stabilizing single
atoms. b) Schematic molecular configurations of single atom incorporated graphene.
Grey, blue, and red balls refer to carbon, nitrogen, and metal atom, respectively. %4
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Among various single-atom catalysts, single-atom incorporated N-rich carbon (M-NC,
M typically refers to cost-effective transition metals, such as Fe, Co, Ni; the typical
structure illustration is presented in Figure 1.8b) is particularly investigated.[®® It has
attracted extensive attention in various fields, especially in electrocatalysis field, due to
its low cost, editable metal center and coordination, unique electronic properties and
unexpected performance.’! However, the application of SACs supported on carbon-
based materials in OER has been rarely reported compared with the HER and ORR.
Recently, Fei et al. prepared a series of monodispersed atomic transition metals embedded
N-doped graphene with a common and unambiguous MN4C4 (M refers to Fe, Co, Ni)
moiety.’”l As shown in Figure 1.9, both the density functional theoretical (DFT) and
electrochemical measurements confirmed that those anchored MN4Cj4 sites on carbon
substrate could efficiently catalyze oxygen evolution with activities trend of Ni> Co > Fe.
Specifically, the Ni-NC catalyst showed an onset potential of 1.43 V (at 0.5 mA cm™)
and its overpotential at 10 mA cm~2 is 331 mV, much smaller than those of Co—-NC (402
mV) and Fe-NC (488 mV). This advanced example could motive rational design and
synthesis of single atom co-catalysts for improving PEC water oxidation performance.
Double-atoms of metal have also been applied into the NC as the efficient catalyst. For
example, Hu et al. found that Co species atomically dispersed on N-doped carbon (Co-
N-C) could be activated by electrochemical activation in Fe-containing alkaline
electrolyte. The Fe species could be incorporated into Co-N-C (forming a Co-Fe di-atom
catalyst (Co-Fe-N-C)), which can critically enhance the activity for water oxidation
compared to Co-N-C. It could be probed from The operando XAS probe the formation

processes of the bonding with double atom motif.[%]
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Figure 1.9. a, b) Proposed mechanism of MN4C4 with the intermediates adsorbed on the
single site (M = Fe or Co) and dual site (M = Ni). c) Free energy diagram at 1.23 V vs.
RHE for OER at M-NG with MN4Cs moieties. d) OER activity evaluated by LSV (with
iR correction) in 1 M KOH at the potential scan rate of 5 mV s ! for M-NG, NG, and
commercial RuO,/C. €) Corresponding Tafel plots of the catalysts.[°"]

The superior electrochemical O2 evolution activity related to the isolated metal sites
highlights the great potential of M-NC employed as co-catalysts towards PEC water
oxidation. However, such kind of material have rarely been used as co-catalysts in the
photocatalytic system, especially for achieving outstanding performance in
photoelectrocatalysis. In this regard, it’s highly desirable to develop robust single atom
incorporated NC with well-defined atomic coordination as efficient co-catalysts for the

cost-effective PEC system.
1.3.5.3 Interfacial engineering between a-Fe203 and carbon-based co-catalysts

As mentioned in Section 1.3.5.2, the researchers mainly emphasized the effect of
carbon materials as passivation layers and/or conductive scaffolds to suppress the surface
recombination and facilitate the charge transfer. However, the lack of active sites on the

carbon layers lead to a restricted activity, suggesting the great potential to enhance the
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performance by implanting active sites into the carbon framework. For instance, Hou et
al. developed a novel Co-Nx/P complex-doped carbon electrode as an advanced
electrocatalyst for water oxidation reaction. The coordination of Co-Nx active centers
hybridized with that of neighboring P atoms enhanced the electron transfer and optimized
the charge distribution of the carbon surface, which synergistically promoted reaction
kinetics by providing more exposed active sites. Then this Co-Nx/P carbon was integrated
with a-Fe2Os electrode as the co-catalyst, achieving highly efficient solar-driven water
splitting.®®! However, it worth stressing that this integrated photoanode is obtained via
direct deposition at room temperature without special treatment. In such hybrid
photoanode, the interfacial coupling is usually weak, although limited charge transport
phenomenon can be observed. Thus, suitable treatments before or after the formation of
heterostructure are necessary and hold great potential to strengthen the interfacial
coupling for rapid charge transfer across the junctions. For example, Co-doped carbon
layer was prepared to decorated on hematite by a hydrothermal method, which produced
a good contact between carbon layer and hematite. The improved performance can be
attributed to the enhanced conductivity, the suppressed electron-hole recombination by
the carbon layer and the accelerated OER kinetics by the embedded Co species.[%!
However, the quantity of the metal in this Co-doped carbon layer was not precisely
controlled, leading to a low atom utilization. Furthermore, the charge transfer behavior at
the interface between the carbon layer and the a-Fe2Os was not mentioned, resulting in
an unclear fundamental mechanism. As mentioned in Section 1.3.5, strengthening the
interface coupling is crucial to boost the charge carriers transfer across the junctions
towards improving the photoelectrocatalytic efficiency. So how to combine the M-NC
co-catalyst with the a-Fe>O3 properly is significantly important for the efficient charge

transfer between these two components.
1.4 Thesis motivations and organization

PEC water splitting has been projected as a promising approach to meet the steadily
growing demand for cleaner and renewable energy. On the basis of the above-mentioned
overview, it can be concluded that three main components of the PEC system, including
the semiconductors, co-catalysts, and interfaces between them, are crucial for the
apparent photoelectrocatalytic efficiency. In this concern, in order to construct a robust
system for efficient water oxidation, the above three factors should be particularly

considered: (1) hematite (a-Fe2Oz) was chosen as a prototype owing to its low cost,
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suitable band structure and high chemical stability in alkaline environment; (2) novel co-
catalysts should be designed to achieve comprehensive enhancement for PEC water
splitting; (3) charge modulation should be optimized at the semiconductor/co-catalyst
interface, which can boost the separation of photogenerated charge by injecting the charge

carriers into the co-catalyst.

In this dissertation, two criteria of the hematite-based photoanodes are considered to
enhance the catalytic activity, including novel co-catalyst decoration to reduce the
overpotential for water oxidation and relevant interface modulation to facilitate the charge
transfer between the a-Fe>Os and co-catalyst. First, an ultrathin cobalt-manganese
nanosheet is designed by modulating the metal site to achieve the superior OER activity.
Then, two strategies, i.e., inserting hole transfer mediators and constructing direct
chemical interaction at the interface between a-Fe>O3 and co-catalysts, are proposed to

optimize the charge transfer within the photoanodes for boosting the PEC water oxidation.

This dissertation is divided into five chapters. A summary of the remaining four

chapters is described as below:

Chapter 2 Ultrathin cobalt-manganese nanosheets: an efficient platform for

enhanced photoelectrochemical water oxidation with electron-donating effect

As a water-oxidizing photoanode, the performance of a-Fe2Oz has been crucially
limited by poor optoelectronic properties and sluggish reaction kinetics, which lead to
severe surface charge recombination and high overpotential for photo-assisted water
oxidation. Notably, loading oxygen evolution co-catalysts has been regarded as a
particularly effective approach to enhance the surface reaction kinetics of a-Fe2Os.
Meanwhile, the electrocatalysts with multiple metal sites have been reported to possess
superior activity due to the synergetic effects caused by the interaction between different
metal sites. Therefore, it is believed that bimetallic compounds, which are adjustable with
different metal sites, are promising co-catalysts for PEC water oxidation owing to their
abundant active sites and versatility in composition. In this chapter, ultrathin cobalt-
manganese (Co-Mn) nanosheets, consisting of amorphous Co(OH)x layers and ultrasmall
Mn304 nanocrystals, were designed as co-catalysts on a-Fe>O3 for PEC water oxidation.
It was believed that incorporation of Mn sites in the nanosheets could create electron
donation to Co sites and facilitate the activation of OH group, which then might
drastically increase the catalytic activities for OER. Therefore, the Co-Mn nanosheets

were expected to enhance water oxidation performance of a-Fe>O3 by facilitating surface

24



Chapter 1

hole transport and promoting charge separation efficiency along with passivating the

surface states.

Chapter 3 A universal strategy boosting photoelectrochemical water oxidation by
utilizing MXene nanosheets as hole transfer mediators

Even though with the introduction of co-catalysts, the PEC water oxidation efficiency
still remains challenging to reach the required level due to the inefficient charge transfer
through the interface of semiconductor and co-catalyst, which may be resulted from the
mismatch of structural properties and energy levels between the semiconductor and co-
catalyst. This limitation signifies that interfacial charge modulation should be
implemented to boost the charge separation on the photoanodes. In this chapter, we aim
to construct a novel interfacial charge modulation system by integrating ultrathin MXene
nanosheets (MNSs) as hole transfer mediators between a-Fe>O3 nanorods and conventional
co-catalyst layers. Due to the different working potentials between metallic MNs and a-
Fe>O3, a MNs/a-Fe2O3 Schottky junction can be formed with an interfacial built-in
electric field, resulting in a reduced recombination during the charge separation and
transfer process. After decorating with the co-catalyst layers, photogenerated holes were
expected to be driven from the a-Fe>Os to the reaction sites on the co-catalysts, resulting

in enhanced PEC performance for water oxidation.

Chapter 4 Constructing chemical interaction between hematite and carbon
nanosheets with single active sites for efficient photoelectrochemical water oxidation

In order to fabricate efficient co-catalyst/semiconductor interface for facilitating the
charge transfer, another approach is constructing direct interfacial interaction between
semiconductors and co-catalysts, which is highly desirable to improve the catalytic
activity. Considering the high atom utilization efficiency and extraordinary catalytic
properties, single-atom catalysts exhibit huge potentials to be efficient co-catalysts for
PEC water oxidation. How to compactly integrate the single-atom catalysts with the a-
Fe20s still remains challenging. In this chapter, atomically dispersed nickel embedded
ultrathin nitrogen-rich carbon (Ni-NC) was fabricated and subsequently anchored on a-
Fe2O3 with optimized annealing treatment. Due to the intrinsic defects on the a-Fe>Ozand
abundant oxygen-containing groups in the Ni-NC, direct chemical interaction can be
easily constructed between a-Fe>O3 and Ni-NC. The newly formed chemical bonds at the
interface of a-Fe>O3 and Ni-NC were expected to act as interfacial charge shuttle channels

to mediate the hole transfer. In addition, atomically dispersed Ni sites with identical Ni-
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N4 moiety on the carbon nanosheets could provide abundant active sites for favorable
PEC water oxidation upon accepting the massive photogenerated holes through the
interfacial chemical bonding. By combining the direct chemical interaction between a-
Fe2O3 and Ni-NC and robust single Ni sites for OER, the designed heterostructure system

may exhibit highly efficient PEC water oxidation.
Chapter 5 General conclusions and future prospects

This chapter presents an overall summary and conclusion of this dissertation and gives
the prospects for future work.
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Chapter 2 Ultrathin cobalt-manganese nanosheets: an
efficient platform for enhanced photoelectrochemical water

oxidation with electron-donating effect

2.1 Introduction

Photoelectrochemical (PEC) water splitting is a promising approach providing a
sustainable and environmental route for direct conversion of solar energy to hydrogen,
which has been considered to play a vital role in coping with energy shortage and
environmental pollution.l¥1 Because of the sluggish kinetics of four-electron processes
for oxygen evolution reaction (OER), construction of efficient photoanodes is
significantly challenging for solar-driven PEC water splitting./* ®! a-Fe,Os3 is one of the
most promising photoanode materials due to its abundance, nontoxicity, superior stability,
and moderate bandgap (~2.1 eV). However, the performance of a-Fe>Oz is significantlly
restricted by its intrinsically poor conductivity, short hole diffusion length (2~4 nm) and
limited photo-carrier lifetime.® 71 Thus, great efforts have been devoted to promoting
those properties of a-Fe20s films, such as morphology controlling, 2% element doping!**-
13 and heterojunction construction.[*4161 These strategies are expected to shorten the
migration distance of charge carriers to the catalytic sites and reduce charge
recombination in the bulk of a-Fe>Osz films. In this case, more photo-generated holes will
be able to migrate to the catalytic surface. Afterwards, theses holes will inject into the
electrolyte and eventually participate in the reaction. However, the hole injection process
proceeds along with serious surface recombination due to the presence of surface trapped
sites and complicated OER mechanism.[!”l Therefore, enhancing the surface hole

injection efficiency should be strived for to rule over the PEC water oxidation process.

Notably, loading oxygen evolution catalysts (OECs) has been regarded as a particularly
effective approach to enhance the surface reaction kinetics of o-Fe203 films.[*820 The
introduction of OECs is mainly meant to provide surface reaction sites with lower
overpotentials for holes transfer at the interface of photoelectrode/electrolyte. In addition,
OECs can also act as selective trapping sites for photogenerated electrons/holes, thus
suppressing the surface charge recombination.?" 22 The employed OECs in PEC system
usually originate from superior electrocatalysts, among which lots of transition metal-
based OECs with low cost have been proved to have the ability of achieving low

32



Chapter 2

overpotentials for electrochemical OER.[?®l Because of complicated processes and
intermediates involved in OER, it is usually difficult for any single metal-based OECs to
achieve comprehensive enhancement for PEC water splitting. Therefore, it is believed
that bimetallic compounds, which are adjustable with different metal sites, are promising
OECs for PEC water oxidation owing to their abundant active sites and versatility in
composition.lt” 2421 |n this regard, it is significantly important to investigate the actual
functions of different metal sites in the compounds and obtain deep understanding on the
explicit mechanism of this type of OECs for PEC water oxidation. By this way, it is
possible to open new avenue and provide guidance for designing high-efficiency OECs

with multi-metallic sites for PEC water splitting.

Herein, a delicate OEC/a-Fe>O3 architecture is constructed through uniform decoration
of ultrathin Co-Mn nanosheets. It was discovered that incorporation of Mn site in the
nanosheets could create electron donation to Co site and facilitate the activation of OH
group, which drastically boosted the intrinsic catalytic activities for PEC water oxidation.
As a result, the optimized photoanode exhibited an excellent photocurrent density of 2.09
mA cm 2 at 1.23 V vs. RHE under AM 1.5 G illumination (twice that of bare a-Fe203),
as well as remarkable stability for over 10 h. The Co-Mn nanosheets could also tune the
charge behaviors with significantly enhanced surface charge transfer efficiency and
charge separation efficiency. Furthermore, this deposition method could also be applied
in composites with other metals, which is believed to be a versatile and promising strategy
to decorate photoanode with various metallic composites. These findings also provide an
insight into the activation of PEC water oxidation through electron withdrawing/donating

induced by bimetallic site in the composites.
2.2 Experimental section
2.2.1 Materials preparation

Preparation of o-Fe>03 films: a-Fe2O3 films were prepared according to the previous
report.!'*] Briefly, 0.15 M of FeCls and 1 M NaNOs were dissolved in 40 ml water with
the pH adjusted to 1.50 by HCI. The aqueous solution was transferred to a Teflon-lined
stainless steel autoclave. Then the fluorine-doped tin oxide (FTO) glasses, which were
ultrasonically cleaned with ethanol, acetone and deionized water sequentially for 1h to
remove the organic contamination and dust, were immersed and placed with the

conductive side facing to the wall of the autoclave. The autoclave was then put into the
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oven and heated at 95 °C for 4 h. A uniform layer of FeOOH (yellow color) was deposited
on the FTO glasses. The substrates were washed with deionized water to remove the
residual FeOOH and subsequently calcinated at 550 <C for 2 h and 800 <C for additional

20 min.

Deposition of Co-Mn nanosheets on the a-Fe;O3 films: The Co-Mn nanosheets was
electrodeposited from a 2 mM solution with Co(NOs)2 and Mn(NOs). by applying a
cathodic current density of 1 mA cm™2. The deposition durations were varied to 15, 30,
60, 90 and 120s for obtaining the optimized deposition time and investigating the growth
kinetics of Co-Mn nanosheets. In order to obtain the optimized ratio of Co and Mn,
different Co/Mn ratios of deposited composites were investigated by varying the Co/Mn
ratios in the precursor solution. After electrodeposition, the as-obtained samples were
thoroughly cleaned with deionized water for several times and dried at 40 °C for 6 h.
Other hybrid materials such as Ni-Mn composite and Fe-Mn composite were prepared by
the same procedure as that used for the synthesis of Co-Mn nanosheets except different

metal precursors.
2.2.2 Material characterization

In our investigation, X-ray diffraction (XRD) patterns were measured on an X-ray
diffractometer (X'pert powder, PANalytical B.V.) with Copper-Ko radiation under 40 kV
and 30 mA. Optical absorption properties of the photoelectrodes were measured over an
ultraviolet-visible  (UV-vis) spectrophotometer (UV-2700, Shimadzu). The
morphologies of the films were characterized by scanning electron microscopy (SEM)
(S-4800, Hitachi) and transmission electron microscopy (TEM) (FEI Tecnai G2 F30),
coupled with energy dispersive spectrometer (EDS) to determine elementary composition.
X-ray photoelectron spectroscopy (XPS) (PHI Quantera SXM, ULVAC-PHI)
experiments were performed in a Theta probe using monochromated Mg Ka x-rays at hv

= 1486.6 eV. Peak positions were internally referenced to the C 1s peak at 284.6 eV.
2.2.3 Photoelectrochemical measurement

The PEC characterization was carried out using three-electrode cell system, in which
a piece of pure platinum and an Ag/AgCl (3 M KCI) electrode as counter and reference
electrodes, respectively. 1M NaOH aqueous solution was used as electrolyte (pH=13.6).
The available electrode area immersed in the electrolyte solution was fixed to 1.0%1.0
cm?. AM 1.5 G solar simulation (WXS-80C-3 AM 1.5 G) with a light intensity of 100
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mW cm2 was utilized as the light sources. Photocurrent—potential (J-V) curves were
obtained using linear sweep voltammogram in a voltage window of 0.6 ~ 1.6 V vs. RHE
with a scan rate of 20 mV s on an electrochemical workstation (ALS/CH model 650A)
and the light was chopped manually at regular intervals. Electrochemical impedance
spectroscopy (EIS) test was performed at a DC bias of 1.23 V vs. RHE under AM 1.5 G
illumination (frequency range: 0.1 ~ 100000 Hz). Mott-Schottky curves were obtained
from 0.2 to 1.0 V vs. RHE in the dark at a frequency of 1000 Hz. All the potentials in the
PEC performance vs. Ag/AgCI could be converted to the RHE scale using the equation

below.
Erre = Eagiager + 0.059>pH + ECag/agel (1)

Where Erne is the converted potential vs. RHE. Eagagcl represents the experimental
result vs. Ag/AgCl and E%agagci is 0.197 V at ambient temperature of 25 <C.

Applied bias photon-to-current efficiency (ABPE) was calculated using the equation

below.

ABPE (%) = C2=0) 5000 )

light

where J refers to the photocurrent density (mA cm~2) obtained from the electrochemical
workstation. Vp represents the applied bias vs. RHE (V), and Piignt is the total light
intensity of AM 1.5 G (100 mW cm?).

Incident photon to electron conversion efficiency (IPCE) was measured using a
motorized monochromator (M10; Jasco Corp.), which was calculated using the following
equation.

IPCE (%) = 222222 x100% 3)

A X Plight
where J is the photocurrent density (mA cm2) obtained from the electrochemical
workstation. A and Pjigh: refer to the incident light wavelength (nm) and the power density

obtained at a specific wavelength (mW cm™2), respectively.

According to the Mott-Schottky curves, the flat-band potential (Em) values were
obtained from the intercept of the x-axis and the donor concentration (Ng) can be

calculated from the following equations.

N, =2 x [ﬁ] (4

ecgy A
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Where C denotes the space charge region's capacitance, e is electron charge and equal
to 1.6x107*° C, £~80 represents the dielectric constant of o-Fe;Os, the vacuum

permittivity of o is 8.854x1071*F/cm and V is the applied potential on the photoanode.

The water oxidation photocurrent density could be calculated by the following formula,
Jpec = Jabs X Nsep X Ninj (5)
Javs IS the photocurrent density when the absorbed photon completely converting into
current. As a hole scavenger, Na>SOs can effectively trap the holes that arrived to the
surface, without influencing the charge separation on the electrode (ninj assumed to be
100%). Therefore, the charge separation efficiency in the bulk (nsep) and surface charge

injection efficiency (ninj) could be deduced with following equations.

]Na2503

nsep - Jabs (6)
JH20
ninj = ]Na2503 (7)

Where JN82503 and JH20 are photocurrent densities obtained in 1 M NaOH electrolyte
with and without 1 M NazSOs, respectively. The Jas Was calculated by the overlapped
areas between UV-vis absorption spectrum and AM 1.5G solar spectrum according to
the following equation:

Jabs = [ —— - @AM 1.5G(}) - LHE dA (8)

1240
LHE = 1 — 1074® 9)

Where A is the wavelength (nm), AM 1.5G(A) provides the simulated solar spectral
irradiance (W m™2nm), LHE is the light harvesting efficiency, A(X) is the absorbance

at wavelength A.

The experiment of gas evolution for water splitting was carried out in a completely
sealed quartz reactor. The electrode with an area of 1 cm? was immersed in the electrolyte
in a three-electrode configuration. Prior to the reaction and sealing processes, the
electrolyte was purged with argon gas. The generated H2 and O, were analysed with a
thermal conductivity detector (TCD) gas chromatograph (Shimadzu GC-8AIT, argon
carrier). Similarly, AM 1.5 G solar simulation (WXS-80C-3 AM 1.5 G) with a light
intensity of 100 mW cm2 was utilized as the light sources directly without adding any
light filter.
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2.3 Results and discussion
2.3.1 The optimization of Co-Mn nanosheets

The synthetic approach of a-Fe>Os films and fabrication processes of Co-Mn
nanosheets are depicted in Figure 2.1a. Firstly, a yellow layer of FeOOH nanorods (Figure
2.1b) was fabricated on a conducting glass substrate using a hydrothermal method. The
FeOOH transformed to a-Fe,Oz via calcination process with film’s color changing from
yellow to red. Then, Co-Mn nanosheets were deposited on the surface of a-Fe;O3 (Co-
Mn-a-Fe203) with a facile and quick electrodeposition method. The optimized
electrodeposition time is 30 s and Co/Mn ratio in the precursor solution is 0.5:0.5
(confirmed by morphology and photocurrent densities in Figure S5~S8). Hereafter, all
the characterizations and discussion of Co-Mn-a-Fe2Oz films are based on these two
optimized parameters, unless stated otherwise.

- mm
Calcmated Electrodeposition
F
A o A 2 A .
f ®

e203

Figure 2.1 a) Scheme of fabrication processes of a-Fe2Os films and electrodeposition
procedures of ultrathin Co-Mn nanosheets; top-view SEM images of b) FeOOH, ¢) a-
Fe203, d) Co-Mn-a-Fe20s.

To optimize the Co-Mn nanosheets, contrast experiments with different time and
varied Co-Mn ratio were carried out to investigate the morphological evolution of
modified films. It can be observed that inconspicuous change in morphology (with few
nanosheets coated on a-Fe203) is observed with electrodeposition time of 15 s (Figure
2.2a). With electrodeposition time increasing to 60 s, nanosheets on the surface of a-
Fe>Oz nanorods become somewhat obvious (Figure 2.2b). A much more intensive coating
layer grows on the surface of a-Fe.Os3 nanorods with electrodeposition time of 90 s
(Figure 2.2c). When the reaction time increases to 120 s, the whole surface of a-Fe.O3

37



Chapter 2

nanorods is densely covered by the overlayer of Co-Mn nanosheets (Figure 2.2d), which
may hinder the light capture and the transport of photo-induced charge carries. In order
to investigate the influence of Co and Mn on the morphology of the nanosheets, we further
varied Co and Mn ratio in the precursor solution with optimized electrodeposition time
of 30 s. Different morphologies of films electrodeposited with different Co-Mn ratios are
shown in Figure 2.3. Element of Co is conducive to form nanosheets covered on the
surface of a-Fe2O3 nanorods. The more ratio of Co added, the more obvious and thicker
nanosheets formed. If only the Mn element exists, the nanosheets morphology would be
hardly developed (Figure 2.3d). The result is consistent with HRTEM images, which

presented that Co element formed the amorphous nanosheets of Co(OH)x, while Mn

element transformed to Mn3O4 nanocrystals during the electrodeposition.

Figure 2.2 Time-dependent SEM images of the Co-Mn-a-Fe203 films obtained at electro-
deposition of (a) 15 s, (b) 60 s, (c) 90 s, (d)120 s, respectively.
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Figure 2.3 SEM images of films electrodeposited with different Co-Mn ratio: (a) Co-a-
Fe20s3, (b) Coo.75-Mno.25-0-Fe203, (€) C0o.25-Mno.75-a-Fe203 and (d) Mn-a-Fe2Oa.

By comparing visual activity (the photocurrent densities at 1.23 V vs. RHE obtained
from J-V curves), optimized electrodeposition time and Co-Mn ratio in precursor solution
could be acquired. As shown in Figure 2.4, the activities of Co-Mn-a-Fe2O3 photoanodes
with different electrodeposition time were evaluated. It was revealed that Co-Mn-a-Fe203
photoanode with electrodeposition time of 30 s presents the highest photocurrent density.
After then, the continue increase of electrodeposition time from 30 s would lead to a
negative effect on photocurrent densities of the photoanodes, which may due to intensive
covering of Co-Mn nanosheets over a-Fe;Oz nanorods (Figure 2.2). And the optimized
Co-Mn ratio in precursor solution is 0.5:0.5 by comparing the photocurrent densities of
different photoanodes (Figure 2.5 and Figure 2.13)
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Figure 2.4 Photocurrent densities of Co-Mn-a-Fe>O3 films electrodeposited for 15 s, 30
s,60s,90sand 120 s at 1.23 V vs. RHE under AM 1.5 G illumination.
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2.3.2 Characterization of the modified films with Co-Mn nanosheets

The XRD patterns of a-Fe;O3 and Co-Mn-a-Fe2Os films in Figure 2.6a display similar
diffraction peaks ascribed to a-Fe2Os and SnO> (from FTO substrate). It is notable that
only distinct peaks of a-Fe>O3 at 35.6° and 63.9° could be observed (well indexed to the
a-Fe;03 crystal structure of PDF # 33-0664), presumably owing to its relatively small
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size and low loading amount compared with the SnO». There is no peak ascribed to Co-
Mn nanosheets in XRD results, which may be too thin to be detected. Figure 2.6b shows
UV-vis spectra of a-Fe-O3 and Co-Mn-a-Fe2O3 films. Bare a-Fe2O3 exhibits a light
absorption edge of ~ 580 nm with a band gap energy of 2.09 eV (Tauc plots in Figure
2.7), which conforms well with the reported values.?®! After being decorated with Co-
Mn nanosheets, the absorption intensity and bandgap remain almost unchanged,
indicating ultrathin Co-Mn nanosheets have negligible influence on light adsorption of a-
Fe20s. Therefore, XRD and UV-vis results manifest that the structure and optical

absorption of a-Fe2Os film would not be affected by the decoration of Co-Mn nanosheets.

a +FTO b
+a-Fe,0, . -
o 5 0 Co-Mn-a-Fe,0,| 3 — Co-Mn-a-Fe,0,
E— " * L:_ _G'Fezo3
O
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Figure 2.6 a) XRD patterns of Co-Mn-a-Fe203, a-Fe;Ozand FTO, b) UV-visible diffuse

reflection spectra of Co-Mn-a-Fe2O3 and a-Fe20a.
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Figure 2.7 Tauc plots of Co-Mn-a-Fe2O3 and a-Fe20s.
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The obtained a-Fe20s film displays a one-dimensional wormlike structure of nanorods
array (Figure 2.1c). The thickness of the film is approximately 370 nm as identified by
cross-section SEM image (Figure 2.8). Compared with pure a-Fe>O3 film, an ultrathin
layer is fully covered on the surface of a-Fe.Oz3 after integration of Co-Mn nanosheets
(images with larger magnification are presented in Figure 2.9). TEM image in Figure
2.10a further confirms that Co-Mn nanosheets are compactly coated on well crystalized
a-Fe;O3 nanorods and the layer thickness is only several nanometers. High-resolution
TEM (HRTEM) images show that deposited Co-Mn nanosheets consist of amorphous
layers and ultrasmall nanocrystals (Figure 2.10b). According to Yan’s results with similar
method, the amorphous layers are Co(OH)x and the ultrasmall nanocrystals are Mnz04.%°]
The nanocrystalline Mnz0Os are embedded in the Co(OH)x matrix by forming solid
interparticle contact between these two phases, which can be described as a kind of
mosaic structure. The lattice fringes with spacing of 0.204, 0.248 and 0.309 nm
correspond to (220), (211) and (112) crystal planes, unveiling again that the nanocrystals
are tetragonal Mnz04.3% EDS elemental mapping images illustrate that Co and Mn
elements are relatively uniformly distributed along with Fe and O elements (Figure
2c~2q), further verifying the homogeneous coating of Co-Mn nanosheets on the surface
of a-Fe20s.

Figure 2.8 Cross-section SEM image of a-Fe203 nanorods.
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Figure 2.9 Top-view SEM images with larger magnification of a) a-Fe-O3 and b) Co-Mn-
a-Fe20s.

- 0248 nm
- Mn,y0, (211)

Figure 2.10 a) TEM image, b) HRTEM image, c-g) EDS elemental mapping images of
Co-Mn-a-Fe>0Os3 refer to the signals of Fe, O, Co and Mn, respectively.

The chemical states and elemental composition of Co-Mn-a-Fe;Os film were further
characterized by X-ray photoelectron spectroscopy (XPS). The high resolution XPS
spectrum of Fe 2p (Figure 2.12a) is composed of two major peaks located at 710.5 eV
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and 724.1 eV (corresponding to Fe 2p12 and Fe 2pss2), as well as a satellite peak (denoted
as “Sat™) at 718.5 eV, which confirms the existence of Fe3*.[Y Additionally, the Fe 2p
peaks are shifted to lower binding energy after the coating of Co-Mn nanosheets (Figure
2.11a), revealing that electrons can be transferred from Co-Mn nanosheets to a-Fe2Oa.
This phenomenon confirms that Co-Mn nanosheets could facilitate charge transfer on the
photoanode and thus reduce charge recombination. The O 1s spectrum (Figure 2.12b) can
be fitted into two peaks, which are assigned to the lattice oxygen (OL) and hydroxyl
groups bonded with metal cations (On), respectively.*2 The Co 2p spectrum (Figure
2.11b) also shows two main peaks at around 780.2 eV and 796.1 eV (corresponding to
Co 2p32 and Co 2p1s2), with two shake-up satellite peaks (about 786.0 eV and 802.8 eV).
The two main peaks can be deconvolved into four peaks, corresponding to Co (I11) and
Co (I1).17- %3 The fitting results indicate that the content of Co (111) is relatively higher
than Co (l1) in the composite, which is favorable for the superior catalytic activity.[*"]
Additionally, satellite peak located at 786.0 eV can be attributed to the Co-hydroxyl
groups, which is consistent with the XPS result of O 1s at 531.3 V.34 The formation of
Co-hydroxyl groups would yield positive effects on the OER performance, since it might
induce structural flexibility along with optimized coordination states.!®! Similarly, the
Mn 2p spectrum (Figure 2.11c) is also composed of two main peaks (could be fitted to
Mn (I1) and Mn (111), respectively), which is consistent with the TEM results.% In order
to investigate the electronic structure modulation between Co and Mn, the Co 2p spectra
of Co-Mn-a-Fe>03 and Co-a-Fe>O3 are compared in Figure 2.11d. The composition and
configuration of these two spectra are similar. However, an obvious negative shift (0.57
eV) can be observed, indicating the electron donation from Mn site to Co site. This strong
electronic interaction between Co and Mn would make Co site more readily to accept
holes, which might facilitate the generation of intermediates and hence accelerate the O>
production. The electron donation would also induce Mn3Os to become more Lewis
acidic, whereby the activation of OH group through Lewis acid-base interaction could

occur.13¢!
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Figure 2.12 a) Fe 2p and b) O 1s XPS spectra of Co-Mn-a-Fe20s.

2.3.3 PEC performance characterization

The PEC performance of different photoanodes were evaluated by measuring the
photocurrent density versus applied potential (J-V) curves under AM 1.5 G irradiation.
As displayed in Figure 2.13a, a photocurrent density of 2.09 mA cm 2 at 1.23 V vs. RHE
is achieved for Co-Mn-a-Fe;O3 photoanode, about 1.6 times higher than that of bare a-

Fe,O3 photoanode (0.83 mA cm™2). In addition, the onset potential shows a great cathodic
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shift compared with pristine a-Fe2Os photoanode, indicating a lower overpotential for
water oxidation as a result of decoration of Co-Mn nanosheets. The enhanced
photocurrent density and lower onset potential of Co-Mn-a-Fe2O3 photoanode could be
attributed to the compact contact between ultrathin Co-Mn nanosheets and oriented a-
Fe>O3 nanorods. Such intimate interaction was expected to facilitate the charge separation
at the photoelectrode/electrolyte interface, which would promote the oxygen evolution
kinetics of the photoanode.[?%! Additionally, the photocurrent density at 1.23 V vs. RHE
of Co-Mn-a-Fe;O3 photoanode is also much higher than Mn-a-Fe203 (1.17 mA cm2),
Co-a-Fe;03 (1.56 mA cm2) and other photoanodes with different Co/Mn ratios (Figure
2.5) under the same condition. This phenomenon elucidates that OECs with single
element can hardly realize the acceleration of all processes for PEC water oxidation
simultaneously. Moreover, suitable Co/Mn ratio is significantly important to achieve

remarkable performance for the reaction.

In order to explain the importance of appropriate Co/Mn ratio and further illustrate the
electron-withdrawing/donating effect between Co and Mn sites, Co 2p spectra of Coo.75-
Mno.2s-a-Fe>03 (the ratio of Co and Mn in precursor solution is 0.75:0.25) and Coo.25-
Mno.75-0-Fe20s3 (the ratio of Co and Mn in precursor solution is 0.25:0.75) are compared
with Co-o-Fe;O3 (Figure 2.14). Similar with the result of Co-Mn-a-Fe;O3, obvious
negative shifts of 0.32 eV and 0.74 eV can be observed for Coo.75-Mng.2s-a-Fe2O3 and
Co0o.25-Mno.75-a-Fe203, respectively. The shift of Co 2p spectra become larger with the
increasing of Mn ratio, verifying the stronger electron-donating effect from Mn site to Co
site. However, the Co0o.25-Mng.75-a-Fe203 only showed moderate photocurrent density
although with the strongest interaction between Co and Mn sites. The presumed reason
could be attributed to the low concentration of Co, suggesting that the active sites might
be not enough. The XPS results of Co0o.75-Mno.25-a-Fe203 and Co0o.25-Mno.75-0-Fe20s,
combined with the results in Figure 2.11d, unravel the importance of electron-donating
effect for the activity. Generally, the formation of the absorbed OOH species during OER
is considered as the rate limiting step for further processes.! Furthermore, the interaction
between absorbed OOH species and 3d orbital of transition metal sites determines the
OER activities of transition metal-based catalysts.[?* %8 In this regard, the Mn sites would
low the energy of Co atoms and enable the Co sites to gain more electrons, thus inducing

the electron-donating effect. The increase of electron density in 3d orbital of Co sites was
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previously reported to favor the generation of absorbed OOH species, which is beneficial

for facilitating the OER processes. 4%

The photoconversion efficiencies of different photoanodes were evaluated by the
applied bias photon-to-current conversion efficiency (ABPE), calculated from the J—V
curves. As shown in Figure 2.13b, the ABPE of a-Fe>O3 photoanode presents a peak of
only 0.08% at 1.04 V vs. RHE, while the ABPE peaks of Mn-a-Fe;O3 and Co-a-Fe;03
photoanodes reach 0.12% (at 1.02 V vs. RHE) and 0.19% (at 0.99 V vs. RHE),
respectively. In contrast, Co-Mn nanosheets can further promote the maximum ABPE to
as high as 0.25% at a lower potential of 0.98V vs. RHE, which is nearly threefold higher
than that of bare a-Fe;O3z photoanode. In order to further verify the catalytic effect of Co-
Mn nanosheets, the incident photo-to-electron conversion efficiency (IPCE) spectra are
displayed as a function of wavelength from 360 to 600 nm in Figure 2.13c. An obvious
enhancement can be observed at the whole range of spectrum after modification with the
OEC:s. It is demonstrated that Co-Mn-a-Fe2O3 photoanode achieves the maximum IPCE
value of 39.1% at 360 nm, about 3.7 times higher than that of bare a-Fe>O3 photoanode
(10.6% at 360 nm). The enhanced IPCE of Co-Mn-a-Fe>O3 photoanode is also consistent
with the result of J—7V curves, both of which are comparable with recent reported results
of a-Fe203 based photoanodes coupled with different OECs (Table 2.1). Notably, the
trends of IPCE with wavelengths for all photoanodes are similar (with an onset
wavelength of about 600 nm, which are also in accordance with the UV—vis spectra), but
the IPCE values exhibit significant improvement after decoration with Co-Mn nanosheets.
Considering the same semiconductor properties of a-Fe203z, the only difference between
these photoanodes is the decoration of different OECs. Accordingly, the enhanced
performance is not related to the light absorption, but reduced electron trapping sites at
the surface and better charge carrier extraction efficiency by the formation of interface
between Co-Mn nanosheets and a-Fe>O3 nanorods (will be disscussed in more detail
later).[41]

To examine the photo-response of different photoanodes over time, current-time curves
were measured at 1.23 V vs. RHE under chopped illumination (Figure 2.13d). The Co-
Mn-a-Fe>O3 photoanode showed a quick and steady current response, with a highest
stable photocurrent density of 2.07 mA cm2, which is nearly same as the J— ¥ curve data.
It is notable that bare a-Fe,O3 photoanode presented a small spike once the light was

turned on. This phenomenon might be attributed to the slow OER kinetics compared with
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the rapid hole consumption to the surface trapping states, inducing an electron flux
associated with recombination. To obtained steady photocurrents, the prevalent strategy
Is to eliminate those surface trapping sites for holes accumulation by introducing a
passivation layer.[?#4 After being decorated with Co-Mn nanosheets, a uniform layer
could be formed on the surface of a-Fe2Os nanorods. In this case, the photoanode
exhibited quick current response to the chopped light and the photocurrent could be

reproduced via several cycles, which could be ascribed to the enhanced charge utilization
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efficiency and passivated surface trapping sites.
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Figure 2.13 a) J-V curves, b) ABPE curves, c) IPCE curves and d) current-time curves
of pristine a-Fe203, Mn-a-Fe2O3z (decorated with Mn compound), Co-a-Fe>O3 (decorated

with Co compound) and Co-Mn-a-Fe2Os photoanodes. The IPCE and current-time

curves were measured at 1.23 V vs. RHE under AM 1.5 G illumination.
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Long-term stability test was carried out at 1.23 V vs. RHE under AM 1.5 G illumination
to probe the durability of the photoelectrodes under constant working condition. As
shown in Figure 2.15a, Co-Mn-a-Fe2O3 photoanode demonstrates an impressive stability
over 10 h consecutive illumination, still retaining approximately 97 % of the initial
photocurrent density. The Hy on the Pt electrode and the O. on the Co-Mn-a-Fe;O3
photoanode are 363.6 and 179.6 pmol cm™2 after 10 h of consecutive light illumination,
respectively, corresponding to the =2:1 ratio of the water splitting reaction (Figure 2.15b).
In addition, a high Faradaic efficiency of 95.8% is calculated based on the amount of the
generated oxygen and the holes, indicating that nearly all the photogenerated holes are
used for water oxidation. Furthermore, SEM images of Co-Mn-a-Fe,O3 photoanode after
stability test confirm that the morphology of Co-Mn nanosheets is maintained (Figure
2.16), indicating that Co-Mn nanosheets are stable as OEC under photooxidation
environment. Moreover, the fitting XPS result of Co 2p for Co-Mn-a-Fe>O3 photoanode
after OER shows that the main peaks are similar compared to the result before OER
(Figure 2.17), with only slightly increased content of Co (Ill) after stability test. The
results after stability test further highlight the pivotal role of Co-Mn nanosheets in

preventing photo-corrosion and prompting PEC performance of photoanode.
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Figure 2.15 a) Stability test of a-Fe,O3z and Co-Mn-a-Fe>O3 photoanodes for 10 h; b) Gas
evolution curves for Co-Mn-a-Fe>O3 photoanode under AM 1.5 G illumination at 1.23 V
vs. RHE.

Figure 2.16 SEM images of the Co-Mn-a-Fe,O3 films after stability test with different

magnification.
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Figure 2.17 Co 2p XPS spectra of Co-Mn-a-Fe2O3 before and after stability test.

Table 2.1 Comparison of our photoanode to other a-Fe2Os-based photoanodes in recent

o1

years.
NiO-P-a- 2.08 ~5% decay after 38.6 at 1.23V
Fe 055 10h (350 nm)
Zr-a-Fe;03 ~0.89 1.50 No decay after 25.7 at 1.23V
NTBU 5h (370 nm)
Rh-F-Fe,TiOs/ 0.63 2.12 N.A. 37 at 1.25V
a-Fe,03% (370 nm)
carbon coated a- 0.77 2.00 N.A. N.A.
F8203[53]
Co-Pi-a- ~0.8 1.28 N.A. N.A.
F62O3[54]

IrO2/RuO2-a- 0.48 1.52 No decay after 54 at 1.25V
Fe,05% 72h (330 nm)
a-Fe20s/ 0.6 3.2 N.A. 80at1.23V

FeOOH/AuL®] (390 nm)

Co/E-I-Sn-a- ~0.6 2.2 ~4% decay after 27 at 1.23V
Fe,05%] 10 h (330 nm)

Au-embedded 0.8 1.025 No decay after 16 at 1.23V

a-Fe,0505] 15h (410 nm)



Chapter 2

P:a- 0.58 2.0 11% decay after 28 at 1.23V
Fe,03/CoPil> 5h (360 nm)
a-Fe;O3/CoAl 0.58 2.0 No decay after N.A.

LDH[GO] 2h
a- ~0.8 0.85 4.4% decay 20.2at1.23V
Fe,03/FeOOH6 after 70 h (400 nm)
o- 0.65 1.21 ~3% decay after N.A.
Fe,03/FeOOH[62 25h
Co-Mn-a-Fe;03 0.6 2.09 ~ 3% decay 39.1at1.23V
after 10 h (360 nm)

2.3.4 Research on catalytic mechanism

To understand the underlying mechanism of Co-Mn nanosheets for enhancing PEC
performance of a-Fe2Os films, charge transfer behaviors of the photoanodes were
investigated by electrochemical measurements. Due to the low activation energy and
kinetically facile photo-oxidation of SO3*~ species, J—V curves of the photoanodes were
measured with Na2SOs as hole scavenger (Figure 2.18a).[28] Then, the surface charge
injection efficiency (ninj) and charge separation efficiency (msep) Were calculated
according to the equations in experimental section and the Japs in Figure 2.18b. As shown
in Figure 2.19a and Figure 2.19b, the ninj and nsep Values of Co-Mn-a-Fe203 photoanode
are both much higher than that of pure a-Fe2O3 photoanode, while Mn-a-Fe2O3 and Co-
a-Fe>03 photoanodes only exhibit moderate values. These results are consistent with the
PEC performance test, demonstrating that the positive outcomes could not only be
ascribed to the improved water oxidation kinetics, but also the reduced surface charge

recombination due to the electron-donating effect within Co-Mn nanosheets.

To gain more insight into the impacts of Co-Mn nanosheets modification to charge
transfer and separation processes, Mott—Schottky analysis was conducted (Figure 2.19c¢).
It is clearly presented that all photoanodes exhibit positive slopes, manifesting n-type
semiconductor feature. The flat-band potentials display a gradually cathodic shift from
bare a-Fe20O3 to Co-Mn-a-Fe203 photoanode and the slopes of Mott—-Schottky curves
show an evident decrease after OECs loading. The values of carrier density (Ng), which
derives from the slope of Mott-Schottky curves, promote from 1.34x10%° cm™3 to
5.41>10%° cm 3 (Table 2.2). The enhancement of Ng could promote band bending at the
interface of electrode/electrolyte, facilitating the processes of charge transfer.*! In this

case, the results of Mott—Schottky analysis are consistent with PEC Na>SO3z oxidation
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test, verifying more effective processes of charge separation and holes injection with

decoration of Co-Mn nanosheets.

To visualize the charge transfer processes at the interface of electrode/electrolyte,
electrochemical impedance spectroscopy (EIS) was measured at 1.23 V vs. RHE under
illumination. As demonstrated in Figure 2.19d, all the Nyquist plots of four photoanodes
show two obvious semicircles. The small semicircle in high-frequency range is usually
regarded as charge transfer process in the bulk of semiconductor, while the large
semicircle of low-frequency region is deemed as charge transfer behavior at
electrode/electrolyte interface. Both of the semicircles are smaller for the OECs loaded
photoanodes, indicating a faster surface water oxidation process benefited by efficient
hole extraction and oxidization catalytic capability.[él In order to investigate the EIS data
more thoroughly, a typical equivalent circuit model inserted in Figure 5d is proposed and
the fitted results are presented with solid lines. In this case, Rs indicates the series
resistance, representing the resistivity of electrolyte between working and reference
electrodes, Rouik in high frequency represents resistance in the semiconductor, Rt in low
frequency defines as charge transfer resistance across the interface of
photoanode/electrolyte and CPE is the constant phase element.?® 41 The values of all
these items are displayed in Table 2.3, in which Rs for all photoanodes are almost same,
suggesting similar working condition of these photoanodes. Furthermore, the values of
Rouik for photoanodes of Mn-a-Fe203 (60.77 Q), Co-a-Fe;03 (38.41 Q) and Co-Mn-a-
Fe203 (28.19 Q) are all lower than that of pristine a-Fe;O3 (103.7 Q), demonstrating
enhanced conductivity ascribing to the incorporation of OECs. The improved charge
transfer in the bulk might be attributed to the facilitated charge separation, indicating the
OECs have additional effects on promoting the PEC water oxidation in addition to the
surface catalytic effect.['] A significant decrease can be observed in Ret from 564.9 Q to
299.7 Q after the decoration of Co-Mn nanosheets, proposing that the photogenerated
charge carriers could be injected into electrolyte more easily on Co-Mn-a-Fe;O3
photoanode.
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flux and integrated current density (Jabs) of Co-Mn-a-Fe20O3 photoanode.
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Figure 2.19 a) Charge injection efficiencies on the surface, b) charge separation
efficiencies in the bulk, ¢) Mott—Schottky plots and d) EIS plots and fitting-figures (solid

lines) of pristine a-Fe203, Mn-a-Fe203, Co-a-Fe203 and Co-Mn-a-Fe2O3 photoanodes.
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Table 2.2 Ef, values and carrier densities obtained from Mott-Schottky plots for pristine
a-Fe;03, Mn-a-Fe 03, Co-a-Fe,03 and Co-Mn-a-Fe203 photoanodes.
Photoanode E (V) vs. RHE Carrier Density (cm?)
a-Fe20s 0.55 1.34x10%°
Mn-a-Fe20s3 0.51 2.01x10%
Co-a-Fe203 0.48 3.40x10%°
Co-Mn-a-Fe20s3 0.46 5.41x10%°

Table 2.3 EIS results of different photoanodes calculated by the equivalent circuit model.

Photoanode Rs () Rbulk (€2) Ret (€2)

a-Fe20s 49.78 103.7 564.9
Mn-a-Fe203 4991 60.77 414.9
Co-a-Fe203 47.87 38.41 323.2

Co-Mn-a-Fe203 41.39 28.19 299.7

Based on above discussion, the proposed electron transfer paths for Co-Mn-a-Fe203
photoanode are schematically illustrated in Figure 2.20. Under illumination, a-Fe;O3 can
generate electrons and holes. Then the photo-generated electrons will migrate to FTO
substrate, while the holes transfer to the surface driven by electric filed. The surface-
reaching holes are inclined to accumulate and recombine with the electrons due to
sluggish kinetics of water oxidation and intrinsic properties of a-Fe>Os. However, with
the modification of Co-Mn nanosheets, photo-generated holes will migrate to the OEC
layer and the recombination of charge carriers will be restricted. Co ions act as active
sites to receive holes from semiconductor and then be oxidized to various high-value
states.[*’! The oxidation state of Co ions with high values (Co®* or Co**) will then deliver
the positive charge to the coordinated intermediate species to generate Oz and recover to
the initial states.[*®! The electrons can migrate from Mn site to Co site via the intimate
interface, indicating that chemical states of Co will become lower (the Co?* and Co®* will
be changed to Co?° and Co%°). Consequently, the active sites of Co are inclined to accept
the holes more easily, which is consistent with the high surface charge injection efficiency.
The greater number of electrons in Co sites could also facilitate the generation of absorbed
OOH intermediates and thus accelerate the O, production.t0 4%l
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Figure 2.20 Schematic electron transfer paths presumedly occur in Co-Mn-a-Fe2O3
photoanode under AM 1.5 G illumination responsible for the PEC water oxidation.

Since Co-Mn nanosheets could achieve superior OER activity, we further investigated
whether other composites (such as Ni-Mn composite and Fe-Mn composite) had similar
enhancement effects on a-Fe2Os. As shown in Figure 2.21, the morphologies of Ni-Mn-
a-Fe20z and Fe-Mn-a-Fe203 are similar with Co-Mn-a-Fe2Os, with a thin layer coating
on the surface of a-Fe,Oz nanorods. J-V curves presented in Figure 2.22 demonstrate that
Ni-Mn composite and Fe-Mn composite could also enhance the OER performance of a-

Fe20s films, suggesting the versatility of our strategy.
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Figure 2.21 SEM images of (a, b) Ni-Mn-a-Fe2O3 and (c, d) Fe-Mn-a-Fe2O3 films.
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Figure 2.22 J-V curves of Ni-Mn-a-Fe,O3 and Fe-Mn-a-Fe20s films.
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2.4 Conclusions

In conclusion, we have constructed ultrathin Co-Mn nanosheets as OEC for a-Fe;O3
films and investigated the electron-withdrawing/donating effect between Co(OH)x and
Mn3z04 to enhance the activity of photoanodes for PEC water oxidation. This approach
helps in attaining an advantageous OEC/semiconductor interface to reduce recombination
of photogenerated charge carries and enhance their transfer efficiency. Compared with
bare a-Fe20O3 photoanode, the optimized photoanode exhibits a remarkable photocurrent
density of 2.09 mA cm™ at 1.23 V vs. RHE under AM 1.5 G illumination and an
impressive cathodic shift (~ 200 mV) of onset potential. Furthermore, Co-Mn nanosheets
can also significantly enhance the ABPE values of a-Fe>Os3 even at a lower potential and
provide a remarkable resistance against photo-corrosion with an excellent stability for
over 10 h. Detailed mechanism investigation unveils the pivotal role of electron-donation
effect from Mn304 to Co(OH)x resulting in efficient charge injection processes and thus
dramatically enhanced PEC water oxidation performance. Our work provides deep
understanding on the electron-withdrawing/donating effect for catalytic materials with
multi-metallic sites, which possesses huge potentials in solving the current dilemma for

large-scale applications of PEC water splitting.
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Chapter 3 A universal strategy boosting photoelectrochemical
water oxidation by utilizing MXene nanosheets as hole

transfer mediators

3.1 Introduction

PEC water splitting has been projected as a promising approach to meet the steadily
growing demand for cleaner and renewable energy.™31 Due to the complex processes of
four-electron transfer, the oxygen evolution reaction (OER) is more difficult than the two-
electron hydrogen evolution reaction (HER).*S! Then the sluggish OER on the
photoanode becomes the rate-limiting step that governs the reaction rate of the PEC water
splitting.l"" Therefore, enhancing the water oxidation should be strived for to rule over

the practical application of PEC water splitting.[!

Notably, loading oxygen evolution catalysts (OECs), such as transition metal oxides
and hydroxides, is one of the most effective strategy to enhance the surface reaction
kinetics of photoanodes.[**!l The function of OECs is providing reaction sites for the
holes transferred to the interface of photoelectrode/electrolyte, namely suppressing the
charge recombination on the surface and lowering the overpotentials for water
oxidation.*? However, even though with the introduction of OECs, the PEC water
oxidation efficiency still remains challenging to reach the required level due to the
inefficient charge transfer through the interface of semiconductor and OEC, which may
be resulted from the mismatch of crystal lattice or energy band level between the
semiconductor and OEC.!*3%4 Thus the catalytic capability of OEC is strongly limited by
the weak thermodynamic driving force rooted in the low charge transfer efficiency from
the semiconductors.[*>-1¢1 This limitation signifies that the charge modulation should be
optimized at the semiconductor/OEC interface, which can boost the separation of
photogenerated charge by injecting the charge carriers into the OEC. Therefore, a ternary
structure on the photoanodes with an interlayer introduced between the semiconductor
and OEC was developed.[**171 Until now, several kinds of interlayers, such as hole storage
layers,[** passivation layerst*®l and metal layers,*®! have been designed to work
cooperatively with the OECs and displayed great potential to achieve efficient PEC water
oxidation. However, several important issues for this ternary structure still remain and

need to be conquered: i) the enhanced activity in most reported cases is attributed to the
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superposed effects of interlayers and OECs, rather than the facilitated charge transfer at
the semiconductor/OEC interface; ii) the performance of the modified photoanodes is still
moderate and novel interfacial charge mediators should be further developed; iii) a
universal strategy that is applicable to various photoanodes is rarely reported and remains
challenging. Therefore, exploiting a suitable interfacial mediator, which should also be
adaptive with the semiconductor and the OECs in both the energy level and structural
properties,[*® is significantly important to construct an efficient charge modulation
system for PEC water oxidation.

As a novel two-dimensional (2D) structure materials, MXene has shown great potential
in the fields of energy storage and catalysis, owing to the unique architecture with metallic
electrical conductivity, high specific surface area and hydrophilic surface property.[20-21]
Additionally, the tunable work function affected by the surface-functional groups can
adjust the interfacial barrier height of the junctions, which can effectively accelerate the
carrier extraction, combining with the high carrier mobility.[?>-%3] Therefore, employing
MXene and its tailored integration with photoanodes is attractive and practical to enhance
the PEC water oxidation. However, it is rarely reported to utilize MXene in the PEC water
oxidation, not even functioning as the interfacial mediator. One possible reason could be
that MXene flakes are readily oxidized in aqueous environments, leading to deteriorated
electrical properties, which then limiting their applications involving exposure to an
oxygen-containing aqueous environment and long-term operation.[?*?! Thus, an
optimized structure of the photoanode should be designed to retard the oxidation process
of MXene under the harsh PEC test condition.

In this study, hematite (a-Fe203) was chosen as a prototype owing to its low cost,
suitable band structure but poor optoelectronic properties. Then a novel interfacial charge
modulation system was designed with the insertion of ultrathin MXene nanosheets (MNSs)
as hole transfer mediators between a-Fe>O3 nanorods and conventional OEC layers (Co-
Pi). The electrochemical analysis reveals a strong built-in electric field formed at the
MNs/a-Fe203 Schottky junction with a larger extracted photovoltage, resulting in a
reduced recombination during the charge separation and transfer process. After
decorating with the thin layer of Co-Pi, photogenerated holes can be smoothly driven
from the a-Fe2O3 to the Co-Pi sites, achieving an efficient water oxidation. As a result,
the optimized Co-Pi/MNs/a-Fe,O3 photoanode delivers a photocurrent density of 3.20
mA cm 2 at 1.23 V vs. RHE, as well as an impressive cathodic onset potential shift of
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~250 mV compared with the bare a-Fe2Os. The “sandwich” structure of Co-Pi/MNSs/a-
Fe>O3 can also protect the MNs from direct exposure to the electrolyte, hence achieving
a remarkable stability for 20 h. Interestingly, this strategy can be also extended to other
OECs (NiOOH and FeOOH) and semiconductors (BiVOs, WO3 and ZnO), which is
believed to be a versatile and promising strategy to enhance the PEC water oxidation by

interfacial charge modulation.
3.2 Experimental section
3.2.1 Materials preparation

Preparation of a-Fe2Os3 films: a-Fe2O3 films were prepared according to the previous
report.l®! Briefly, 0.15 M of FeClz and 1 M NaNOs were dissolved in 40 ml water with
the pH adjusted to 1.50 by HCI. The aqueous solution was transferred to a Teflon-lined
stainless steel autoclave. Then the fluorine-doped tin oxide (FTO) glasses, which were
ultrasonically cleaned with ethanol, acetone and deionized water sequentially for 1h to
remove the organic contamination and dust, were immersed and placed with the
conductive side facing to the wall of the autoclave. The autoclave was then put into the
oven and heated at 95 °C for 4 h. A uniform layer of FeOOH (yellow color) was deposited
on the FTO glasses. The substrates were washed with deionized water to remove the
residual FeOOH and subsequently calcinated at 550 <C for 2 h and 800 <C for additional

20 min.

Synthesis of MXene nanosheets (MNs): Multilayer TizC,Tx was prepared by
selective etching the Al layer from MAX (TisAlC,).*2 Specifically, 1 g of TisAIC, was
added into 10 mL HF solution (40 wt%) and magnetically stirred for 18 h at room
temperature (RT). Then the obtained solution was washed with deionized water
repeatedly until the pH was above 6. To obtain few- and/or single-layer flakes, the
obtained MXene (TizC2Tx) was delaminated in 20 mL tetramethylammonium hydroxide
(TMAOH) for 18 h at RT. After diluted with deionized water, TMAOH-intercalated
TisCoTx was separated by centrifugation at 5000 rpm for 3 min. The obtained precipitate
was dispersed in deionized water with a weight ratio of TizsC,Tx: water of 1:300. The
suspension was sonicated under flowing nitrogen (N.) for 2 h, and then centrifuged at
3000 rpm for 1 h to obtain the supernatant containing delaminated MXene flakes. Then
the delaminated MXene flakes were downsized into small pieces of MNs with strong

sonication treatment
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Fabrication of MNs/a-Fe2Os and Co-Pi/MNs/a-Fe20Os photoelectrodes: The
obtained MNs solution was decorated onto the surface of a-Fe2O3z films with spin-coating
method. Then the MNs/a-Fe>Oz films were then annealed at 150 °C in tube furnace under
argon atmosphere for 1h to reinforce the interaction between MNs and a-Fe>Os. Then the
Co-Pi layers were photoelectrodeposited onto the MNs/a-Fe>O3 photoanode by a solution
of 0.5 mM Co(NO3)2 6H20 in 0.1 M potassium phosphate buffer (pH=6.9) at 0.2 V vs.
Ag/AgCl for 100 s under AM 1.5G illumination.

3.2.2 Material characterization

In our investigation, X-ray diffraction (XRD) patterns were measured on an X-ray
diffractometer (X'pert powder, PANalytical B.V.) with Copper-Ka radiation under 40 kV
and 30 mA. Optical absorption properties of the photoelectrodes were measured over an
ultraviolet-visible  (UV-vis) spectrophotometer (UV-2700, Shimadzu). The
morphologies of the films were characterized by scanning electron microscopy (SEM)
(S-4800, Hitachi) and transmission electron microscopy (TEM) (FEI Tecnai G2 F30),
coupled with energy dispersive spectrometer (EDS) to determine elementary composition.
X-ray photoelectron spectroscopy (XPS) (PHI Quantera SXM, ULVAC-PHI)
experiments were performed in a Theta probe using monochromated Mg Ka x-rays at hv
= 1486.6 eV. Peak positions were internally referenced to the C 1s peak at 284.8 eV.
Raman spectra were collected using a Horiba Jobin Yvon LabRAM system with a 532

nm excitation laser.
3.2.3 Photoelectrochemical measurement

The PEC characterization was carried out using three-electrode cell system, in which
a piece of pure platinum and an Ag/AgCl (3 M KCI) electrode as counter and reference
electrodes, respectively. 1M NaOH aqueous solution was used as electrolyte (pH=13.6).
The available electrode area immersed in the electrolyte solution was fixed to 1.0x<1.0
cm?. AM 1.5 G solar simulation (WXS-80C-3 AM 1.5 G) with a light intensity of 100
mW cm2 was utilized as the light sources. Photocurrent—potential (J-V) curves were
obtained using linear sweep voltammogram in a voltage window of 0.6~1.6 V vs. RHE
with a scan rate of 20 mV s! on an electrochemical workstation (ALS/CH model 650A)
and the light was chopped manually at regular intervals. Electrochemical impedance
spectroscopy (EIS) test was performed at a DC bias of 1.23 V vs. RHE under AM 1.5 G
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illumination (frequency range: 0.1~100000 Hz). All the potentials in the PEC

performance vs. Ag/AgCI could be converted to the RHE scale using the equation below.
ErrE=EAgiagci+0.059>pH+Eag/agc 1)

Where Erne is the converted potential vs. RHE. Eagiagcl represents the experimental
result vs. Ag/AgCl and E%agagei is 0.197 V at ambient temperature of 25 <.

Applied bias photon-to-current efficiency (ABPE) was calculated using the equation

below.

ABPE (%) = TX(-237V) 1 00% ()

Plight
where J refers to the photocurrent density (mA cm™2) obtained from the electrochemical

workstation. Vy, represents the applied bias vs. RHE (V), and Piignt is the total light
intensity of AM 1.5 G (100 mW cm ™).

Incident photon to electron conversion efficiency (IPCE) was measured using a
motorized monochromator (M10; Jasco Corp.), which was calculated using the following
equation.

IPCE (%) = 3—>-->100% (3)

X Plignt

where J is the photocurrent density (mA cm2) obtained from the electrochemical
workstation. A and Piignt refer to the incident light wavelength (nm) and the power density

obtained at a specific wavelength (mW cm™), respectively.

For comparison of charge recombination rate at the photoanode/electrolyte junction,
the carrier lifetime was quantified by:

o2 (22)” ®

where t, kg, T, €, and dOCP/dt are the carrier lifetime, Boltzmann’s constant,
temperature (K), charge of single electron and derivative of the OCP transient decay,
respectively.

The water oxidation photocurrent density could be calculated by the following formula,
Jpec = Jabs %X Nsep X Ninj (%)

Jabs 1S the photocurrent density when the absorbed photon completely converting into
current. As a hole scavenger, Na>SOs can effectively trap the holes that arrived to the

surface, without influencing the charge separation on the electrode (ninj assumed to be
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100%). Therefore, the charge separation efficiency in the bulk (nsep) and surface charge

injection efficiency (ninj) could be deduced with following equations.

]Na2503
= 6
Nsep Tabs (6)
_ ]Hzo
ninj'_ JNaz503 (7)

Where JN825093 and JH20 are photocurrent densities obtained in 1 M NaOH electrolyte
with and without 1 M Na>SOs, respectively. The Jas was calculated by the overlapped
areas between UV-vis absorption spectrum and AM 1.5G solar spectrum according to

the following equation:

Japs = | —— - @AM 1.5G(}) - LHE dA (8)

1240
LHE = 1 — 1074® 9)

Where A is the wavelength (nm), AM 1.5G(A) provides the simulated solar spectral
irradiance (W m2nm™!), LHE is the light harvesting efficiency, A()) is the absorbance

at wavelength A.

The experiment of gas evolution for water splitting was carried out in a completely
sealed quartz reactor. The electrode with an area of 1 cm? was immersed in the electrolyte
in a three-electrode configuration. Prior to the reaction and sealing processes, the
electrolyte was purged with argon gas. The generated H> and O, were analysed with a
thermal conductivity detector (TCD) gas chromatograph (Shimadzu GC-8AIT, argon
carrier). Similarly, AM 1.5 G solar simulation (WXS-80C-3 AM 1.5 G) with a light
intensity of 100 mW cm™2 was utilized as the light sources directly without adding any
light filter.

3.3 Results and discussion
3.3.1 Synthesis and characterization of MXene nanosheets (MNSs)

A schematic illustration for the synthesis of MXene nanosheets (MNSs) and fabrication
of MNs decorated a-Fe>O3 photoanode is shown in Figure 3.1. A common MAX phase
of TisAIC, (Figure 3.2a) was firstly etched by the HF, producing stacked MXene layers
(TisCaTx, T represents the functional groups of —O, —OH and —F on the surface) with
accordion-like architecture (Figure 3.2b). Then the MXene flakes (Figure 3.2c) were
successfully delaminated by centrifugation and sonication after the intercalation of TMA*

ions into the stacked layers. The transformation from the phase of TisAIC; to TisCoTx is
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verified by the disappearance of the XRD peak at ~39° (the characteristic peak of TisAlIC>)
and the obvious shift of (002) and (004) peaks to the lower degrees (Figure 3.3).%%! In
order to make it easier to integrated with the a-Fe>Oz nanorods, the delaminated MXene
flakes were downsized into small pieces of MNs with strong sonication treatment. As
shown in Figure 3.2d and Figure 3.4a, the scanning electron microscope (SEM) image
and atomic force microscopy (AFM) image present a well-defined 2D structure of the
ultrathin MNs, with a planar size of ~100 nm and an ultrathin thickness of ~3.5 nm. The
formation of MNs was further confirmed by the XRD pattern in Figure 3.3, with a more
negative shift of (002) shift compared with the stacked MXene layers and decreased
intensity of the peaks due to the dimension change.?”) Meanwhile, a typical Tyndall effect
can be observed in the colloid solution of MNs (Figure 3.4b), suggesting a homogeneous
dispersion of MNs in the solvent.

o % %o2e8sWGPLL B 1 N ANNDIIR

o etNNBITP 20 8 8 S AN NN 00
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Figure 3.1 Schematic illustration of preparation process of MNs and fabrication of
MNs/a-Fe,O3 photoanode.
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Figure 3.2 SEM images of a) TisAIC, powder, b) stacked MXene layers, ¢) delaminated
MXene flakes and d) downsized MXene nanosheets after strong sonication.
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Figure 3.3 XRD patterns of TizAIC, powder, stacked MXene layers after etching with HF
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and MNs after strong sonication.

Figure 3.4 a) AFM image of ultrathin MNs. Inset of AFM image shows the height profile
along the blue line. b) The digital photograph of MNs dispersed in ethanol. A significant
Tyndall effect is found in the MNs colloid solution.

The surface properties and chemical components of the MNs were further evaluated
by the Raman spectra and X-ray photoelectron spectroscopy (XPS) measurement. The
characteristic peaks in the Raman spectrum of MNs confirm the formation of the TisAIC>
phrase and the coexistence of various surface terminated functional group (Figure 3.5).[26]
The peaks at 207 and 749cm™! are assigned to the Ti-C and C-C vibrations (Alg
symmetry) of the oxygen-terminated TisC20, while the peak at 373 cm™! is attributed to
the O atoms Eq vibrations. The peak at 621 cm™' comes mostly from Eq vibrations of the
C atoms in the OH-terminated MXene. The above results illustrate that there are some
surface terminations on the surface of MXene, such as -OH and -O. The MNs has broader
Raman peaks which are probably due to the coexistence of various surface terminated
functional groups that can have this effect on phonon dispersion of MXene.?°l Moreover,
absence of peak at 144 cm™ reveals that no titanium dioxide has been formed on the
surface of MINs. The presence of abundant hydrophilic functionalities (-O, —OH) on MNs
is further supported by the XPS spectra of O 1s and Ti 2p (Figure 3.6).181 Thus, the
abundant surface functionalities and homogeneous dispersion of ultrathin MNs could

greatly favor their intimate coupling with other materials.
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Figure 3.5 Raman spectrum of MNs after strong sonication.
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Figure 3.6 High-resolution XPS survey spectra of a) Ti 2p, b) C 1s and c) O 1s in MNs.

3.3.2 Characterization of modified photoanodes

Then, the ultrathin MNs were deposited uniformly on the surface of a-Fe>O3 via spin-
coating method, followed by annealing at 150 °C to reinforce the contact between MNs
and a-Fe20s3. The XRD patterns of a-Fe.O3, MNs/a-Fe>O3 and Co-Pi/MNs/a-Fe20s films
in Figure 3.8a present similar diffraction peaks assigned to a-Fe>O3 and SnO> (from FTO
substrate). Distinct peaks of a-Fe>O3 at 35.6° and 63.9° can be observed, which are well
coincided with the a-Fe;Os3 crystal structure (PDF # 33-0664). There are no peaks
ascribed to MNs and Co-Pi in XRD results of modified films, presumably owing to the
low loading amount and ultrathin property. Figure 4.8b shows UV-vis spectra of a-Fe>O3,
MNs/a-Fe203 and Co-Pi/MNs/a-Fe203 films. A light absorption edge of ~580 nm with a
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bandgap energy of 2.09 eV (Tauc plots in Figure 3.9) is exhibited by bare a-Fe>O3, which
consists well with the reported values.!*? After being modified with MNs and Co-Pi, the
absorption intensity and bandgap of a-Fe>.O3 remain almost unchanged. Therefore, it can
be deduced that the MNs and Co-Pi have negligible effect on the structure and optical
absorption property of a-Fe;Os3 film. Compared with the bare a-Fe2O3, thin MNs are
distributed on the surface of a-Fe.O3 nanorods from the SEM and TEM images (marked
with red circles) in Figure 3.7a~3.7c, indicating intimate contact between a-Fe,Oz and
MNs. A distinct interfacial structure with ultrathin MNs compactly clinging to the a-
Fe>O3 nanorods is clearly observed from the high-resolution TEM (HRTEM) image in
Figure 3.7d. The existence and distribution of Fe, O, Ti and C elements in the MNs/a-

Fe20Os3 are also confirmed by the TEM-EDS elemental mappings in Figure 3.7e.

Figure 3.7 Top-view SEM images of a) a-Fe2O3 and b) MNs/a-Fe;O3 (inset is the
magnified images); ¢) TEM image and d) HRTEM image of MNs/a-Fe2O3 and e) EDS
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elemental mapping images of MNs/a-Fe2O3 refer to the signals of Fe, O, Ti and C,

respectively.
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Figure 3.8 a) XRD patterns of Co-Pi/MNs/a-Fe2O3, MNs/a-Fe203, a-Fe20Ozand FTO and

b) UV-visible diffuse reflection spectra of Co-Pi/MNs/a-Fe;O3, MNs/a-Fe203 and a-

Fe20:s.
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Figure 3.9 Tauc plots of a-Fe203, MNs/a-Fe>O3 and Co-Pi/MNs/a-Fe20s.

Due to the difference in working functions, the intimate contact between the a-Fe;Os
and MNs (with the metallic property) make it easy to construct a heterostructure with a

built-in electric field, which is beneficial for the charge transfer and separation in the
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photoanode.l?®31 To gain insight into the electronic structures of the MNs/o-Fe2Os3
junction, the band structure of a-Fe>O3 and the work function of MNs were investigated
by ultraviolet photoelectron spectroscopy (UPS). As shown in Figure 3.10a, the
secondary electron cut-off energy of a-Fe2Os is 16.58 eV, then the work function of a-
Fe>Os is calculated to be 4.64 eV as the photon energy of exciting radiation is 21.22 eV.
With the same calculation method, the work function of MNs could also be obtained to
be 5.78 eV as the secondary electron cut-off energy of MNs is 15.44 eV. Then the energy
band diagrams of a-Fe>Os and MNs can be illustrated in Figure 3.10c. Since the work
function of MNss is larger than that of the a-Fe2Os, their contact causes the electrons to
flow from a-Fe2O3 to MNs, thereby forming a depletion layer at the interface between a-
Fe>O3 and MNs. Such contact is termed as the Schottky contact, resulting in a built-in
electric field pointing from a-Fe,O3 to MNs and band bending upwards due to the
repulsion from the negatively charged layer located on the MNs side.®) When the
MNs/a-Fe203 heterostructure exposed to the illumination, the photogenerated carriers
could be separated by the built-in electric field, with holes transporting to MNs and
electrons flowing to the external circuit. The formation of the built-in electric field can
also facilitate the enhancement of the photovoltage, thus lowering the overpotential for
the desired reaction. The ultimate contact between a-Fe2Oz and MNs could also be
verified by the XPS measurement. As shown in Figure 3.10e-3.10f, the Fe 2p XPS
spectrum of MNs/a-Fe2O3 exhibits a positive shift of ~0.4 ¢V compared with the pure o-
Fe>0Os. Accordingly, the binding energy of Ti 2p XPS spectrum in MNs displays a
negative shift of ~0.3 eV after integrated with o-Fe:O3. The electron
donation/withdrawing behaviors illustrated by the XPS measurement verified the strong
interaction between a-Fe>Oz and MNS.
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Figure 3.10 Electronic structure characterization. UPS spectra of a) a-Fe2O3 and b) MNs
(insets are the magnified region). ¢) Energy band diagrams of MNs/a-Fe20O3 Schottky
junction, where Evac = vacuum energy; Ec = energy of conduction band minimum; E, =
energy of valence band maximum; Erm = Fermi level of MNs; Er = Fermi level of a-
Fe203; Wi = work function of MNs; Ws = work function of a-Fe;Os; dsg = Schottky
barrier at the interface. d) Fe 2p and e) Ti 2p XPS spectra of a-Fe203 and MNs/a-Fe20s.

3.3.3 PEC performance of different photoanodes

The impact in the PEC performance by the Schottky contact between MNs and a-Fe203
was investigated by the electrochemical measurement under AM 1.5 G irradiation with a
standard three-electrode system in 1 M NaOH solution. As shown in Figure 3.11a, a slight

enhancement is observed with the presence of MNs on the a-Fe;Os (from 0.84 mA cm 2
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to 1.02 mA cm2 at 1.23 V vs. RHE), while the current densities in the dark are almost
coincident under the same test condition (Figure 3.12). Interestingly, the onset potential
of MNs/a-Fe203 is reduced to 0.75 V vs. RHE (Figure 3.13b), showing a cathodic shift
of 70 mV compared with a-Fe-Oz (0.82 V vs. RHE). These results imply that the
improvement of the catalytic activity may be attributed to the facilitated charge transfer,
rather than the surface reaction kinetics. In order to display the effect of MNs more clearly
for the PEC water oxidation, the Co-Pi layer, a traditional and well-defined OEC, was
deposited on the MNs/a-Fe203 to enhance the reaction kinetics with more active sites.[?!]
Similar to the reported results, the Co-Pi layers are coated homogeneously on the a-Fe>03
nanorods (Figure 3.14a), with a rougher surface compared with the pure a-Fe;03.[5%34
For the Co-Pi/MNs/a-Fe20s3, the Co-Pi nanolayers are compactly attached on the surface
of MNs/a-Fe>03, with MNs buried between Co-Pi layers and a-Fe2Os nanorods (Figure
3.14b). Due to the ultrathin properties of Co-Pi layers, the structure and optical absorption
property of the a-Fe2Oz film are maintained according to the results of XRD patterns and
UV-vis spectra in Figure 3.8-3.9. Remarkably, the Co-Pi/MNs/a-Fe2O3 achieves a
photocurrent density of 2.54 mA cm™2 at 1.23 V vs. RHE, nearly 1.5 times higher than
that of Co-Pi/a-Fe203 (1.68 mA cm2) and 3 times higher than that of the bare a-Fe203
(0.84 mA cm™2). Moreover, a low onset potential of 0.57 V vs. RHE is obtained on Co-
Pi/MNs/a-Fe20s, presenting a large cathodic shift of ~250 mV compared with the bare
a-Fe>0s. The J-V curves in the dark (Figure 3.12b) display that the water oxidation ability
of Co-Pi/MNs/a-Fe2O3 has tremendous enhancement due to the decoration of Co-Pi
layers, verifying the catalytic activity of Co-Pi as an OEC. However, an energy barrier
would be induced owing to the interfacial resistance between the semiconductor and OEC
according to the previous reports, which impeded the rapid hole transfer to the reaction
sites.35-36] Therefore, the insertion of MNs between a-Fe»O3z and Co-Pi could modulate
the hole transfer behaviors due to the formation of built-in electric field and high hole

mobility of MNs, hence significantly enhancing the PEC performance.

The applied bias photon-to-current conversion efficiency (ABPE) was used to
evaluated the conversion efficiencies of photoanodes without the contribution of bias
voltage. As shown in Figure 3.11b, a maximum ABPE of 0.33 % is achieved at 0.97 V
vs. RHE by Co-Pi/MNs/a-Fe203, up to 4.7 times compared with the pure a-Fe2Oz. In
addition, the phenomenon of the lower applied bias (at the maximum ABPE value) by the

formation of MNs/a-Fe>,O3 and co-catalyst (Co-Pi) modification is consistent with the
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shifts of corresponding onset potentials (Fig. 3.13b), further verifying the facilitated
charge transfer behavior.B71 A significant enhancement of IPCE is observed on the Co-
Pi/MNs/a-Fe2O3 over the entire wavelength range (360-600 nm), with a maximum IPCE
value of 38.2% at 360 nm (3.8 times higher than the bare a-Fe>03). As obtained from the
UV-vis spectra, the light absorption capability was almost unchanged after the decoration
of MNs and Co-Pi. Thus, the enhanced IPCE can be attributed to the improved charge
separation and reduced electron trapping sites at the surface. A sensitive photocurrent
response (almost no spike appeared when the light on/off), with the highest steady
photocurrent density of 2.52 mA cm™2, is achieved by Co-Pi/MNs/a-Fe,O3 photoanode,
indicating the efficient transfer of photogenerated holes for the water oxidation with
reduced recombinationt?®! (will be discuss in details later). Encouragingly, the Co-
Pi/MNs/a-Fe203 photoanode exhibits a remarkable photocurrent density of 3.20 mA cm ™2
at 1.23 V vs. RHE under front illumination with the same experimental condition (Figure
4.15a), delivering a high ABPE of 0.49% at 0.93 V vs. RHE (Figure 3.15b). In addition,
a high IPCE value of 56.1% at the wavelength of 360 nm and a sensitive photocurrent
response of 3.17 mA cm2 at 1.23 V vs. RHE are achieved (Figure 3.15c-3.15d). The
above PEC performance of Co-Pi/MNs/a-Fe20O3 photoanode under front irradiation is
superior or comparable to the recently reported a-Fe>Os-based photoanodes, as

summarized in Table 3.1.
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Figure 3.11 a) J-V curves, b) ABPE spectra, ¢) IPCE spectra and d) chopped current—
time curves of bare a-Fe;0Os, MNs/a-Fe2Os, Co-Pi/o-Fe2O3 and Co-Pi/MNs/a-Fe20O3
photoanodes. The measurements of IPCE spectra and current-time curves were
conducted at 1.23 V vs. RHE under AM 1.5 G illumination.
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Figure 3.12 J-V curves (OER activity) of a-Fe2O3, MNs/a-Fe>O3 and Co-Pi/MNs/a-
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Fe>O3 under dark condition in 1 M NaOH electrolyte.
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Figure 3.13 a) J-V curves and b) extracted onset potentials (Von) by extrapolation-
interception method of pristine a-Fe>O3, MNs/a-Fe2O3 and Co-Pi/MNSs/a-Fe20s.

Figure 3.14 Top-view SEM images of a) Co-Pi/a-Fe>03 and b) Co-Pi/MNs/a-Fe;0s.
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Figure 3.15 Performance of a-Fe,Oz and Co-Pi/MNs/a-Fe203 under front illumination. a)
Chopped J-V curves, b) ABPE spectra, ¢) IPCE spectra and d) chopped current—time
curves.

Table 3.1 Comparison of our photoanode to other similar a-Fe2Os-based photoanodes.

T1—Fe203/N|(O ~1.60

H),/1rO 4

Co-Pi/C0304 0.64 2.70 N.A. Front

/TiZF€203[45]
Fe,Os/Fe,TiOs/ 0.95 2.20 No decay Front
FeNiOOH[ 8l after 2 h

Co-Pi/Ti- No obvious Front
(SiOx/np-Fe,03)l7 0.80 3.19 decay after 2
h

a-Fe,03/Al, 03

/CuCoO,[*8 0.70 2.23 N.A. Back
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Co- No obvious
Pi/Ag/Fe,05*% N.A. 4.68 decay after 5 Front
h
Ti,Sn:Fe;,03/B:F No obvious
£,03/FeOOHB 0.84 2.35 decay after Front
18 h
Nb,Sn:Fe,Os@F 0.71 No obvious
eNbO4/NiFeO,! 2.71 decay after N.A.
20 h
Fe203/Al,03/Co No obvious
FeO,l%2 0.80 2.50 decay after Front
15h
a- No obvious
Fe,03/Au/TiO k3 N.A. 1.05 decay after Back
12 h
CDots/C0304— No decay
Fe,05%4 N.A. 1.48 after 2 h N.A.
Co-Pi/MNs/a- ~10%
Fe20s (this work) 0.57 2.54 decay after Back
20 h
Co-Pi/MNs/a- 0.55 3.20 N.A. Front

Fe20s (this work)

3.3.4 Research on the catalytic mechanism

In order to understand the underlying mechanism of the enhanced PEC performance
by the presence of MNSs, kinetics of photocarriers in different photoanodes were
investigated. As mentioned in the electronic structure characterization of MNs and a-
Fe203, a built-in electric field can be created by the MNs/a-Fe>O3 junction. In order to
visualize and verify the existence of built-in electric field at the MNs/a-Fe2O3 junction
and its effects on the photogenerated charge behaviors, the measurement of open-circuit
potential (OCP) decay profile was performed. The AOCP (OCPdark — OCPiighty represents
the amount of band bending under illumination with respect to that in the dark condition,
while an enlarged band bending at the photoanode/electrolyte interface represents the
enhanced electron-hole separation.*4°1 As shown in Figure 3.16a, compared with the
pristine a-Fe20s3, the MNs/a-Fe203 presents a expedite OCP decay with the generation of
a larger photovoltage, verifying the formation of the strong built-in electric field on the
MNs/a-Fe,03 that provide an additional driving force for the charge separation.?! The
enhanced photovoltage can be also verified by the extracted photovoltage in Figure 3.17,
which presents an enhancement of ~90 mV by the formation of MNs/a-Fe2O3 junction.

The OCP decay is further enhanced by loading Co-Pi on the MNs/a-Fe203, confirming
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the effectiveness of cocatalyst modification.®®! To further illustrate the charge
recombination rate at the photoanode/electrolyte junction, the charge carrier lifetime
could be quantified according to the equation 4 in the experimental section. The carrier
lifetimes of MNs/a-Fe2Os and Co-Pi/MNs/a-Fe2O3 are much shorter than the bare -
Fe>Os3 at the transient when illumination is stopped (Figure 3.18). The fast decay kinetics
is indicative of the enhanced charge transfer efficiency within the photoanode.[8-3% 411
Therefore, the above results confirm the existence of strong built-in electric field and
large photovoltage generated by the MNs/a-Fe2Os junction, resulting in an effective

charge separation under PEC water splitting condition.

In order to further understand how the charge transfer behaviors were affected by the
presence of MNs, the charge separation efficiency in the bulk (nsep) and surface charge
injection efficiency (ninj) were measured and quantified with the addition of Na>SOs as a
hole scavenger (Figure 3.19). As shown in Figure 3.16b, the presence of MNs can
enhance the nsep of a-Fe203 over the entire voltage region. According to the UV-vis
spectra in Figure 3.8b, the light harvesting capability of a-Fe>O3 would not be altered by
the MNs. Thus, the improved nsep 0f MNSs/a-Fe2O3 can be completed attributed to the hole
extraction effect of MNs. Although the water oxidation ability of MNs/a-Fe2QOz is similar
with the bare a-Fe20s, it is interesting to find that the ninj of MNSs/a-Fe20s is still higher
than the bare a-Fe,Os, especially at the lower potentials (Figure 3.16c). Similar
enhancement can be also observed in the values of ninj between Co-Pi/MNs/a-Fe>O3 and
Co-Pi /a-Fe203. This phenomenon should be related to the built-in electric field formed
at the MNs/a-Fe203 junction, which provides a supplemental driving force to separate

charge carriers and reduce the charge recombination in the photoanode.

Then the electrochemical impedance spectroscopy (EIS) was performed to visualize
the charge transfer processes of the photoanodes under illumination at 1.23 V vs. RHE.
All the Nyquist plots in Figure 3.16d display the feature of two typical semicircles, which
then can be fitted by the equivalent circuit of two-RC-unit, as inserted in Figure 3.16d
and the corresponding fitting results are summarized in Table 3.2. The resistances in the
semiconductor (Roui) for photoanodes of MNs/a-Fe203 (101.8 Q) and Co-Pi/MNs/a-
Fe203 (33.3 Q) are both lower than the bare a-Fe203 (134.6 Q), suggesting the enhanced
charge exaction effect from the bulk of a-Fe>O3 due to the built-in electric field by the
incorporation of MNSs. Additionally, the charge transfer resistance at the

photoanode/electrolyte interface (Rct) presents a dramatical decrease, which varied from
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369.2 Q of pure a-Fe203 to 138.8 Q of Co-Pi/MNs/a-Fe203, signifying the enhanced hole

injection efficiency into electrolyte on Co-Pi/MNs/a-Fe2O3 photoanode.

The dynamics of the charge carries during the water oxidation was further elucidated
by the photocurrent transient measurements generated by light chopping. According to
the previous reports, the photogenerated holes would be easy to accumulated due to the
sluggish reaction kinetic and poor charge transfer efficiency at the photoanode/electrolyte
interface when the light was on, inducing a sharp anodic current spike.[*>#3 The
phenomenon of the transient photocurrent spike is obvious at the low potentials owing to
the weak driving force and then drastically decreases at high potential as a larger
proportion of holes have sufficient potential to oxidize water, which is visualized in the
LSV curves under chopped light in Figure 3.11a. In order to investigate the hole
accumulation of different photoanodes at the low potential, the photocurrents at different
potentials (0.8-1.0 V) with respect to time of a-Fe2O3 and MNs/a-FeoO3 were integrated
in Figure 3.20a. The photocurrent transient spikes of MNs/a-Fe2O3 display an obvious
decrease compared with the bare a-Fe>O3, which means that the MNs causes fewer holes
to accumulate at the photoanode/electrolyte interface, indicating the enhanced charge
transfer efficiency and reduced charge recombination due to the decoration of MNs. The
similar phenomenon can be also observed in the chopped J-V curves of Co-Pi/a-Fe;03
and Co-Pi/MNs/a-Fe;O3 photoanodes in potential ranging from 0.6 to 1.23 V vs. RHE
(Figure 3.20b). These results further verified the strong capability of MNs to extract the
holes from the semiconductor with the built-in electric field and perform hole transfer

towards water oxidation due to the high hole mobility.
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Figure 3.16 PEC performance and electrochemical characterization. a) OCP decay
profiles of a-Fe.O3, MNs/a-Fe2Os and Co-Pi/MNs/a-Fe>Os. b) Charge separation
efficiencies of a-Fe;Os and MNs/a-Fe203. ¢) Charge injection efficiencies of a-Fe20s,
MNs/a-Fe203, Co-Pi/a-Fe.03 and Co-Pi/MNs/a-Fe20s. d) EIS plots measured at 1.23 V
vs. RHE under AM 1.5G illumination. e) Photocurrent density stability of a-Fe20s,
MNs/a-Fe203 and Co-Pi/MNs/a-Fe>O3 photoanodes at 1.23 V vs. RHE for 1 h. f) Gas
evolution curves and g) long-term stability of Co-Pi/MNs/a-Fe>O3 photoanode at 1.23 V
vs. RHE for 20 h.
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Figure 3.17. Extracted photovoltages. a) The first-order derivatives of the corresponding
dark voltammogram. b) The extracted photovoltage value of pristine a-Fe;O3 and MNs/a-

Fe>O3 by the corresponding potential shifts between the dark and the light current density.
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Figure 3.18 Potential-dependant carrier lifetimes derived from OCP decay profiles in the
dark condition for a-Fe2.O3, MNs/a-Fe203 and Co-Pi/MNs/a-Fe203 photoanodes.
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Figure 3.19 a) J-V curves of pristine a-Fe>03, MNs/a-Fe>O3 and Co-Pi/MNs/a-Fe203
with Na>SOs as the hole scavenger. b) The calculated current density flux and integrated
current density (Japs) of a-Fe203, MNs/a-Fe2.03 and Co-Pi/MNs/a-Fe>O3 photoanodes.

Table 3.2 EIS results of different photoanodes calculated by the equivalent circuit model.
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Figure 3.20. a) Transient photo-response shown by light chopping current densities (light
on/light off) as a function of time. b) Chopped J-V curves of Co-Pi/a-Fe>O3 and Co-
Pi/MNs/a-Fe2O3 photoanodes in potential ranging from 0.6 to 1.23 V vs. RHE

In addition, the MNs are readily oxidized under the experimental condition of PEC

water oxidation. But with the optimized “sandwich” structure of Co-Pi/MNSs/a-Fe;Os3, the

87



Chapter 3

MNs could be protected by the Co-Pi layer. Hence the properties of MNs can be almost
maintained during the test, leading to an excellent stability of Co-Pi/MNs/a-Fe.O3
photoanode. As shown in Figure 3.16e, the Co-Pi/MNs/a-Fe2O3 photoanode exhibits a
steady photocurrent density of 2.45 mA cm2 at 1.23 V vs. RHE during the 1 h test.
However, without the outmost Co-Pi layer, the steady-state photocurrent density of
MNss/a-Fe203 gradually decays and soon the photocurrent density becomes quite close to
the pure a-Fe;O3. This phenomenon can be attributed to the self-oxidation of MNs due to
the oxygen-rich environment and anodic potential. As determined by the Ti 2p XPS
analysis in Figure 3.21, the Ti-C peaks on the MNs disappeared after 1 h testing when the
MNs was directly exposed to the electrolyte, indicating the complete self-oxidation for
MNs during the PEC water oxidation. However, the Co-Pi/MNs/a-Fe,O3 photoanode
demonstrates an impressive stability over 20 h consecutive illumination under the same
working condition, still retaining approximately 90 % of the initial photocurrent density
(Figure 3.169). The yields of evolved H, and O are linear with respect to the irradiation
time, with a stoichiometric ratio of =2:1 and a high Faradaic efficiency of 94.9% for OER
(Figure 3.16f), indicating that nearly all the photogenerated holes are used for water
oxidation. The morphology of the Co-Pi/MNs/a-Fe;O3 photoanode after stability test is
well maintained according to the SEM image in Figure 3.22. Moreover, the fitting XPS
result of Co-Pi/MNs/a-Fe2Os before and after long-term stability test (Figure 3.23)
manifests that the MNs were slightly oxidized during the test, which is much different
from the MNs/a-Fe20Os3 in Figure 3.21. Therefore, the above results further verify the

protecting effect of the “sandwich” structure to impede the oxidation of MNs.
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Figure 3.21 Ti 2p XPS spectra of MNs/a-Fe2O3 before and after 1 h stability test. The Ti

was completely oxidized when the MNs were directly exposed in the electrolyte,

indicating that the MNs are not stable under the experimental condition during the PEC

water oxidation. Then an optimized photoanode structure should be designed to retard the

oxidation process of MNs.

Figure 3.22 SEM images of the Co-Pi/MNs/a-Fe,Os3 after long-term stability test.
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Figure 3.23 Comparison of XPS results of Co-Pi/MNs/a-Fe2O3 before and after long-term
stability test: a) Ti 2p, b) Co 2p. The MNs would be partial oxidized after 20 h stability
test, as evidenced by the decreased intensities Ti-C peaks. However, compared with the
results in Figure 4.21, it can be concluded that the design of the “sandwich” structure of
Co-Pi/MNs/a-Fe2O3 can protect MNs from direct exposure to the electrolyte and then
maintain the function for the efficient PEC water oxidation. Nevertheless, the Co 2p
spectra display no obvious change before and after long-term stability test (Figure 3.23b),

indicating the Co-Pi is stable during the PEC testing.

We further found that the insertion of MNs as a hole transfer mediator between the
OEC and semiconductor could be a versatile strategy for boosting the PEC performance.
As a consequence, two other common-used OECs of NiOOH and FeOOH were
respectively photo-electrodeposited on the MNs/a-Fe2Os photoanode and the catalytic
activities were evaluated by the J-V curves. As displayed in Figure 3.24, these two OECs
with the same configuration as the Co-Pi/MNs/a-Fe;Os demonstrate the similar
enhancement, further verifying the impressive effect of the MNs for the PEC water
oxidation. In addition, we also explored this strategy in different photoanode materials.
As shown in Figure 3.25, the enhancement of the performance is evidenced by comparing
the photocurrent densities of different photoanodes deposited with different surface
modifiers. Similar improved trend can be observed on different photoanodes, further
emphasizing the hole exaction effect of MNs. Therefore, the above results verified the
university of this interfacial modulation strategy by utilizing MNs as a hole transfer
mediator in PEC water oxidation. And this versatile method could be a promising

approach for constructing effective PEC water splitting system.
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Figure 3.24 Chopped J-V curves of different OECs a) NiOOH and b) FeOOH with the

same structure and modification strategy as Co-Pi/MNs/a-Fe20s.
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Figure 3.25 Chopped J-V curves of a) BiVOs4, b) WOz and ¢) ZnO with the same

modification strategy as a-Fe20a.

4.4 Conclusions

In this study, we have demonstrated that the insertion of MNs can serve as an excellent
hole transfer mediator in a a-Fe>O3/OEC photoanode for PEC water oxidation. The
introduction of the ultrathin MNs enables the formation of Schottky junction with a-
Fe20Os, providing a strong built-in electric field with an additional driving force to
suppress the charge recombination. Then the OECs can perform a much better catalytic
activity due to the facilitated hole transfer from a-Fe>O3 to the OEC surface. As a result,
the Co-Pi/MNs/a-Fe2O3 photoanode exhibits a 2-fold enhancement of photocurrent
density from 0.84 to 2.54 mA cm™ at 1.23 V vs. RHE and a cathodic shift of onset
potential by ~250 mV from 0.82 to 0.57 V vs. RHE under AM 1.5 G illumination,
comparing with the bare o-Fe2Os. A remarkable photocurrent density of 3.20 mA cm™2 at
1.23 V vs. RHE and a high ABPE of 0.49% are achieved on Co-Pi/MNs/a-Fe>O3 under
front illumination, which is among the very best PEC performance for a-Fe>O3 based
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photoanodes. Furthermore, the optimized burying of MNs by the OEC layer alleviated
the self-oxidation, thereby prolonging the stability of Co-Pi/MNs/a-Fe>O3 for 20 h. Our
work proposes a universal strategy for enhancing the charge transfer efficiency of the
photoanodes by inserting a mediator between the semiconductor and OEC and highlights

the potential for application of MNs in solar energy conversion devices.
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Chapter 4 Constructing chemical interaction between
hematite and carbon nanosheets with single active sites for

efficient photoelectrochemical water oxidation

4.1 Introduction

Photoelectrochemical (PEC) water splitting is a renewable and efficient approach for
the conversion of solar energy into clean hydrogen fuel.'1 The PEC systems generally
require the semiconductor materials to absorb incident light photons and produce
photogenerated electron-hole pairs to drive the water splitting reaction, possibly with the
assistance of a bias voltage.l> " During this process, the half-reaction of oxygen evolution
reaction (OER) becomes the rate-determining step due to the large kinetic energy barrier
induced by the four-electron processes and complicated intermediate species.’®% As such,
searching for an effective photoanode to drive the OER with high efficiency is
indispensable. Hematite (a-Fe203) has attracted considerable attentions in recent years as
a representative photoanode material due to the suitable bandgap for visible light
absorption and low cost with earth-abundant elemental composition.[**! However, the
occurrence of bulk/surface charge recombination owing to the poor charge transport
property and short hole diffusion length of o-Fe2Os still leave much room for
performance improvement to the expectation.*?l Consequently, extensive efforts have
been devoted to overcoming these limitations, including morphology designing,™3
heteroatom doping™*¥ and structural tuning.[*>61 Among these strategies, surface
modification with oxygen evolution catalysts (OECs) is a feasible and efficient route to

enhance the PEC performance by accelerating the surface reaction kinetics.[*7-1€l

To date, most of the OECs are based on the metal compounds, such as the metal
oxides,*° metal hydroxides,*” 2% etc., which usually have rather low atom utilization
efficiency owing to the limited surface sites accessible to the reactants.?-22 Thus, great
research potential still exists to expose more active sites by downsizing the OECs to
clusters or even single atoms.[?®1 Recently, single-atom catalysts have been developed for
several kinds of catalytic reactions because of the unique electronic properties.?*2% The
atomically dispersed active metal sites, particularly when implanted on the ultrathin

support, can achieve maximum atom efficiency and extraordinary catalytic properties. 2%
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However, such kind of promising catalysts are rarely reported in the field of PEC water

oxidation.[27-28]

In addition, the introduction of OECs in PEC system are mainly emphasized to
facilitate surface water oxidation reaction kinetics and passivate surface defects for
reduced charge recombination.’?®! Nevertheless, the effect of interfacial interaction at the
junction of semiconductor and OECs, which plays a crucial role for the charge transfer to
the active sites on OECs, are often ignored but should be profoundly investigated,
especially when the OECs are loaded with direct-deposition method. The interaction
between two different components can be divided into the physical adsorption and
chemical coupling.% The physical adsorption, such as the VVan-der-Waals force, usually
leads to a weak interaction; while the chemical coupling can result in a much stronger
interaction and a modulated electronic structure.®!l Therefore, construction of chemical
coupling between semiconductor and OEC is highly desirable to improve the catalytic
activity with a strong and compact interfacial interaction.*?! Furthermore, clarifying the
exact effect of this chemical interaction at the interface in heterostructures is fairly
necessary for developing efficient PEC water splitting systems.

In this work, we demonstrate a robust catalyst of single-nickel sites anchored on
ultrathin carbon nanosheets (Ni-NC) and construct a strong chemical interaction between
a-Fe203 and Ni-NC through facile calcination treatment. The chemical coupling
facilitates the interfacial charge transfer, while the Ni single sites provide sufficient active
sites for the water oxidation reaction. As expected, the optimized photoanode delivers a
photocurrent density of 1.85 mA cm2 at 1.23 V vs. RHE and an excellent stability for
over 15 h. This work provides an inspiration to activate the PEC water oxidation through
constructing chemical interactions between semiconductor and OEC and highlights the

effective application of single-atom catalysts in photoelectrocatalysis.
4.2 Experimental section
4.2.1 Material preparation

Preparation of a-Fez03 films: The a-Fe2O3 films were prepared with the modified
method in previous reports.*¥! Briefly, a 40 ml aqueous solution containing FeCls (0.15
M) and NaNOs (1 M) was transferred to a Teflon-lined stainless steel autoclave. The
fluorine-doped tin oxide (FTO) glasses were ultrasonically cleaned with acetone, ethanol
and deionized water sequentially for 1h and then immersed into the solution with the
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conductive side facing to the wall of the autoclave. The autoclave was maintained at 95
°C for 4 h. After cooling down to the room temperature, the substrates with a uniform
yellow layer were washed with deionized water for several times. Finally, the target films
were obtained by calcinating at 550 <C for 2 h and 800 <C for additional 20 min in air

atmosphere.

Synthesis of ultrathin N-rich carbon nanosheets with Ni single sites (Ni-NC): In a
typical synthesis, a supramolecular precursor of Ni/Zn was firstly prepared with a wet-
chemical method. A mixture of melamine (10 mmol), Zn(OAc). (9.9 mmol) and
NiCl2 6H20 (0.1 mmol) was added to 10 mL ethanol and 90 mL methanol under stirring.
The dispersed solution was then transferred to an oil bath and refluxed at 70 °C for 3 h.
After centrifuging and washing with ethanol at least for three times, the obtained product
then dried at 70 °C under vacuum. Afterwards, the above precursor was calcinated at 650
°C for 1h and then increased to 950 °C and retained for 3 h with a ramping rate of 3 °C/min
in tube furnace under a flowing argon atmosphere. Subsequently, the obtained black
powder was treated with diluted HCI to remove the unstable metal species and was further
downsized into ultrathin nanosheets by ball milling treatment, which was denoted as Ni-
NC as the final sample. The ball milling treatment was conducted at 400 rpm in a
planetary ball mill (Fritsch, P-7) for 15 h, using distilled water as the solvent. For NC,
only 10 mmol Zn(OAc). was used to prepare the precursor, the other procedures were
similar with the Ni-NC.

Deposition of Ni-NC on a-Fe;0z3 films: The obtained Ni-NC powder was suspended in
ethanol and then spin-coated onto the surface of a-Fe2O3 films with 1000 rpm for 30 s.
The samples were then annealed at 200, 300 and 400 °C in tube furnace under argon
atmosphere for 2h, respectively. The corresponding samples were marked as a-Fe;O3-Ni-
NC-200, a-Fe203-Ni-NC-300 and a-Fe203-Ni-NC-400, respectively. For comparison, the
samples loaded with NC were denominated as a-Fe2O3-NC and a-Fe,O3-NC-300; the
pure a-Fe203 only underwent with annealing process of 300 °C was signed as a-Fe2O3-
300; and the a-Fe203-Ni-NC annealed at 300 °C in the air was marked as a-Fe203-Ni-
NC-300-air.

4.2.2 Material characterization

X-ray diffraction (XRD) patterns were recorded on an X-ray diffractometer (X'pert

powder, PANalytical B.V.) with Cu Ka radiation under 40 kV and 30 mA. Raman spectra
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of the samples were characterized on the NRS-1000 Raman spectroscopy (Jasco Corp.
Japan). The morphologies of the samples were characterized by scanning electron
microscopy (SEM) (S-4800, Hitachi) and transmission electron microscopy (TEM) (FEI
Tecnai G2 F30), coupled with energy dispersive spectrometer (EDS) to determine
elementary composition. The high-angle annular dark-field scanning TEM (HAADF-
STEM) characterizations were performed on a JEOL ARM-200F field-emission
transmission electron microscope. The extended X-ray absorption fine structure spectra
(EXAFS) and the X-ray absorption near-edge structure (XANES) spectra were performed
at 1W1B station in Beijing Synchrotron Radiation Facility (BSRF). The surface
morphology and thickness of the samples were measured by atomic force microscopy
(AFM) (Nanocute H, Japan). Optical absorption properties were measured over an
ultraviolet-visible (UV-vis) spectrophotometer (UV-2700, Shimadzu). Detailed
chemical compositions were analysed by X-ray photoelectron spectroscopy (XPS) (PHI
Quantera SXM, ULVAC-PHI) with a Theta probe using monochromated Mg Ka x-rays
at hv = 1486.6 eV. All binding energies were referenced to the C 1s peak (284.8 eV). The
in-situ Fourier transform infrared spectroscopy (FT-IR) measurements were conducted
on a JASCO FTIR-6300 spectrometer under argon with a home-built chamber. PL spectra
were recorded on a JASCO FP-6500 spectrofluorometer. The fluorescence decay curve
was measured using a compact fluorescence lifetime spectrometer (Quantaurus-Tau,
C11367) with a nano-LED lamp, excited at 400 nm.

4.2.3 Photoelectrochemical measurements

The data of PEC performance was obtained on an electrochemical workstation
(ALS/CH model 650A). The test cell was a typical three-electrode cell system with the
fabricated a-Fe2Os films as the working electrode, a piece of pure platinum as the counter
electrode and an Ag/AgCl (3 M KCI) electrode as the reference electrode. The light
source was an AM 1.5 G solar simulation system (WXS-80C-3 AM 1.5 G) with a light
intensity of 100 mW cm2.The electrolyte was 1M NaOH aqueous solution with a pH of
~13.6. The available area of working electrode was fixed to 1.0x<1.0 cm? The
Photocurrent—potential (J-V) curves were obtained using linear sweep voltammogram in
a voltage window of 0.6~1.6 V vs. RHE with a scan rate of 20 mV s™'. Electrochemical
impedance spectroscopy (EIS) plots were collected within the frequency range from 0.1
to 100000 Hz at the potential of 1.23 V vs. RHE under AM 1.5 G illumination. Mott—
Schottky curves were obtained from 0.2 to 1.3 V vs. RHE in the dark at a frequency of
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1000 Hz. The applied potentials vs. Ag/AgCl during the measurements could be

converted to the RHE scale using the equation below.
ErrE=EAgiagci+0.059>pH+Eag/agc Q)

Where Erne is the converted potential vs. RHE. Eagiagcl represents the experimental

result vs. Ag/AgCl and E%agagei is 0.197 V at ambient temperature of 25 <C.

Applied bias photon-to-current efficiency (ABPE) was calculated using the equation

below.

ABPE (%) = TX(-237V) 1 00% )

Plight
where J refers to the photocurrent density (mA cm™2). V, represents the applied bias vs.
RHE (V), and Pjign: is the total light intensity of AM 1.5 G (100 mW cm2).

Incident photon to electron conversion efficiency (IPCE) was measured under
monochromatic irradiation by using a motorized monochromator (M10; Jasco Corp.) at
1.23 V vs. RHE, which was calculated using the following equation.

IPCE (%) = 222222 x100% 3)

A X Plight

In which J, A and Piign refer to is the photocurrent density (mA cm~2), the wavelength
of light (nm) and the power density of monochromatic light (mW cm™), respectively.

The water oxidation photocurrent density could be calculated by the following formula,
Jpec = Jabs X Nsep X Ninj 4)
In which Jas is the photocurrent density assuming that all absorbed photon can convert
into current. nsep IS the separation efficiency of photogenerated holes that reach to the
catalytic surface. ninj is the injection efficiency of photogenerated holes that inject into
the electrolyte. With the presence of Na>SOs (hole scavenger), the holes that arrived to
the surface can be effectively trapped, without influencing the charge separation on the
electrode (ninj assumed to be 100%). Therefore, the charge separation efficiency in the

bulk (nsep) and surface charge injection efficiency (ninj) could be deduced with following

equations.
]Na2503
= 5
nsep Jabs ( )
_ ]Hzo
T'|inj - JNaz503 (6)
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Where JH20 and JN#2503 gre the photocurrent densities obtained in the electrolytes of 1
M NaOH and 1 M Na;SOs+1 M NaOH, respectively. The Jas can be calculated by
overlapping the UV-vis absorption spectrum and AM 1.5G solar spectrum according to
the following equations.

Jabs = | —— - @AM 1.5G(A) - LHE dA @

1240
LHE =1 —1074W (8)
Where A is the wavelength (nm), pAM 1.5G(A) represents the simulated solar spectral
irradiance (W m™2 nm™!), LHE is the light harvesting efficiency and A(X) is the

absorbance at wavelength A.

According to the Mott-Schottky curves, the donor concentration (Ng) can be calculated
from the following equation.

[
Ny =—x|=*= (9)

ecgg [AA

Where e (1.6<10"!° C) represents the electron charge, £=80 is the dielectric constant of
o-Fe,0s, the vacuum permittivity (o) is 8.854x<107'* F/cm, V denotes the applied
potential on the photoanode and C is the space charge region's capacitance.

The measurement of gas evolution for the whole reaction system was conducting in a
sealed reactor. The electrode with an area of 1 cm? was immersed in the electrolyte in a
three-electrode configuration. Prior to the reaction and sealing processes, the electrolyte
was purged with argon gas for 0.5 h. The generated O2 and H> were analysed by injecting
0.5 mL gas into the gas chromatograph with a thermal conductivity detector (TCD)
(Shimadzu GC-8AIT, argon carrier). Similarly, AM 1.5 G solar simulation (WXS-80C-3
AM 1.5 G) with a light intensity of 100 mW cm™2 was utilized as the light sources directly
without adding any light filter.

4.3 Results and discussion
4.3.1 Characterization of the Ni-NC catalyst

The ultrathin Ni-NC was prepared via two steps. A supramolecular precursor was
firstly carbonized under an inert atmosphere. After acid-leaching treatment, the obtained
hierarchical sheets were then downsized into ultrathin nanosheets by ball milling
treatment. The formation of graphitic carbon in Ni-NC during pyrolysis is confirmed by

the X-ray diffraction (XRD) patterns and Raman spectra (Figure 4.1).[2"1 Atomic force
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microscopy (AFM) image reveals that the as-prepared Ni-NC presents a two-dimensional
(2D) structure with a planar size of ~100 nm and an ultrathin thickness of ~0.8 nm (Figure
4.2). The ultrathin 2D structure would make it easy to wrap onto the well crystalized a-
Fe2O3 nanorods and then form an intimate interfacial heterostructure. No signals of Ni
nanoparticles or clusters can be detected in Ni-NC by the measurements of scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and XRD (Figure
4.3a~4.3b and Figure 4.1a). The elemental mapping by TEM-EDS (energy-dispersive X-
ray spectroscopy) (Figure 4.4) suggests the existence and uniform distribution of Ni sites
and discloses that C, N and O elements disperse homogeneously on the ultrathin
nanosheets. The dispersion of Ni atoms on the carbon nanosheets was further confirmed
by atomic-resolution aberration-corrected high-angle annular dark-field scanning TEM
(HAADF-STEM). As clearly displayed in Figure 4.3c, individual bright spots
corresponding to isolated Ni sites (sizes of the spots are ~0.2 nm and the size distributions

are shown in Figure 4.5) are well distributed across the carbon matrix.
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Figure 4.1. a) XRD pattern and b) Raman spectrum of Ni-NC. Note: XRD analysis of Ni-
NC showed two distinct characteristic peaks at 26.1° and 43.2°, originating from the (002)
and (100) planes of graphitic carbon. As shown in Figure 4.1b, the well-resolved D (1,330
cm™) and G (1,580 cm™') bands with an Ip/lg ratio of 1.04 in Raman spectrum

corroborated the graphitic nature of Ni-NC.[%
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Figure 4.2 AFM image of ultrathin Ni-NC. Inset of AFM image shows the height profile
along the blue line.
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Figure 4.3 Morphology characterization and site coordination analysis of Ni-NC. a) SEM
image, b) HRTEM image, c) aberration-corrected HAADF-STEM image, d) Ni K-edge
XANES spectra of Ni-NC, Ni foil and NiO, e) Fourier transformed k3-weighted x(k)-
function of the EXAFS spectra for Ni K-edge, f) corresponding EXAFS fitting curve for
Ni-NC.
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Figure 4.4 Elemental mapping of Ni-NC nanosheets confirming the co-existence of C, N,
O and Ni.
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Figure 4.5 a) Aberration-corrected HAADF-STEM image of Ni-NC and b) size

distributions of the isolated Ni sites. Note: 20 isolated Ni sites were randomly selected in

Figure 4.5a (marked with red circles) and the statistical results in Figure 4.5b show that

the average particle size of these isolated Ni sites is ~0.2 nm.

Then the X-ray photoelectron spectroscopy (XPS) measurement was utilized to
investigate the chemical composition and elemental states of Ni-NC (Figure 4.6). The Ni

2p spectrum of isolated Ni sites exhibits two main peaks assigned to Ni 2pz2 (854.9 eV)
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and Ni 2p12 (872.2 eV), along with the associated satellite features, which coincided well
with the reported results that the valence of Ni species is located between Ni(0) and Ni(ll)
(Figure 4.6b).%34 The XPS spectrum of N 1s in Figure 4.6a can be deconvoluted into
pyridinic-N (398.4 eV), Ni-Nx (399.1 eV), pyrrolic-N (400.7 eV), graphitic-N (401.3 eV)
and oxidized-N (402.5 eV).*®l The high-resolution C 1s and O 1s spectra in Figure
4.6¢~4.6d confirm the existence of abundant oxygen-containing groups in Ni-NC. The
oxidation state and local coordination configuration of the Ni atoms in the carbon
nanosheets were further determined from the X-ray absorption fine structure (XAFS)
measurement. As displayed in the X-ray absorption near-edge structure (XANES) spectra
(Figure 4.3d), Ni-NC presents typical signals at 8340 eV (1s — 4p; transition), 8350 eV
(1s — 4pxy) and 8358 eV (1s — 4pxy), the same with that of previously reported single
Ni-N dispersed carbon material and nickel phthalocyanine.l®® The appearance of these
characteristic peaks originating from Ni-N species proves the existence of Ni-N species
in Ni-NC. In addition, the absorption edge position of Ni-NC is located between those for
the Ni foil and NiO, confirming again the unique electronic structure of Ni°* (0 < ¢ <
2).1%81 Figure 4.3e presents the analysis results of the extended X-ray absorption fine
structure (EXAFS) spectra. A dominant peak at approximately 1.35 A in the Ni-NC
(shorter than the Ni-O signal at ~1.65 A in NiO) can be attributed to the scattering
interaction between the Ni atoms and N element (Ni-N). Additionally, the Ni-Ni peak at
2.17 A is not existed in Ni-NC, further validating the atomic dispersed Ni sites on the
carbon nanosheets. The coordination of Ni sites was further investigated by EXAFS curve
fitting analysis (Figure 4.3f), which verified the Ni-N4 structure of Ni-NC according to
the fitting results (Table 4.1).
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Figure 4.6 High-resolution XPS survey spectra of a) N 1s, b) Ni 2p, ¢) C 1sand d) O 1s
in Ni-NC.

Table 4.1 Fitting EXAFS data for Ni foil and Ni-NC.

Sample Path C.N. R (A) 6?x10% (A?) | AE (eV) | R factor
Ni foil Ni-Ni 12* 2.4840.01 6.020.2 7.0205 | 0.001
Ni-NC Ni-N | 3.720.6 | 1.8640.01 52#.2 | -7542.3 | 0.006

*C.N.: coordination numbers; R: bond distance; 6% Debye-Waller factors; AEo: the
inner potential correction. R factor: goodness of fit. The obtained XAFS data was
processed in Athena (version 0.9.25) for background, pre-edge line and post-edge line
calibrations. Then Fourier transformed fitting was carried out in Artemis (version 0.9.25).
The k® weighting, k-range of 2-10 At and R range of 1-2.2 A for samples were used for
the fitting. The four parameters, coordination number, bond length, Debye-Waller factor
and Eo shift (CN, R, o2, AEo) were fitted without anyone was fixed, constrained, or

correlated.
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4.3.2 Characterization of the modified films with Ni-NC

The ultrathin Ni-NC was then loaded on the surface of a-Fe2Os film. The fabrication
processes of a-Fe2Os and a-Fe2O3/Ni-NC films are depicted in Figure 4.7a. FeOOH
nanorods were firstly deposited on the FTO substrate with a hydrothermal method and
then transformed to o-Fe.Oz via a two-step calcination process (the morphology
conversion of which is displayed in Figure 4.8). Subsequently, the Ni-NC was deposited
on the surface of a-Fe»O3 by spin coating method, followed by annealing treatment to
strengthen the interaction between a-Fe;Os and Ni-NC. The a-Fe2O3-Ni-NC and a-
Fe203-Ni-NC-300 signify the samples without and with optimized annealing treatment,
respectively.

From the results of XRD patterns and UV-vis spectra in Figure 4.9, it can be deduced
that the Ni-NC and annealing treatment at 300 °C have negligible effect on the structure
and optical absorption property of a-Fe2Os film. The obtained a-Fe2Oz film consists of
numerous nanorods array with a one-dimensional wormlike structure and a thickness of
approximately 350 nm (Figure 4.7b and Figure 4.11). The surface of bare a-Fe;Os
nanorods is relatively smooth according to the TEM images in Figure 4.10. After
decorating with Ni-NC, it can be seen from the SEM and TEM images (marked with red
arrows) that thin layers of Ni-NC are uniformly dispersed on the surface of a-Fe;O3
nanorods (Figure 4.7c~4.7d), indicating compact interaction between a-Fe;Oz and Ni-NC.
More details can be obtained from the high-resolution TEM (HRTEM) image in Figure
4.7e, clearly displaying the formation of an intimate interfacial heterostructure with
ultrathin Ni-NC compactly clinging to the well crystalized a-Fe,O3 nanorods. Such a tight
contact between ultrathin Ni-NC and o-Fe;Oz can facilitate the fast charge transfer
through the interface. The existence and distribution of C, N and Ni elements in the
Fe>03-Ni-NC-300 are also confirmed by the TEM-EDS elemental mappings in Figure
4.12.
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Figure 4.7 a) Scheme of fabrication procedures for a-Fe-Oz and a-Fe2O3-Ni-NC-300
films; top-view SEM images of b) bare a-Fe>0s3, ¢) a-Fe203-Ni-NC-300; d) TEM image
and e) HRTEM image of a-Fe203-Ni-NC-300.
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Figure 4.8 Top-view SEM images of a) FeOOH and b) a-Fe,O3 after calcinated at 550
°C.
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Figure 4.9 a) XRD patterns of a-Fe203-Ni-NC-300, a-Fe.03-Ni-NC, a-Fe20Osz and FTO
and b) UV-visible diffuse reflection spectra of a-Fe203-Ni-NC-300, a-Fe-03-Ni-NC and
o-Fe20s.
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Figure 4.100 TEM images of pure a-Fe2O3 nanorods.

108



Chapter 4

Figure 4.11 Cross-section SEM image of a-Fe>O3 nanorods.

Figure 4.12 Elemental mapping of a-Fe203-Ni-NC, further confirming the decoration of

Ni-NC on the surface of a-Fe»,O3 nanorod.
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4.3.3 PEC performance of different photoanodes

The PEC performance of different photoanodes was measured under AM 1.5 G
irradiation with a standard three-electrode system in 1 M NaOH solution. As displayed in
Figure 4.13a, the pristine a-Fe2O3 photoanode displays a low photocurrent density of 0.83
mA cm 2 at 1.23 V vs. RHE. With the direct deposition of Ni-NC, a slight enhancement
(1.15 mA cm2), as a poor interaction between two phases of a-Fe,O3 and Ni-NC, is
obtained for a-Fe;O3-Ni-NC photoanode. Interestingly, when the annealing method was
utilized to reinforce this interaction, it is found that the annealing temperature is
significantly affecting the catalytic activity for PEC water oxidation. The a-Fe>Os-Ni-
NC-200 presents a photocurrent density of 1.33 mA cm™2 at 1.23 V vs. RHE, showing
mild enhancement compared with a-Fe203-Ni-NC. Upon increasing the annealing
temperature to 300 °C, the highest photocurrent density of 1.85 mA cm™2 at 1.23 V vs.
RHE was attained, which is over two times than that of bare a-Fe,O3 and comparable to
the recently reported results of hematite-based photoanodes (Table 4.2). However, further
increasing the annealing temperature to 400 °C leads to a decrease of photocurrent density
to 1.46 mA cm2 at 1.23 V vs. RHE, which is attributed to the structure change with the
appearance of photoelectrochemically inactive magnetite phase according to the XRD
results (Figure 4.14).%1 This phenomenon signifies that the annealing treatment should
have an additional impact on the photoanodes except for the reinforced contact between

a-Fe203 and Ni-NC (will be discussed in more details later).

The significantly enhanced PEC performance of a-Fe2O3-Ni-NC-300 was further
confirmed by the applied bias photon-to-current conversion efficiency (ABPE) (Figure
4.13b), incident photo-to-electron conversion efficiency (IPCE) (Figure 3.13c) and
transient photocurrent measurements (Figure 4.13d). A maximum ABPE value of 0.18 %
is obtained at 1.04 V vs. RHE by a-Fe;03-Ni-NC-300. The IPCE value of a-Fe>Os-Ni-
NC-300 demonstrates an integral triple increment compared with the bare a-Fe.O3
photoanode, achieving a maximum IPCE value of 30.4% at a wavelength of 360 nm. A
sensitive photocurrent response, with the highest steady photocurrent density of 1.81 mA
cm 2, is achieved by a-Fe,03-Ni-NC-300 photoanode, indicating the efficient transfer of
photogenerated holes for the water oxidation with reduced recombination.™*®! Intriguingly,
the a-Fe203-Ni-NC-300 photoanode also exhibits an impressive stability over 15 h at 1.23
V vs. RHE under consecutive AM 1.5 G irradiation, still retaining approximately 90 %

of the initial photocurrent density (Figure 4.15a). The yields of evolved H2 and O are
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linear with respect to the irradiation time, with a stoichiometric ratio of =2:1 and a high
Faradaic efficiency of 94.9% (Figure 4.15b). In brief, the remarkable PEC water oxidation
activity of a-Fe203-Ni-NC-300 is owing to the robust single Ni sites (Figure 4.16 and

relevant discussions) and optimized annealing treatment.
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Figure 4.13 a) J-V curves, b) ABPE spectra, c) IPCE spectra and d) chopped current—
time curves of bare a-Fe>0s3, a-Fe>03-Ni-NC, a-Fe203-Ni-NC-200, a-Fe;O3-Ni-NC-300
and a-Fe203-Ni-NC-400 photoanodes. The measurements of IPCE spectra and current—

time curves were conducted at 1.23 V vs. RHE under AM 1.5 G illumination.
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Figure 4.14 XRD patterns of a-Fe203, a-Fe203-Ni-NC, a-Fe203-Ni-NC-300 and a-Fe20s-
Ni-NC-400 powders. The standard diffraction peaks of a-Fe.O3 (hematite) and Fe3O4

(magnetite) are shown for reference.
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Figure 4.15 a) Stability test of a-Fe>O3 and a-Fe203-Ni-NC-300 photoanodes for 15 h. b)
Gas evolution curves of a-Fe203-Ni-NC-300 photoanode under AM 1.5 G illumination at
1.23 V vs. RHE for 15 h.
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Table 4.2 Comparison of our photoanode to other a-Fe;O3-based photoanodes in recent

years.

Ni:FeOOH/Fe 0348
Zr-0-Fe,03 NT9
Rh-F-Fe;TiOs/a-Fe;035%
M:B-Fe05[1
Fe,TiOs/Fe,03/Ptl52]
TiO,/Ti:Fe,03 BNR!
Co/E-1-Sn-o-Fe,0354
0-Fe;03/FeOOHB
a-Fe,03/FeOOHPE!
o-Fe203/graphenet®’]
CDots/C0304-Fe, 0558
C-Co-Ti-Fe 03P
SINiNx—PC/EG/Fe,03l!
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1.92

1.00
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nm)
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Figure 4.16 J-V curves of a-Fe203-NC-300, a-Fe203-300 and a-Fe2O3-NC. Note: The
photocurrent density at 1.23 V vs. RHE of a-Fe;O3-NC without the Ni active sites keeps
almost unchanged compared with the pure a-Fe;Os3. After annealing at 300 °C, the
photocurrent density at 1.23 V vs. RHE increases to 1.16 mA c¢cm™2. In addition, the o-
Fe,03-300 presents a photocurrent density of 0.95 mA cm™2 at 1.23 V vs. RHE. The
slightly enhanced activity can be attributed to the generated oxygen defect induced by

annealing in the inert atmosphere.
4.3.4 Research on catalytic mechanism

In order to understand the exact reason for the enhancement of water oxidation
performance by the annealing process, the chemical composition and electronic structure
of the samples were characterized by XPS measurement. The Fe 2p spectrum of pristine
a-Fe203 (Figure 4.19a) displays two distinct peaks of Fe 2ps, at 710.8 eV and Fe 2p1 at
724.5 eV with a satellite peak located at 718.8 eV, which is the typical feature of a-
Fe203.573%1 After annealing at 300 °C, the intensity of the signal at ~716.0 eV
(corresponding to the satellite peak of Fe?* species)® 39-4% slight increases in comparison
to the bare a-Fe>Os (Figure 4.17). These results suggest the generation of oxygen
vacancies in a-Fe»Os structure, which is further confirmed by analyzing the O 1s spectra
in Figure 4.18.581 After the integration of a-Fe2Oz with Ni-NC, the binding energy of Fe
2p in a-Fe203-Ni-NC keeps almost unchanged compared with the pure a-Fe2Oz (Figure
4.19a). In contrast, for the a-Fe>03-Ni-NC-300 with annealing treatment, an interesting
shift to lower binding energy, which can be attributed to the strong electron-donating
behavior from Ni-NC to o-Fe203,141%?1 is observed in Fe 2p spectra compared with the
pristine a-Fe203. Additionally, the Fe 2p peak intensity at around 716.0 eV of a-Fe2Os-
Ni-NC-300 has almost no increase compared with the a-Fe2O3-Ni-NC from the spectra
overlay in Figure 4.20, which is different from the result in Figure 4.17. This phenomenon
indicates that most of the generated oxygen vacancies in the bulk of a-Fe>O3 during the
annealing process are consumed with the introduction of Ni-NC.! This explanation is
verified by the comparison of O 1s XPS spectra of a-Fe>03-Ni-NC and a-Fe203-Ni-NC-
300. As shown in Figure 4.19b, owing to the oxygen-containing groups in the Ni-NC, the
peak at ~532.6 eV (Oni) appears in the O 1s spectra of both a-Fe2O3-Ni-NC and a-Fe>Os-
Ni-NC-300, which is consistent with the O 1s spectrum in Figure 4.6d. Interestingly, after
annealing treatment, the peak intensity of Oy displays a obvious decrease and an extra

peak appears at ~530.8 eV (Oi). As the oxygen-containing groups in Ni-NC is stable
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during the annealing process on the basis of Figure 4.21, the decreased intensity of Oy
can be attributed to the consumption by filling into the oxygen vacancies.[***? Therefore,
the additional signal of Oy is deduced to be the Fe—O—C at the interfaces of a-Fe>O3 and
Ni-NC, which can also be validated according to the results in previous reports that the
binding energy of O 1s in Fe—O—C bond is about 1~3 eV higher than the Fe—0.5% 4% |n
this regard, the variation of the O 1s spectrum in a-Fe;O3-Ni-NC-300 can be ascribed to
the chemical interaction between the Ni-NC and a-Fe2O3 due to the patching effect
between oxygen-containing groups in the Ni-NC and the oxygen vacancies. This
elucidation can be further verified by the performance test and chemical compositions of
a-Fe203-Ni-NC annealed at 300 °C in the air (a-Fe2O3-Ni-NC-300-air) in Figure
4.22~4.23. As shown in Figure 4.22, the a-Fe2O03-Ni-NC-300-air displays a photocurrent
density of 1.31 mA cm 2 at 1.23 V vs. RHE, which is much lower than the a-Fe203-Ni-
NC-300 (1.85 mA cm 2 at 1.23 V vs. RHE). In this case, the annealed a-Fe;O3-Ni-NC in
the air is much different from that in the Ar gas. In order to further confirm the variation
of chemical compositions on the surface of a-Fe,O3-Ni-NC after annealing in the air, XPS
measurement was conducted. As shown in Figure 4.23, no obvious difference can be
observed from the overlap of Fe 2p and O 1s XPS spectra before and after annealing in
the air, signifying that chemical interaction between a-Fe2O3 and Ni-NC did not occur

during the annealing processes in the air.

Fe 2p

Intensity (a.u.)

730 725 720 715 710 705
Binding Energy (eV)
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Figure 4.17 Overlay of Fe 2p XPS spectra of a-Fe20s and a-Fe203-300 samples. The

vertical dashed lines highlight the satellite peaks for Fe3* and Fe?* species.
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Figure 4.18 O 1s XPS spectra of a) a-Fe>O3 and b) a-Fe203-300.
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Figure 4.19 a) Fe 2p XPS spectra of a-Fe203, a-Fe;03-Ni-NC and a-Fe203-Ni-NC-300,
b) O 1s XPS spectra of a-Fe203-Ni-NC and a-Fe>03-Ni-NC-300 (O: the lattice oxygen
bonded with Fe; Oy the defect sites with a low oxygen coordination; Oy the oxygen-
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containing groups in Ni-NC; Oyv: the newly formed Fe—O—C bond), in situ FT-IR spectra

of ¢) a-Fe203 and d) a-Fe203-Ni-NC measured under increased temperature.

Fe 2p

—— a-Fe,0,-Ni-NC-300
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Figure 4.20 Overlay of Fe 2p XPS spectra of a-Fe203-Ni-NC and a-Fe203-Ni-NC-300

samples. The dashed lines highlight the position of satellite peak for Fe?* species.
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Figure 4.21 The comparison of O 1s XPS spectra before and after annealing at 300 °C.
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Figure 4.22 J-V curve of a-Fe,O3-Ni-NC-300-air photoanode under AM 15 G

illumination.

O1s

Q
o
S
(=2

——a-Fe,0;-Ni-NC-300-air
F€ 2Pz ——a-Fe,0,-Ni-NC

——a-Fe,0,-Ni-NC-300-air
——a-Fe,0;-Ni-NC

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

730 725 720 715 710 705 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

Figure 4.23 Overlay of a) Fe 2p and b) O 1s XPS spectra of a-Fe;O3-Ni-NC and a-Fe>Os-
Ni-NC-300-air.

To further investigate the interfacial structure and interaction evolution in a-Fe>Os3-Ni-
NC with annealing, in situ Fourier transform infrared spectroscopy (FT-IR) experiment
was conducted in argon atmosphere at gradually increased temperatures, in which the
samples were measured and the signal detected at 100 °C was used as the background. As
shown in Figure 4.19c, the calcination-time dependent infrared spectra of pure a-Fe>Os3
present gradually decreased absorbance with elevated temperature. This phenomenon

may be attributed to the decomposition and desorption of the adventitious carbon and

118



Chapter 4

water, which were absorbed on the surface during the preparation process or from the
air.#% After integrating a-Fe2Os with Ni-NC, the calcination-time dependent infrared
spectra (Figure 4.19d) of a-Fe203-Ni-NC display a similar tendency for the gradually
decreased absorbance. However, an obvious signal shows gradually decreased
absorbance at ~1690 cm, which is attributed to the stretch of C=0 bond. According to
the O 1s XPS spectrum of Ni-NC, this C=0 signal is ascribed to the oxygen-containing
groups in Ni-NC. As correlated with this, a gradually increased absorbance at ~1270 cm
Lis observed, which indicates the progressive formation of C-O bond with the elevated
temperature. Intriguingly, the in situ FT-IR spectra of bulk Ni-NC (Figure 4.24) do not
show any obvious change with the increasing temperature. In this case, the variation of
the signals of C=0 and C—O groups should originate from the chemical interaction at the
interfaces between a-Fe,O3 and Ni-NC, which is consistent with the XPS results.
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Figure 4.24 In situ FT-IR spectra of bare Ni-NC measured at increased temperature.

As identified by XPS and in situ FT-IR analysis, the newly formed bond is induced by
chemical interaction at the interface of a-Fe.O3z and Ni-NC during the annealing process,
which may act as the fast charge transfer channels. In order to understand and confirm
the underlying mechanism of this interaction for the performance enhancement, kinetics
of photocarriers in different photoanodes were studied by several electrochemical

measurements. To verify the effect of Ni-NC and annealing process on the charge transfer
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behaviors, the charge separation efficiency (nsep) and surface charge injection efficiency
(minj) were measured and quantified by using Na>SOz as a hole scavenger (Figure 4.253).
As shown in Figure 4.26a and Figure 4.26b, the a-Fe203-Ni-NC-300 achieves nsep 0f 28.1%
at 1.23 V vs. RHE according to the integrated current density (Jabs) (Figure 4.25b), which
is much higher than those of a-Fe203-Ni-NC (19.6%) and bare a-Fe203 (16.5%). These
results indicate that the improved separation efficiency of a-Fe>O3-Ni-NC-300 is mainly
attributed to the chemical interaction between a-Fe2O3z and Ni-NC. Additionally, the
above tendency can also be obtained for ninj over a-Fe203-Ni-NC-300, with the highest
ninj Value of 64.8% at 1.23 vs. RHE. The above results verify that the chemical interaction
between a-Fe2O3 and Ni-NC can reduce the charge recombination and facilitate the

charge separation in the photoanode.

The charge transfer processes in different photoanodes were then visualized by
electrochemical impedance spectroscopy (EIS) under illumination at 1.23 V vs. RHE
(Figure 4.26c¢). The typical Nyquist plots of different photoanodes were fitted by the
equivalent circuit model (inserted in Figure 4.26c). All the simulated parameters are
summarized in Table 4.3, in which the similar series resistances (Rs) indicating the
working conditions for the photoanodes are almost identical. Furthermore, the resistances
in the semiconductor (Rpui) for photoanodes of a-Fe2O3-Ni-NC (125.3 Q) and a-Fe20s-
Ni-NC-300 (96.6 Q) are both lower than the bare a-Fe.O3 (131.2 Q), suggesting the
enhanced charge mobility due to the increased carrier density by the incorporation of
carbon nanosheets. The values of carrier density (Nqg) are calculated from the slope of
Mott-Schottky curves (Figure 4.27), manifesting the n-type semiconductor feature of all
samples. As shown in Table 4.3, the Ng values are promoted from 1.12>x10% cm 3 of bare
0-Fe;03 to 9.19%10%° cm™ of o-Fe,03-Ni-NC-300, demonstrating the enhanced
conductivity and facilitated charge transfer processes in the semiconductor. Additionally,
the charge transfer resistance at the photoanode/electrolyte interface (Rct) presents a
dramatical decrease, which varied from 334.6 Q of pure a-Fe;O3 to 184.4 Q of a-Fe2Os-
Ni-NC-300, signifying the enahced injection efficiency of photogenerated holes into
electrolyte on a-Fe20O3-Ni-NC-300 photoanode.

To further elucidate the charge carrier dynamics of the photoanodes, room-temperature
photoluminescence (PL) and time-resolved transient photoluminescence delay (TRPL)
measurements were performed. Figure 4.28 depicts that all the samples exhibit a narrow

emission band centered at ~675 nm. The a-Fe2O03-Ni-NC-300 displays the lowest PL
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intensity than the other two samples, indicating the reduced recombination and fastest
separation of photogenerated charge carriers.*®! From the analysis of TRPL spectra in
Figure 4.26d, the average carrier life-time of a-Fe2Os is calculated to be 2.33 ns (Table
4.4), which is consistent with the property of short photocarriers life-time. Meanwhile,
the a-Fe>03-Ni-NC-300 displays a much longer lifetime of 4.41 ns compared with bare
a-Fe20s and a-Fe203-Ni-NC, further manifesting enhanced charge transfer efficiency and

decreased recombination rate.[*”]
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Figure 4.25 a) J-V curves of pristine a-Fe203, a-Fe203-Ni-NC and a-Fe203-Ni-NC-300
with Na>SOs as the hole scavenger; b) The calculated current density flux and integrated
current density (Jans) of a-Fe203, a-Fe203-Ni-NC and a-Fe>03-Ni-NC-300 photoanodes.
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Figure 4.26 a) Bulk charge separation efficiencies, b) Surface charge injection
efficiencies on the surface, c¢) EIS plots and d) time-resolved PL spectra of bare a-Fe20s,
a-Fe203-Ni-NC and a-Fe>03-Ni-NC-300 photoanodes.
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Figure 4.27 Mott—Schottky plots of a-Fe203, a-Fe203-Ni-NC and a-Fe203-Ni-NC-300.

Table 4.3 EIS results of different photoanodes calculated by the equivalent circuit model

and carrier densities obtained from Mott-Schottky plots.

52.9 131.2 334.6 1.12x10%
50.6 125.3 297.3 2.01x10%
53.1 96.6 184.4 9.19x10%

Table 4.1 Kinetic parameters for the TRPL decay curves.

1433.18 0.48 643.93 3.00 2.33
1479.63 0.67 721.22 3.90 3.06
1177.35 0.81 842.79 5.21 441
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Figure 4.28 Steady-state PL spectra of a-Fe2O3, a-Fe203-Ni-NC and a-Fe203-Ni-NC-300.

According to the above results and discussion, a possible mechanism was proposed for
the construction of chemical interaction between a-Fe.Oz and Ni-NC. As shown in
Scheme 4.1a, without annealing treatment, the interaction between a-Fe2.O3 and Ni-NC
is physical adsorption, leading to a slow charge transfer at the interface. During the
annealing process, oxygen vacancies would be generated on the surface of a-Fe2O3. Then
the abundant oxygen-containing function groups on the Ni-NC would be easy to filled in
these deficient sites driven by the high temperature (Scheme 4.1b). Eventually, new
chemical bond of Fe—O—-C could be formed at the interface of a-Fe203 and Ni-NC, which
acted as extra interfacial channels for the facilitated charge transfer (Scheme 4.1c).
Consequently, the interfacial carrier path induced by the chemical interaction and the

distinct single-nickel sites work collaboratively to achieve efficient PEC water oxidation.
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Scheme 4.29 a) Illustration of physical adsorption and slow charge transfer in a-Fe2Oz-
Ni-NC system without annealing treatment. (b) Intermediate state during the annealing
process with the generation of oxygen vacancies on a-Fe>Oz. (¢) Scheme of fast charge
transfer with the chemical coupling created by facile calcination treatment for a-Fe>Os-
Ni-NC-300.

3.4 Conclusions

In conclusion, our study demonstrates an efficient PEC water oxidation system of a.-
Fe»03-Ni-NC-300, resulting in a high photocurrent density of 1.85 mA cm2 (2.2-fold
enhancement than the pure a-Fe>O3) at 1.23 V vs. RHE under AM 1.5 G illumination.
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The insight into the remarkable enhancement verifies that chemical interaction is
constructed at the interface between a-Fe.O3 and Ni-NC. The chemical coupling can
facilitate efficient charge carries transfer occurred at the interface and the isolated Ni
active sites can fully utilize the collected holes from a-Fe;O3, hence achieving an
impressive PEC water oxidation. This work elucidates the vital role of chemical
interaction between semiconductor and OEC in PEC water oxidation process and
explores the huge potential of integrating interface modulation and single-atom catalysts
for efficient photoelectrocatalysis.
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Chapter 5 Conclusions and future prospects

5.1 General conclusions

In this thesis, the main objective is to design and develop efficient hematite-based
photoanodes via novel co-catalyst design and modulating the interface between the a-
Fe>O3 and co-catalyst by inserting a hole transfer mediator/constructing direct chemical
interaction for efficient charge transfer. Also, the findings in this study develop new
understandings of co-catalyst design for the a-Fe;O3-based PEC water oxidation system
and highlight the importance of semiconductor/co-catalyst interface modulation for the

overall photoelectrocatalytic processes.
The detailed study could be concluded in the following parts.

1. Ultrathin cobalt-manganese nanosheets: an efficient platform for enhanced

photoelectrochemical water oxidation with electron-donating effect

In this part, ultrathin Co-Mn nanosheets was constructed as co-catalyst for a-Fe2Os
films and the electron-withdrawing/donating effect between Co(OH)x and Mn304 was
investigated to enhance the activity of photoanodes for PEC water oxidation. This
approach favors in attaining an advantageous co-catalyst/semiconductor interface to
reduce recombination of photogenerated charge carries and enhance their transfer
efficiency. Compared with bare a-Fe2O3 photoanode, the optimized photoanode exhibited
a remarkable photocurrent density of 2.09 mA cm2 at 1.23 V vs. RHE under AM 1.5 G
illumination and an impressive cathodic shift (~ 200 mV) of onset potential. Furthermore,
Co-Mn nanosheets could also significantly enhance the ABPE values of a-Fe2O3 even at
a lower potential and provide a remarkable resistance against photo-corrosion with an
excellent stability for over 10 h. Detailed mechanism investigation unveiled the pivotal
role of electron-donation effect from Mn3O4 to Co(OH)x resulting in efficient charge
injection processes and thus dramatically enhanced PEC water oxidation performance.
This work provides deep understanding on the electron-withdrawing/donating effect for
catalytic materials with multi-metallic sites, which possesses huge potentials in solving

the current dilemma for large-scale applications of PEC water splitting.

2. A universal strategy boosting photoelectrochemical water oxidation by utilizing

MXene nanosheets as hole transfer mediators
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In this part, it was demonstrated that the insertion of MNs served as excellent hole
transfer mediators in o-Fe>Os/co-catalyst photoanodes for PEC water oxidation. The
introduction of the ultrathin MNs enabled the formation of Schottky junction with -
Fe20s, providing a strong built-in electric field with an additional driving force to
suppress the charge recombination. Then the co-catalyst could perform a much better
catalytic activity due to the facilitated hole transfer from o-Fe.O3 to the co-catalyst
surface. As a result, the Co-Pi/MNs/a-Fe2O3 photoanode exhibited a 2-fold enhancement
of photocurrent density from 0.84 to 2.54 mA cm2 at 1.23 V vs. RHE and a cathodic shift
of onset potential by ~250 mV from 0.82 to 0.57 V vs. RHE under AM 1.5 G illumination,
comparing with the bare o-Fe2Os. A remarkable photocurrent density of 3.20 mA cm™2 at
1.23 V vs. RHE and a high ABPE of 0.49% were achieved on Co-Pi/MNs/a-Fe;O3 under
front illumination, which is among the very best PEC performance for o-Fe.O3 based
photoanodes. This impressive function of MNs was also applicable for other co-catalysts
(such as NiOOH and FeOOH) and photoanode materials (such as BiVOas, WOz and ZnO).
Furthermore, the optimized burying of MNs by the co-catalyst layer alleviated the self-
oxidation, thereby prolonging the stability of Co-Pi/MNs/a-Fe2O3 for 20 h. Our work
proposes a universal strategy for enhancing the charge transfer efficiency of the
photoanodes by inserting a mediator between the semiconductor and co-catalyst and

highlights the potential for application of MNs in solar energy conversion devices.

3. Constructing chemical interaction between hematite and carbon nanosheets with

single active sites for efficient photoelectrochemical water oxidation

In this part, an efficient PEC water oxidation system of a-Fe>O3-Ni-NC-300 was
designed, resulting in a high photocurrent density of 1.85 mA cm2 (2.2-fold enhancement
than the pure a-Fe203) at 1.23 V vs. RHE under AM 1.5 G illumination. The insight into
the remarkable enhancement verified that chemical interaction was constructed at the
interface between a-Fe2O3 and Ni-NC. The chemical coupling could facilitate efficient
charge carries transfer occurred at the interface and the isolated Ni active sites could fully
utilize the collected holes from a-Fe;Os, hence achieving an impressive PEC water
oxidation. This work elucidates the vital role of chemical interaction between
semiconductor and OEC in PEC water oxidation process and explores the huge potential
of integrating interface modulation and single-atom catalysts for efficient

photoelectrocatalysis.
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5.2 Future prospects

Although some achievements have been made in developing efficient hematite-based
materials for PEC water oxidation, there are many challenges towards the significant
enhancement in PEC water splitting, especially for bias-free photocathode coupled with

photoanode PEC system. Some issues listed below are worthy of special attention:

(1) To date, the properties of co-catalysts are still far from satisfying the requirement
of practical usage. There is a large space to further improve the performance of co-
catalysts. Novel materials like metal-free materials, molecular materials, or MOFs are all
worthy to be explored for expanding the family of co-catalysts and offering more options.
In addition, the working mechanisms of co-catalysts have not yet been stated clearly.
Thus, further rationally designed experiment verifications, through characterizations,
maintain to be conducted in order to provide much more powerful evidences and specific
explanations. In addition, theoretical calculations, especially density functional theory
study, are of equal importance to make up the defects of experimental measurements.

(2) Although significant progress has been made in the past decade, continuous
innovations and new understandings of interface engineering are required to meet the
demand for the development of photoanodes with higher efficiencies and to drive the PEC
water splitting finally into practical application. In particular, future innovations should
be made in materials and approaches. The selection of materials for the use of surface
protection, surface-state passivation, and selective charge extraction is currently quite
limited. New deposition approaches would be needed to adapt these coating materials to
semiconductors sensitive to the deposition conditions. Meanwhile, gaining deeper
understanding of the interface energetics, the dynamic behaviors of interfaces during
operation, and the electrolyte and temperature dependence of interface properties is also

important for the design of robust interfaces.

(3) Bias-free photocathode coupled with photoanode system and stand-alone
photovoltaic cell integrating photo-electrocatalytic cell tandem device with suitable
photoelectrode materials are two promising design strategies to efficiently convert water
into hydrogen under sunlight illumination. Although some achievements have been
obtained, many challenges remain to be solved in the future. For instance, promotion of
light harvesting efficiency and enhanced separation of photogenerated electron—hole pairs
for both photocathode and photoanode materials, the development of more efficient co-

catalysts, superior photoanode and photocathode materials with matched band positions
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to form a Z-scheme junction system, matched bandgap of photoelectrode and
semiconductor in solar cell to absorb more ample visible light, optimal configuration for
both photocathode—photoanode system and PVV-PEC cells.
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