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Abstract

Since the worldwide demands for energy is increasing, the consideration of environmental issues has
been sharply required. Developing clean, low-cost and renewable fuel sources is a key challenge
facing mankind in order to meet the energy and environment demands. Electrolysis of water is one of
the methods of hydrogen generation. However, it is an energy intensive process. To produce clean
energy, such as hydrogen, photoelectrochemical (PEC) cell is widely considered as one of most
promising methods to split water when driven by abundant solar energy. We have focused photoanode
materials, hematite and titanium dioxide, which is one of PEC components. In the hematite case, we
have shown that by coupling graphene inverse opal structure with hematite, the problem of low
diffusion length and low absorption in hematite was efficiently addressed, and thereby the water
splitting photocurrent density generated by hematite could be greatly enhanced. This study can be
readily extended to other metal oxide materials and systems, which provide strong potential for our
strategy in energy conversion system. In the case of titanium dioxide, we made heterojunction with
cadmium selenide (CdSe) for visible range absorption. However, CdSe quantum dot is often unstable
in water under irradiation of light due to their relatively slower interfacial hole transfer kinetics as
compared to their electron injection rates. To overcome this problem, we have successfully fabricated
a novel graphene quantum dot supported CdSe-sensitized photoanode for visible-working PEC system.
By modifying photoanode with graphene quantumdot, photocurrent density was retained almost
unchanged for 300 minutes irradiation and the photocurrent density increased by 1.2 times relative to
that without graphene quantum dot. Our work suggests a straightforward way to develop efficient and

durable quantum-dot-sensitized photoanodes for PEC hydrogen generation.
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Chapter 1. Introduction of Photo-electrochemical (PEC) Cell.

1.1 Hydrogen: fuel of the future

Hydrogen energy is broadly considered for the fuel of the future. According to a survey of Korea
energy economics institutes, hydrogen is expected to increase sharply in 2030 as a start as show in
Figure 1.1

Consequently, many efforts about the development of numerous technologies on the basis of the

hydrogen applications in place of fossil have fuels due to the following reasons:

The using of fossil fuels is in charge of climate change’”
Deposits on fossil fuels are restricted
The cost on the fossil fuels is sharply increasing;

There is a need for a fuel made from the raw materials that are plentifully accessible

It is necessary to be a need for a fuel that is environmentally safe

Hydrogen energy has a lot of potential applications, such as the domestic heating, powering of
nonpolluting vehicles, and aircraft. Therefore, hydrogen, as an energy carrier, is expected for joining
photovoltaic electricity as the source of renewable energy system."?°® Recent effort for the
development of vehicles powered by hydrogen, either directly or by hydrogen fuel cells, may possibly
work for examples of how close is the hydrogen age. The diagram in Figure 1.2 shows that, while the
introduction of fuel cell technology will lead to a substantial reduction in the emissions of greenhouse
gases (expressed in carbon units per kilometer), the use of fuel cells powered by hydrogen obtained
from solar energy will reduce the emission to nearly zero.” Hydrogen is not show in environment in a
vaporous form. However, it is abundantly available in water. Therefore, hydrogen must be extracted
from these compounds. Thus far, hydrogen gas has been created primarily by methane gas by using
vapor reorganizing."® Nevertheless, this skill causes the production of carbon dioxide. Similarly, the
hydrogen gained via water electrolysis by using electricity achieved with the burning of fossil fuels
cannot be deliberated to be environmentally kindly for the identical goal. Conversely, the use of
photoelectricity is reflected to be the non-toxic route for hydrogen production. Further, such hydrogen

represents a storable fuel that is produced from a non-storable source of energy (photo-electricity).
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1.2 Hydrogen generation using solar energy

The general desire for the usage of hydrogen energy like as an environmentally kindly fuel has been
considered by the detail that the burning of hydrogen energy causes the production of water, which
neither causes air pollution nor results in the emission of polluting gases. This consideration is
correct-assuming that hydrogen is generated using a source of renewable and clean energy, like as
solar, wind, hydroelectric, or hydrothermal energy source. To date, the technologies for hydrogen
generation using sources of renewable energy are in the incubation stage. The growing interest in
hydrogen has resulted from the increasing need to develop hydrogen technologies that are based on
the operation of renewable and clean energy sources. The nations having access to technologies are
likely to form the OPEC of the near-future. Therefore, the development of hydrogen generation
technologies based on sources of renewable energy is expected to demand substantial support from
both government programs and major energy producers. There is a large body of literature that
indicates that the great hopeful system of hydrogen production by using a renewable energy source is
that created on photoelectrochemical water splitting by using solar source.”* Since first reports of this
method published by Honda et al.”*® almost 40 years ago, there have been many papers issued on the
impact of diverse structures and materials for the performance of photoelectrochemical cells. The
solar to hydrogen conversion effectiveness for water photo-splitting is decided primarily by the things
of the materials used for photoanodes. Consequently, potential applications for hydrogen production
by water and solar energy will be discovered by the progress in engineering and materials science

applied to the promising candidate materials for photoelectrodes as show in Figure 1.3
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1.3 Reaction mechanism of photoelectrochemical cell

Photoelectrolysis of water using a photoelectrochemical contains several processes in photoelectrodes

and at the photoelectrode/electrolyte interface, including:

® Light-brought inherent ionization in the semiconducting materials (the photo-anode), making
the creation of electrical charge carriers (photoexcited electrons and holes pairs)

® \Water Oxidation in the photoanode by photoexcited holes

® H ions Transport from the photo-anode to the cathode by the electron transport and
electrolyte from photoanode to the cathode via the external circuit

® Hydrogen ions reduction in the cathode through electrons

Light causes inherent n-type semiconductor ionization over the band gap, resulting in the electron

formation in the conduction band and holes in the valence band:

2hv — 2e + 2h, @

Where h is the Planck’s constant, v the frequency, e the electron, h the electron hole.

Reaction (1) can occur when the photons energy (hv) is the same to or larger than the band gap. An
electric ground at the electrolyte/material surface interface is considered to avoid charge carriers
recombination. This can be reached by adjustment of the potential at the electrolyte/material surface
interface. The photo-excited holes result in the water splitting molecules into vaporous oxygen and

hydrogen ions:

2h + 2H20(quuid) — 120, + 2H". (2)

This reaction occurs between the photoanode and electrolyte interface. Oxygen gas goes forward at
the photoanode and the hydrogen ions go forward to the counter electrode (cathode) over the internal
route (aqueous electrolyte). At the same time, the electrons made as Reaction (1) result in the
photoanode, are moved by the external route to the counter electrode, indicating the hydrogen ions

reduction into vaporous hydrogen:

2H" + 2e — Hz(gas)- (3)

Therefore, the total mechanism of the photoelectrochemical cell can be stated by this form:

13



2hv + H,0 jiquiay = 1/205(gas) + Hagas): 4)

Reaction (4) occurs when the photon energy engaged by the photoanode are the same to or larger than

E;, the threshold power:

Ei = AGO(Hzo)/ZNA, (5)

Where AG’0) is the free standard enthalpy per Reaction (4) mole = 237. 141 kJ/mol; Na =
Avogadro’s number = 6.022 X 1023 mol™. So, this yields:

Ei=hv=123eV (6)

Along with Eq. (6), the electrochemical water splitting is likely when the electromotive energy in the
cell is the same to or larger than 1.23 V. The record normally considered material for the photoanode
is titanium dioxide.”*° Despite of its large band gap of 3.2 eV, it is the favored material owing to its
high corrosion resistance. The maximal value obtained for the photo-voltage of a
photoelectrochemical cell equipped with a photoanode of TiO, is ~ 0.7-0.9 V.*? Therefore, at present,
the application of this material as a photoelectrode needs a bias to split water by one of the following

procedures:

® Imposition of an outer bias voltage
® Imposition of an inner bias voltage by the use of various concentrations of hydrogen ions
® Imposition of an inside bias voltage by the usage of a photovoltaic part in conjunction in the

photoanode (hybrid electrode)’

A photoelectrochemical cell for the photoelectrolysis of water are presented in Figure 1.4. A normal
cell includes in both a photoanode (made by oxide material) and cathode (made by Pt) dipped in an
aqueous salt solution (electrolyte). The procedure causes hydrogen and oxygen evolution in the
photoanode and cathode, separately. The associated charge transport includes the relocation of

hydrogen ions in the salt solution and the electrons transport in the outside circuit.

14
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Chapter 2. Hematite-Based Photo-electrochemical cell Supported by Graphene Inverse Opal
Structures

2.1. Introduction

Water splitting of photo-electrochemical (PEC) cell using semiconductor for solar energy to hydrogen
production has obtained intensive focus in the decades." Of many semiconducting materials, a-Fe,O5
is a stable, promising n-type and earth-abundant material for PEC cell because of a suitable band gap
2.1~2.2 eV in the visible range.>* Some critical problems stay to be treated for efficient a-Fe,O; to be
widely used for a photo-electrode in photo-electrochemical device: its short hole diffusion length (2-4
nm), indicating that causes a high recombination; low absorption by indirect band gap near the band
edge, and bulk/surface faults® which result in the low hole mobility and high over-potential. Many
research such as nano-structuring,®” impurity doping,* making surface treatment with IrO, and Co-Pi®

1% and a heterojunction® have been strived hard to resolve these problems in a-Fe,O; based photo-
electrochemical cells. New promising method to resolve problems would be to quickly and directly
transfer photo-excited electrons made in photo-electrodes to a three-dimensional (3D) electrode with
light scattering effects.

A three-dimensional nano-network structure has received substantial attention as a conducting
electrode for energy related fields because of large surface area allowing sites of reachable vigorous
areas, bicontinuity and short distance contact improving the transport of charge carriers."™* Graphene
for a conductive electrode has excellent prospective because of its fast electron conductivity, flexible
and transparent properties.”® Former efforts have been suggested to increase photo-catalytic action
with the graphene incorporation with good catalytic properties as well as excellent conductivity.
Nevertheless, many methods presented relatively minor improve in photo-catalytic action using
chemically made graphene sheet. Of many available techniques to make the graphene preparation,
chemical vapor deposition (CVD) development of graphene with a silica or metal coated a silicon
substrate is currently an excellent method to make large area and high quality for graphene.'’®
Nonetheless, limitation made by the CVD growing condition of high temperature, about 1,000 °C,
affects the select of substrate, indicating might importantly decide the device performance. For
instance, FTO glass, used for a conductive substrate, has been asked as a substrate growing graphene,
because FTO is unsteady at high temperature because FTO glass has the low melting temperature.
Thus, developing a method to create graphene directly on the FTO substrate, that removes the transfer
process, would carry powerful advantage with the practical and broad use of graphene. Herein, we
story a 3D nano-network graphene of new type for conductive electrode that is grown on FTO glss at

low temperature of 500 °C by cabon source on a 3D-Nickel inverse opal (NIO) surface. a-Fe,O3

17



nanoparticles (NPs) were attached on 3D nano-network graphene inverse opal (GIO) by hydrothermal
method for efficient hydrogen production. a 3D nano-network o-Fe,O3/GIO showed 1.4 times
increased performance relative to a-Fe,Ozat 1.5 V bias, that can be featured to the straight transfer of
photogeneated electrons in a-Fe,O3to 3D nano-network structure graphene conductive electrodes by

direct and short interaction.

2.2 Experimental and characterization

2.2.1 Preparation of Graphene Inverse Opal (GIO)

350 nm polystyrene (PS) beads were synthesized by emulsion polymerization: 0.96 M of a styrene
(Aldrich) as monomer, 19 mM of an azobisisobutyronitrile (Aldrich) as initiator and 300 uM of PVP
40 K (Aldrich) as stabilizer in deionized (DI) water were used without any purification for a 24 hrs
reaction time. A fluorine-doped tin oxide (FTO) substrate was applied to make a square by scotch tape
with an area of 5 mm X 5 mm. The synthesized PS beads were dispersed in ethanol ( 5 wt%) and then
PS beads was assembled by spin-coating the dispersed solution onto the FTO substrate at 1,000 rpm
for 60 sec. the height of the PS beads coated in this experiment was about 5 um. Then
electrodeposited into PS opal structure in a solution of NiSO,-6H,0 (Aldrich), NiCl,-6H,O (Aldrich)
and H3;BO; and 100 g Di water and diluted four times. The conditions of electrodeposition were 5 mA
for 2 min. The PS opal structures were dissolved in toluene for 6 hrs. For the growth of graphene,
Nickel oxide on FTO was carburized in triethylene glycol (Aldrich) at 250 °C 12 hrs. The prepared
samples were annealed in a furnace at 500 °C for 1 hr with an argon atmosphere, resulting in

graphene/NiO. GIO was obtained by etching the nickel in ammonium persulfate solution for 12 hrs.

2.2.2 Preparation of pristine to 0-Fe203 and to a-Fe203/GI10

For the synthesis of -FeOOH NPs on GIO, the GIO on FTO was immersed in 10 ml of FeCl;-6H,0
(25 mM) aqueous solution and kept in a convection oven with ramp rate of 1 oC/min for 4 hrs at 75
°C. The samples were washed with DI water and EtOH. Finally, 3-FeOOH/GIO was heated by a two-
step annealing process at 350 °C for 4 hrs on a hot plate under an air condition and at 750 °C for 1 hr
in furnace under Ar atmosphere with a ramp rate of 10 °C/min, and was naturally cooled down to
room temperature while maintaining and Ar atmosphere. The pristine a-Fe,O; was prepared from R3-

FeOOH NPs by following recently published paper.
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2.2.3 Photo-electrochemical measurement

The PEC action in the a-Fe,O3/GIO electrodes was played in a three-electrode system under frond
side illumination of AM 1.5 G. An Ag/AgCI electrode and a Pt mesh were used as reference and
counter electrodes, respectively. 1 M NaOH was used as an electrolyte. The exposed area of the
working electrode was fabricated to have an exact value of 0.25 cm?® by scotch tape. Photocurrent
stability tests were carried out by measuring the photocurrent produced under chopped light
irradiation (light/dark cycles of 10 sec) at a bias 1.5 V versus RHE. Electrochemical impedance
spectroscopy (EIS) was carried out at a frequency range from 100 kHz to 0.1 Hz using a potentiostat
at a bias 0.5 V versus open circuit potential under illumination. The incident photon-to-electron

conversion efficiency was measured at a bias of 0.5 V versus open circuit potential.
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2.3 Results and Discussion

a-Fe,03/G10 was organized via the subsequent four steps, such as illustration in Fiure.2.1. Firstly,
350nm PS beads made by emulsion polymerization were made into structures of 3D opal on FTO
substrate, next, by electro-deposition method of nickel on the opal structures of polystyrene (Figure
2.2). The PS dimension was decided to powerfully light scattering for well-organized light trapping as
reported at our former reports. Secondly, the opal structure of polystyrene was removed in toluene,
saving inverse opal structures of the nickel. Third, the as-prepared nickel 10 was carburized using tri-
ethylene glycol solution with the assistance of catalytic Nickel at 250 °C for 12 hrs. Through the
following CVD method at 550 °C under Ar condition for 1 hr, dissociated carbon percolated down
through the nickel 10 structure. The carbon source segregated from the carbon-dissolved NIO
structure throughout the cooling procedure, making a 3D nano-network graphene structure on 3D-
nickel 10 surface. By removing nickel 10 structures, a 3D nano-network graphene structures having a
350 nm diameter was made. Finally, a-Fe,0s/GIO of High crystalline was gained by annealing the B-
FeOOH NPs/GIO via two steps (350 °C under air and then 750 °C under Ar). The conductivity of FTO
glass handled under this experiment is shown in Table.2.1. The heat-treated temperature of 750 °C
was adjusted for the photo-anode to get the best crystallinity as shown in Figure.2.3. Figure2.4a shows
a scanning electron microscope (SEM) image of GIO. Due to the highly soluble carbon source of Ni,
multi-dimensional graphene was made, that approves with results of supplementary related research.
It should be renowned that the 3D nano-network graphene were not substantially collapsed and
physicochemical things of low temperature-growing our 3D nano-network graphene, such as
transparency (59% at 550 nm), and conductivity (1.4 kQ/o), were not significantly poorer to other
thing of growing graphene at 1,000 °C. A SEM image of a-Fe,O; attached on 3D nano-network
graphene surface is presented in Figure 2.4b. The element mapping data are presented in Figure 2.5.
Importantly, we targeted o-Fe,O; NPs with less than 10 nm diameter, which confirm a short hole
diffuse length to the apparent of hematite, as well as enlarged surface part to reward the relatively low
energetic area on the larger 3D dimension nano-network graphene surface. The surface active sites
was carried out via nitrogen adsorption-desorption isotherms using 0.2 g and 0.5 g of graphene and a-
Fe,04/GIO respectively. A plot of relative pressure vs. volume absorbed was gained by calculating the
amount of N, gas that attach on the area of the subsequent and interest amount that detachata 70 K
constant temperature. The surface active sites of o-Fe,0s/GIO was increased up to 63 m%/g after a-
Fe,0; attachment, that is four times than 15 m?%g of 3D nano-network graphene surface in shown
Figure 2.6 and Table 2.2. The details on adjusting the dimension of B-FeOOH NPs can be establish in
Figure 2.7. The well-arranged pores in Figure 2.4b identify o-Fe,O3/GIO keeps the unique 10

structures without excessive bend. In Figure 2.4c and 2.4d, the transmission electron microscopy
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(TEM) images reveal high density a-Fe,O3 NPs using lengths of around 10 nm on the~10 layers
graphene surface with a-Fe,O3/GIO. The certain sites electron diffraction (SAED) patterns of a-Fe,O3
NPs in the supplement of Figure 2.4c are shown with the graphene pattern, indicating the attachment
of a-Fe,0O3 NPs on 3D nano-network graphene surface was occurred. The supplement in Figure 2.4d
presents the high crystalline a-Fe,O; zoomed-up image with 0.25 nm spacing of lattice, matching to
the (110) plane. The formation of GIO and a-Fe,O; NPs onto the sites of 3D nano-network was
identified via Raman analysis and XRD data. The many peaks of a-Fe,O5 at 33.5°, 35.92° and 64.3°,
matching to the (104), (110) and (300) planes (JCPDS 99-000-1511) performed in the XRD of a-
Fe,03/GIO. a-Fe,0; gained by using a single step annealing condition at 750 °C under an Ar
atmosphere caused in the a mixture creation of Fe,O3; and Fe;O,4 as shown in Figure 2.8. The normal
graphene position at 26° maching to the (002) plane, that was created onto the surface of nickel 10 via
CVD at 500 °C, was not identified in the XRD data because of the overlay with the tough peak of
FTO glass at 27°. As an alternative, the graphene creation was presented via Raman data. Raman data
of 3D nano-network graphene in Figure 2.9 exposed the D and G bands at about 1,350 cm™, 1,580 cm’
! and the 2D band at 2,700 cm™ of graphene. The clear curve of three main peaks, 0.615 ID/IG ratios
and of 0.880 12D/IG ratios show the creation of a multi-layer graphene creation, gained at the
graphene growth condition of low temperature (500 °C). The Raman spectrum with a-Fe,03/GIO is

shown in Figure 2.10
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Figure 2.1 lllustration for the fabrication of a-Fe,Os/GIO
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750 °C FTO
(Q.-’ :) (Q :)
6.46 6.1
6.282 6.2
6.657 6.206
6.537 6.083
6.425 6.407
6.442 6.207
6.469 6.189
6.1 6.098
6.335 6.224
750 °C N total Mean Sta'}d?rd Sum [Minimum| Median |[Maximum
eviation
A 9 6.41189 | 0.15908 | 57.707 6.1 6.442 6.657
FTO N total Mean Starjda_rd Sum |[Minimum| Median |[Maximum
eviation
B 9 6.19044 | 0.09804 | 55.714 6.083 6.2 6.407
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Table 2.1 Measured sheet resistances on the FTO substrate at 750 °C.
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Figure 2.3 XRD analysis of a-Fe,0s/GIO with various annealing temperatures
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Figure 2.4 SEM images of (a) GIO after etching nickel and (b) a-Fe,03/GIO. (c-d) TEM images of a-
Fe,O3/GIO. The inset images in (c) and (d) are SAED pattern and (110) lattice plane of a-Fe,Os,

respectively.
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Figure 2.5 (a) Top view of SEM image and elemental mapping (b-d) for a-Fe,0s/GIO by SEM-EDX.
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Surface area Pore volume dp,peak

(m*g™) (cm’g™) (nm)

GIO 15.15 0.1063 33.81
Fe,O3/GIO 62.97 0.2416 15.346

Table 2.2 BET surface area, pore volume and average pore diameter of GIO and a-

Fe,O,/GIO.
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Figure 2.7 SEM images of RB-FeOOH/GIO which show the variations in the size of NPs at various
concentrations of FeCl;-6H,0 solution. (a) 5mM, (b) 10mM, (c) 25mM and (d) 50 mM. The insets are

the corresponding TEM images.
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We theorized that the 3D nano-network graphene efficiently offer a light collecting mechanism that
theoretically improves the photo-conversion efficiency of low absorption a-Fe,O; where a-Fe,O; is
poor, in the red spectral area, as stated by other inverse opal-focused researches. To study the
concentration of trapped light under irradiation of light, the diffusion reflectance data of a-Fe,O; and
a-Fe,03/GI0 were carried out, as shown in Figure 2.11a. Here, a-Fe,O; is a nano-sized sample with a
150 nm thickness collected of NPs made via the same technique such as the a-Fe,O3; deposited on
the3D nano-network graphene surface. Compared to a-Fe,Os, the a-Fe,03/GIO shown considerably
higher diffusion reflection spectrum in the 550-800 nm visible range, which the light of photo-anode
absorbed was proficiently trapped in the nano-structure owing to the 3D nano-network graphene
structure in the nm scale of few hundred, proving longer passages of light. The result of presenting
photon scattering 3D nano-network graphene in the hematite was obviously detected by associating
the Ultra violet extinction spectra of the a-Fe,03/GIO compared with two types of samples without
the photon scattering effects, that were because of the small sites of the pores (the pristine of a-Fe,O3
and nano-foam graphene having pores of ~40 nm) as presented in Figure 2.11b. Associated to the
classic absorption spectra of the a-Fe,Oz and absorption spectra of the 150 nm thick nano-foam
graphene that presents similar absorption values in the total spectral region, the a-Fe,0/GIO
displayed a significantly improved distinctive absorption spectrum in 450-650 nm the long
wavelength section. It suggests that low absorption of a-Fe,O; NPs was the efficiently overwhelmed
by a-Fe,03/GIO, that can be qualified to 3D nano-network graphene surface with the photon
scattering effect. (the Tauc plot shows a-Fe,O; and a-Fe,03/GIO a band gap in Figure 2.12). The
photo-current densities of a-Fe,O3/GIO were carried out at a potential variety from 0.6 to 2.0 V under
AM 1.5 G replicated light illumination, as displayed in Figure 2.13a. Compared to pristine of a-Fe,Os,
the photo-current density of a-Fe,03/GIO showed excellent improvement. The pristine of a-Fe,0;
showed a photo-current density of 1.17 mA/cm? at a 1.5 V bias vs RHE, indicating comparable to the
testified values of pristine of a-Fe,O; in other readings. The maximum photo-current density of a-
Fe,04/GIO got 1.62 mA/cm? at 1.5 V bias vs RHE, indicating 1.4 times higher than photo-current
density of pristine of a-Fe,O3. This improvement can be ascribed to the direct attachement of a-Fe,0;
NPs onto 3D nano-network graphene surface that enables fast electron transfer over the bicontinuous
naano-networks in a-Fe,04/GIO. J-T curvature of a-Fe,O3z/GIO was gained via sliced illumination of
AM 1.5 G at a 10 s interval of on/off for UV-visible light at 1.5 V bias (Figure 2.13b). The quick
happening and decline in the photo-current density during the on/off illumination arrangement
suggests the fast transfer of photo-created electrons from a-Fe,O3; to 3D nano-network graphene. To
discover the a-Fe,O3 electrical behavior and a-Fe,0s/GIO, EIS experiment were performed at a
frequency range from 100 kHz to 0.1 Hz in 1 M NaOH electrolyte and at open circuit voltage

condition (Figure 2.13c). The onset point for the real axis (Rs) at the high-frequency region presents

34



the contact resistance and the inherent resistance of the conducting material with FTO glass. The the
semicircle diameter (Rct) at the middle frequency area delivers the interfacial charge transfer
resistance. a-Fe,05/GIO has a lower 36 Q Rs value than Rs value of pristine of a-Fe,0s3, 109 Q, that
the a-Fe,03/G1O photo-anode has lower contact resistance and better inherent conductivity than the
pristine of a-Fe,O; photo-anode. This suggests a great benefit of the short-distance contact and direct
of a-Fe,O; with a 3D nano-network graphene current collector. The enhancement can also be ascribed
to our direct growing technique of 3D nano-network graphene on FTO glass. At the middle frequency
range, the semicircle diameter of a-Fe,O3/GIO is much smaller than semicircle of a-Fe,Os, indicating
that a-Fe,0s/GIO offers paths for more operative charge transfer between electrodes and electrolytes
and thus more reduced recombination (Figure 2.14). In Figure 2.13d, the incident photon-to-electron
conversion efficiency (IPCE) of a-Fe,03/GIO shows a maximum rate of 42 % at 320 nm with an
stretched photo-response area up to 600 nm and is total much higher than IPCE value of a normal a-

Fe,0; photo-anode, that more light energies have been transformed to photo-currents in a-Fe,0s/GIO.
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Figure 2.13 Photocurrent behaviors of a-Fe,O3/GIO. (a) The photocurrent vs. potential of a-Fe;Os
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Fe,0,/GIO at a bias of 0.5 V vs. open circuit potential under illumination.
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2.4 Conclution

In summary, we have presented that by connecting 3D nano-network graphene with photo-anode
materials, the low hole diffusion length problem and short absorption in a-Fe,O; was proficiently
handled, and thus the PEC photo-current density made by a-Fe,O; could be significantly improved.
3D nano-network graphene, directly growing FTO glass at 500°C of low temperature settings, offers
the 3D conducting networks graphene for transporting electrons and photon scattering effects. The
diffusion reflectance spectrum and EIS analysis separately showed the improved absorption, and fast
electron transfer pathways and the existence of straight and reduced electron-hole pair recombination
in a-Fe,03 /GIO displayed 1.4 times higher photo-current value than photo-current value of normal o-
Fe,O; at 1.5 V bias vs RHE. Also, the preparation technique and the procedure for the design
presented here can be cheerfully prolonged to other metal oxide systems and material, indicating that

offer great potential for our approach in energy- relative systems.
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Chapter 3. Graphene Quantum-Dot Protected Cadmium Selenide Quantum-Dot Sensitized

Photoanode for Efficient Photo-electrochemical Cells with Enhanced Stability and Performance
3.1 Introduction

Photoelectrochemical (PEC) cells have been an attractive research area for efficient hydrogen
generation for several decades. Among the various photoanode materials for PEC systems,'? TiO, is
one of the most promising due to its low cost and its environmentally friendly and long-term stable
properties.® However, the non-visible light responsivity of pure TiO, due to its large band gap (about
3.2V) restricts further improvement of solar energy conversion efficiency. To overcome this limitation,
many strategies have been applied to TiO, photoanodes, such as nanostructuring,” doping with metal
or nonmetal elements,>® coupling with secondary semiconductors, and photosensitization of dyes.”*
For example, the coupling of TiO, with quantum dots such as CdSe,** CdS,* and PbS™ has achieved
some success in broadening the absorption spectrum to the visible and near infrared region, thereby
greatly enhancing the solar-to-hydrogen efficiency of PEC cells. However, cadmium chalcogenide
guantum dots are often unstable in water under irradiation of light due to their relatively slower
interfacial hole transfer kinetics as compared to their electron injection rates.™>™° In order for cadmium
chalcogenide quantum dots to be broadly used for PEC systems, it is crucial to address the instability
problem by improving hole transfer kinetics.

Iridium oxide (IrO,) has recently been studied more intensively as an oxygen evolution catalyst with
the ability of increasing the stability of photoanodes.'’™® Yong’s et al. demonstrated that CdSe/CdS
co-sensitized ZnO decorated with 1IrO, exhibited a long-term stability of about 95% retention after
3hrs.”” The successive hole scavenging by IrO, greatly retarded electron-hole recombination. However,
iridium is a rare earth element and very expensive. An efficient solution to the problem of
photochemical stability thus remains a significant challenge.

Graphene guantum dots (GQDs) have shown good performance including chemical stability, non-
toxicity, high carrier transport mobility, and large-scale production capability with low cost as well as
a unique strong and size-dependent photoluminescence (PL) emission.’**! On this basis, GQDs have
been successfully utilized in sensors,? light-emitting devices,” and bio-imaging.?* In addition, GQDs
were shown to be both excellent electron donors and extractor. The conjugated n structure of GQDs
plays an important role in their improved photocatalytic activities by facilitating the adsorption of
organic dyes.>?’ For example, Titirici et el. reported on a carbon@TiO, dyade structure with
improved TiO, hole reactivity and photocatalytic properties.”” Herein, we report that GQDs can be
used as an inexpensive and efficient hole accepting catalyst to improve the stability of CdSe-

sensitized PEC systems. The ability of GQDs to serve simultaneously as a good electron donor and a
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hole extractor was confirmed by the fast PL decay and a photodegradation experiment in
GQDs/CdSe/P25, respectively. Our results confirmed that GQDs can increase the stability as well as
enhance the photo-response of the CdSe/P25 photoanode in the UV-vis range.

3.2 Experimental Procedures

3.2.1 Synthesis of GQDs

In order to synthesize GQDs, pitch carbon fiber (0.3g) was added into a mixture of H,SO,4 (60mL) and
HNO; (20mL).?* The solution was sonicated for two hours and stirred for 24 hours at 100 °C. The size
of the GQDs was controlled by the reaction temperature (80 °C-140 °C). The mixture was cooled and
diluted with deionized (DI) water (800mL). The pH was adjusted to 8 with Na,COs. The product
solution was then dialyzed in a dialysis bag with a molecular weight cut-off of 2000 Dalton for one
week. The final GQDs solution with the concentration of 2.6 mg/mL was used for deposition without

further purification.

3.2.2 Preparation of GQDs/CdSe/P25 photoanode

A densely packed P25 photoanode was fabricated on FTO glass by doctor blade coating. To ensure
good contact between P25 and the substrate, O, plasma treated FTO glass was dip-coated in a 40
mM TiCl, aqueous solution followed by annealing at 70°C for 30 minutes. Scotch tape was applied
to make a window with a working area of 5mm X 5mm. Samples were annealed at 120 °C for 10
minutes and 550 °C for 1 hr. A typical successive ionic layer adsorption and reaction (SILAR) was
carried out to deposit CdSe onto P25. A sodium selenosulfate (Na,SeSOs) solution was prepared by
dissolving 0.01 mol Se powder in a 0.1 M Na,SOj; solution at 90 °C for 9 hrs. Then, the P25
substrate was dipped into a 50 mM Cd(Ac),-2H,0 absolute ethanol for 1 min, rinsed with absolute
ethanol for 30 s, dipped into a Na,SeSO; solution for 1 min, and washed with D.l. water for 30 s.
Finally, the CdSe/P25 substrate was dried by blowing nitrogen gas. The two-step dipping procedure
is designated as a one SILAR cycle, and a fifteen times SILAR cycle was applied to obtain
optimized CdSe concentration. All steps were carried out in a nitrogen gas-filled glove box. Then
CdSe/P25 on FTO glass was immersed into GQDs solutions for various times of 1, 2, 3 hrs in a dark

condition. They were subsequently taken out, rinsed with DI water, and dried at 70°C overnight.
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3.2.3 Photo-electrochemical measurement

The PEC performance of CdSe/P25 and GQDs/CdSe/P25 electrodes was explored in a three-cell
electrode system under front-side illumination of AM 1.5G. An Ag/AgCI electrode and a Pt mesh
were used as a reference and a counter electrode, respectively. A solution of Na,S/Na,SO; was used
as an electrolyte. Photocurrent stability tests were carried out by measuring the photocurrent
produced under chopped light irradiation (light/dark cycles of 30s) at a bias of 0.3 V vs Ag/AgCl.
Electrochemical impedance spectroscopy (EIS) was carried out at a frequency range from 100 kHz
to 0.1 Hz using a potensiostat. The incident photon to current conversion efficiency (IPCE) was
measured under monochromatic light by a Xe lamp providing illumination through a
monochromator. The illumination intensity of the monochromatic light was measured by a

luminometer.
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3.3 Results and Discussion

The energy levels of three different active materials in GQDs/CdSe/P25 systems are shown in Fig.
3.1a (see Figure3.2 for details of the alignment of the energy level).?® The proper band energy values
would produce significant synergy for efficient transport of photoexcited electrons and holes in the
electrode. Because cadmium chalcogenide quantum dots have relatively slower interfacial hole
transfer kinetics compared to the electron injection rate into TiO,, the holes gradually accumulate
within quantum dots and promote hole-induced anodic corrosion. Therefore, reduction of the
photocurrent over time is an inevitable problem in this system. To overcome this problem, we
decorated the surface of CdSe with a good hole extractor, GQDs, which could considerably improve
the stability as well as the photocatalytic activity of the photoelectrode. Upon light excitation,
electrons are excited from the valence band (VB) to the conduction band (CB) of TiO2, CdSe, and
GQDs. The photoexcited electrons at the conduction band of P25 transferred from GQDs/CdSe
guantum dots by the stepwise energy level are collected on FTO and move to the Pt counter electrode
via the external circuit and generate hydrogen. On the other hand, the photoexcited holes in the
CdSe/P25 electrode rapidly converge at the surface of GQDs and are then scavenged by polysulfide
redox couples, which helps reduce the corrosion of CdSe/P25. The polysulfide (0.24 M Na,S and 0.35
M Na,SO;) redox couples (S*/S,”) were used in scavenging the holes of CdSe quantum dots to
maintain the stability of the system. Figure 3.1b shows the fabrication process for the
GQDs/CdSe/P25 system. First, CdSe quantum dots were deposited on a P25/FTO electrode with a
final thickness of 8 um, by the doctor blade method. A typical successive ionic layer adsorption and
reaction (SILAR) was carried out and was repeated fifteen times to obtain optimized CdSe deposition.
The CdSe/P25 substrate was then immersed in a GQDs solution for 1h to adsorb the GQDs. The

sample was thoroughly washed with DI water and dried at 70 °C overnight.
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Before we investigated the effects of GQDs in the GQDs/CdSe/P25 PEC system, we assessed the
properties of synthesized GQDs. Figure 3.3a shows the UV-VIS absorption spectrum of GQDs with a
wide and strong absorption band in the ultraviolet and visible region. The challenge of harvesting
energy in a wide range of light covering the visible range has been studied over many years in areas
where sunlight is used as an energy source.?** In this context, GQDs with a broad spectral absorption
range have an advantage in application as a photosensitizer. Figure 3.3b exhibits excitation-dependent
photoluminescence (PL) spectra of GQDs. The spectra indicate that the photoexcited charge carriers
can be generated by a broad range of UV and visible light. The transmission electron microscopy
(TEM) image in Figure 3.3c shows GQDs with an average size of 5.6 nm with a narrow size
distribution. The HR-TEM image in the inset of Figure 3.3c denotes lattice spacing of about 0.24nm,
corresponding to the (1120) plane of a honeycomb lattice of graphitic carbon, indicating high
crystallinity of GQDs.?* Typical Cls peaks of GQDs were detected in the XPS spectrum in Figure
3.3d. Three peaks corresponding to C-C, C-OH/C-0O-C, C=0 and COOH at 284.46, 285.95, 287.5 and
288.38 eV, respectively, confirm the successful creation of GQDs.** To demonstrate the successful
loading of the GQDs on the CdSe/P25 electrodes, we carried out electron microscopy and time-
resolved photoluminescence (PL) decay measurements for CdSe/P25 and GQDs/CdSe/P25. The TEM
and HRTEM images in Figures 3.4a and 3.4b present GQDs/CdSe/P25 composites with close contact
of the GQDs on CdSe/P25. The lattice spacing of 0.24 nm, 0.165 nm, and 0.34 nm, corresponding to
the (1120) plane of GQDs, the (202) plane of CdSe, and the (101) plane of P25, respectively, in the
HRTEM image (Figure 3.3b) reflects tight and stepwise deposition of CdSe and GQDs on the surface
of P25.1% %3 As shown in XPS data (Figure 3.5), the C1s peak of GQDs/CdSe/P25 is well matched
with C1s peak in Figure 3.3d. In addition, we identified uniform dispersion of Ti, O, Cd, Se, and C
elements over the samples, as shown in Figure 3.6. Further analyses (Raman, FT-IR and XRD) to
confirm the presence of GQDs on CdSe/P25 are presented in Figure 3.6 and Figure 3.7. Seen from the
Raman spectra, four distinct peaks centered at 146 cm™, 396 cm™, 519 cm™, 639 cm™ can be ascribed
to characteristic Raman active modes of pristine anatase TiO2 according to the symmetry group
analysis. Three additional D-band, G-band, and 2D-band peaks centered at 1336 cm™, 1547 cm™, and
2670 cm™, respectively, of GQDs should be observed in the spectrum for GQDs/CdSe/P25. However,
GQDs peaks in GQDs/CdSe/P25 were obscured due to the fluorescence peaks of GQDs and CdSe.
Alternatively, the FT-IR spectra showed the most prominent GQDs peaks of C=C at 1600 cm™ and
that of C-O at 1138 cm™. The results confirmed that the GQDs were deposited on the surface of CdSe.
The typical graphene peak for GQDs at 26° corresponding to the (002) plane was not detected because
the peaks of FTO and CdSe overlapped with the peak of carbon. Figure 3.4c compares time-resolved
PL decay profiles of CdSe/P25 and GQDs/CdSe/P25 at 470 nm. The average decay lifetime of
GQDs/CdSe/P25 is clearly shorter than that of CdSe/P25, indicating fast transfer of photoexcited
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electrons as shown in Figure 3.8. This proves that GQDs act as good electron donors, as explained in
the energy level diagram in Figure 3.1a, implying that properly positioned GQDs are promising

sensitizers for enhancing the photo-response of CdSe/P25.
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Figure 3.9 compares the PEC performance of CdSe/P25 w/wo GQDs as a PEC electrode. We
optimized the performance of the GQDs/CdSe/P25 photoanode by controlling the deposition time of
the GQDs on CdSe/P25, as shown in Figure 3.10. When the GQD loading time was longer than 1h,
the photocurrent density of GQDs/CdSe/P25 decreased gradually. The photocurrent depression could
be attributed to two possible reasons. First, a large number of GQDs at the longer deposition time may
result in a large portion of GQDs locating on the surface of CdSe/P25, which retards the access of UV
light to the other active materials, P25 and CdSe. Second, such a high coverage of GQDs may reduce
the number of reactive sites of CdSe/P25 for the contact of holes with the electrolyte, and thereby
hinders the photocatalytic reactions. The light absorption spectra of P25, CdSe/P25, and
GQDs/CdSe/P25 are shown in Figure 3.9a. CdSe/P25 showed a broadened absorption spectrum in the
visible range compared to P25 due to the visible light excitation behavior of CdSe. Enhanced
absorption in the UV-vis range, which is advantageous for photosensitization of a PEC system, was
observed in GQDs/CdSe/P25 as compared to CdSe/P25. Figure 3.9b presents the photocurrent density
(J)-potential (V) curves at a scan rate of 20 mV/s with front side illumination of one sun AM1.5G.
The photocurrent density of GQDs/CdSe/P25 reached 14.16 mA/cm? at an applied bias of 0.3 V. This
is approximately 20% greater than that of the optimized CdSe/P25 (12.03 mA/cm?). The enhancement
in the photocurrent density of GQDs/CdSe/P25 suggests that the GQDs were effective
photosensitizers in the CdSe/P25 electrode. When we performed identical experiments with only
visible light illumination using a UV-cutoff filter (>420 nm), the photocurrent density of
GQDs/CdSe/P25 reached 13.23 mA/cm?. Surprisingly, this is a 10% higher value compared to that of
CdSe/P25 irradiated with UV-vis light. Therefore, GQDs are a good photosensitizer in the visible
range as well as in the UV range as shown in Figure 3.11.

EIS is a powerful tool to explore the electric properties of semiconductor materials and has been
widely employed in PEC systems. We obtained EIS curves at a frequency range from 100 kHz to 0.1
Hz with Ag/AgCI potential of 0.6 V under AM 1.5G in 0.24 M Na,S and 0.35 M Na,SO; electrolytes
(pH=12). Figure 3.9c shows the Nyquist plots with an equivalent circuit and fitted experimental
values are presented in Table 3.1. Re, the charge transfer resistance between the electrolyte/materials,
is reflected by the diameter of the semicircles in the low frequency of the Nyquist plot and is
associated with the charge transfer kinetics across the interface. The Re; value of GQD/CdSe/P25 was
much lower than that of CdSe/P25, which can be attributed to the improved photocatalytic property
and fast hole extraction through GQDs. As described in Table 3.1, the GQDs/CdSe/P25 showed lower
recombination resistance inside the bulk material (Rrec), reflecting internal resistance. Although the
internal resistance of P25 is expected to be similar, the recombination in CdSe is reduced by fast hole
transfer to the GQDs, and P25 accepts more charges through GQDs/CdSe, resulting in smaller

internal resistance of P25 and increased photocurrent density. The EIS results imply suppressed
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recombination and fast charge transfer between the electrolyte and the GQDs in the GQDs/CdSe/P25
system.***® To further evaluate the PEC properties of GQDs/CdSe/P25, IPCE spectra were measured
at 0.3 V vs Ag/AgCl under monochromatic light. As shown in Figure 3.9d, the photo-response of
GQD/CdSe/P25 exhibited a 72% IPCE value at a wavelength of 480 nm whereas CdSe/P25 showed a
value of 63% at the same wavelength. It is evident that the IPCE value of GQDs/CdSe/P25 was
enhanced in the entire UV-vis range of 300-800 nm, consistent with the UV-vis absorption, indicating
that the incorporation of GQDs further improved the photo-response of the CdSe sensitized TiO, PEC
cell in the UV-vis range.
To confirm the enhanced stability of GQDs/CdSe/P25, time-dependent photocurrent measurements
have been carried out on CdSe-sensitized photoanodes, as shown in Figure 3.12. The photocurrent
density of CdSe/P25 continuously decreased with an increase of time, as shown in Figure 3.12a. The
inset image clearly demonstrates the poor stability of CdSe-sensitized TiO, for longer exposure time.
The photocurrent density of CdSe/P25 decreased to 4.5 mA/cm?, a 63% reduction of the initial value,
after 100 min. On the contrary, no noticeable decay of the photocurrent density was detected for
GQDs/CdSe/P25 during 300 minutes, indicating that the GQDs contributed to enhanced stability of
the CdSe-sensitized P25. The higher stability of the GQDs supported photoanode can be explained by
the different shape of the J-T curve over time for CdSe/P25 (Figure 3.12a) and GQDs/CdSe/P25
(Figure 3.12b). The J-T curve of CdSe/P25 exhibited a gradually increasing feature during the period
of exposure due to the accumulation of holes within quantum dots. This implies that the photoexcited
holes on the surface of CdSe have relatively slower interfacial transfer kinetics and thus promote hole-
induced anodic corrosion. However, GQDs/CdSe/P25 exhibited relative steady current generation
with a sharp increase at the beginning of each exposure, implying fast hole transfer kinetics between
the surface and the electrolyte after adopting a good hole extractor, GQDs in CdSe/P25.%° The
improved stability of GQDs/CdSe/P25 can be further explained by the properly positioned energy
level of GQDs between CdSe and S*/S,”, which provides fast and easy hole transfer pathways in
GQDs/CdSe/P25, compared to CdSe/P25 where a substantial energy difference for hole transfer exists
(Figure 3.12c). This can be verified by the change in color of the samples after the measurements. The
DC (digital camera) image in Figure 3.13 presents a similar dark red color for CdSe/P25 and
GQDs/CdSe/P25 before the measurements. However, after the measurement, a much darker edge of
CdSe/P25 was observed due to the corrosion of the electrode from the edge, whereas the color of
GQDs/CdSe/P25 remained the same after the measurement.

To further confirm the enhanced properties of GQDs as a hole extractor, we evaluated the
photodegradation of methylene blue dyes with CdSe/P25 and GQDs/CdSe/P25, as shown in Figure
3.14. Since photodegradation of methylene blue is caused by the reaction of photoexcited holes of the

photoanode,*” we can predict the photocatalytic activity of the samples by measuring the absorbance
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of methylene blue. After each sample (CdSe/P25 and GQDs/CdSe/P25) and a methylene blue (50
mg/L) dye solution were irradiated for a given exposure period, the absorbance change was checked
by a UV-visible spectrophotometer. The photocatalytic activity of GQDs/CdSe/P25 was 11% higher
than that of CdSe/P25 at a time of 60 min, confirming the positive role of GQDs as a hole extractor.
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Figure 3.9 (a) UV-VIS absorption spectra of the GQD, P25, CdSe/P25 and GQDs/CdSe/P25
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simulated sunlight illumination. (¢) Impedance spectroscopy of CdSe/P25 and GQDs/CdSe/P25. (d) A
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(R/Q sz) Rs Rrec Rer

CdSe/P25 6.798 741 24.63

GQDs/CdSe/P25 6.696 6.2 13.95

Table 3.1 EIS responses of CdSe/P25 and GQDs/CdSe/P25
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Figure 3.10 (a) J-V curve and (b) EIS for GQDs/CdSe/P25 with different GQD dipping time of 1h, 2h,
and 3h.
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3.4 Conclusion

In summary, we have successfully fabricated a novel GQD supported CdSe-sensitized photoanode for
visible light-working photoelectrochemical hydrogen generation. By modifying CdSe/TiO, with
inexpensive GQDs, the photocurrent density was retained almost unchanged for 300 minutes’
irradiation and the photocurrent density increased by 1.2 times relative to that without GQDs at 0.3 V
vs Ag/AgCl. Fast interfacial charge transfer kinetics, confirmed by EIS and photoactivity
measurements, clearly reveals that the GQDs help to release photogenerated holes accumulated on the
surface of CdSe quantum dots, which in turn reduces hole-induced anodic corrosion of quantum dots.
Our work suggests a straightforward way to develop efficient and durable quantum-dot-sensitized

photoanodes for PEC hydrogen generation.
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