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Chapter. 1

Introduction

1.1 CO2 reduction

1.1.1 The definition of photocatalytic CO> reduction.

Recent years, the development of renewable energy, especially solar energy was increasing
rapidly because it is unlimited and absolutely clean. In the meanwhile, the over emission of
CO; began one of the biggest environmental issues in the world, many solutions such as Carbon
Capture and Storage (CCS), the development of low-CO, emission materials and systems in
various of industries have been operated. Among all those solutions, photocatalytic CO»
reduction have been paid strong attention, due to its outstanding advantages.

Photocatalytic CO» reduction was also called artificial photosynthesis, since it was inspired
by photosynthesis of the nature plants. Same as nature photosynthesis in which CO; and water
was converted into O, and glucose under the sun light, photocatalytic CO, reduction tries to
convert CO; into organic compounds through photocatalysts by means of solar energy.'” The
photo-catalytic CO- reduction can not only decrease the CO emission by means of a clean
energy source, but also produce useful fuels such as carbon monoxide, methane, methanol,
formic acid and formaldehyde, which can be directly used or easily stored.

During photocatalytic CO; reduction, the main reactions are shown as below.

1 - CO,+e > -COy -1.90V
. CO, + 2H* + 2e" > HCOOH -0.61V
CO, + 2H* + 2e" = CO + H,0 -0.53V
-2.07 CO, + 4H* + 4e" > HCHO + H,0 -0.48V
T 40 CO, + 6H* + 6" = CH;0H + H,0 -0.38V
L _ CO, + 8H* +8e" > CH, + 2H,0 -0.24V
o 07 € 2H+2e >H, oV
[¢+]
S *1.0] «— 2H,0-50,+4e +4H" +1.23V
+2.0
pH 7, liquid

Figure 1.1 The reactions of CO; reduction.

The research of photocatalytic CO, reduction began from last century. In 1972, Prof.



Fujishima and Prof. Honda published their research of water photolysis. They constructed an
electrochemical cell in which titanium dioxide electrode connected with a platinum black
electrode, as we can see in Figure 1.2.° When the surface of TiO: electrode was irradiated, they
observed that oxygen evolution occurred at the TiO; electrode and hydrogen evolution occurred
at the platinum electrode. This is what we called “Honda-Fujishima Effect”, and the process
that generate H, and O, from water was called water splitting.

Bias potential

h-ra(ol

Hy

Pt counter electrode TiO, n-type semiconductor
photoelectrode

Figure 1.2 Honda-Fujishima effect.

In 1978, Prof. Halmann used p-type gallium phosphide (p-GaP) as a photocathode, converted
aqueous carbon dioxide to formic acid, formaldehyde and methanol with part or all of the
energy being supplied by light irradiation’. In the next year, Prof. Inoue and Prof. Fujishima
proposed several candidates such as TiO,, CdS, GaP, ZnO and SiC as photocatalyst powders
and explained the correlation between the conduction band energy of the photocatalytic
semiconductor materials and their capacity for photocatalyticly convert carbon dioxide into
methanol, shown in Figure 1.3.% And later, Prof. Halmann ° reported their research using
strontium titanate to catalyze CO, to HCOOH, HCHO and CH3;OH.
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Figure 1.3 The report from Prof. Inoue and Prof. Fujishima, elaborated the Candidates
materials for photocatalytic CO; reduction, and the correlation between their conduction
band energy and their capacity for photocatalyticly convert carbon dioxide into methanol.



1.1.2 The mechanism of CO. photoreduction.

The most ideal and expected photocatalytic CO, reduction system consists of a
photocatalytic semiconductor, termed a light harvester, coupled with a co-catalyst. Under light
irradiation, excited electrons in the conduction band of the light harvester are injected into the
co-catalyst to promote CO; reduction, while photogenerated holes in the valence band of the
light harvester oxidize reducing agents, such as water molecules to produce oxygen.

HCOOH
Cco
CH,...
Co-cdtalyst CO;
harvester
H,O

Figure 1.4 Model of the common construction of photocatalytic CO; reduction system.

To achieve highly efficient photocatalytic CO, reduction, hard requirements for the light
harvester and co-catalyst are essential. Briefly, for the light harvesters, 1) the conduction band
must be high enough to provide high reductivity to reduce CO,; 2) the valence band must be
deep enough so that it can oxidize water into O2; 3) to achieve high solar conversion efficiency,
light harvesters with narrow bandgap which is sensitive to visible light are more desired, since
half of the solar energy comes from visible region. However, these requirements are difficult
to be achieved at the same time for most of the semiconductor materials. Thus, a Z-scheme
system which is combined by two kinds of light harvesters catalyzing reduction and oxidation
respectively is used for visible light sensitive photocatalytic CO, reduction. This will be
introduced in details in session 1.4.

As for the co-catalysts, they are commonly used to decrease the recombination of excited
electrons, facilitate CO, activation, produce reaction sites, accumulate reductive electrons and
decide the reaction selectivity. A good co-catalyst for CO» reduction should behave below
properties, 1) it must be efficient to drive multi-electron reductions, since the generation of all
the CO; reduction products needs more than 2 electrons; 2) it should achieve selective CO»
reduction for certain kind of product; 3) it should be stable during the reaction; 4) as a co-
catalyst, it should be able to be easily-decorated to the surface of the light harvesters, which
means versatility is needed.



At last, from environment-friendly view, the co-catalyst and light harvester materials must
be derived from abundant and non-toxic elements, and the synthesis procedure should be safe
and clean.

This research focused on the development of an efficient, stable and universal co-catalyst
with high product selectivity for CO; reduction. The developed co-catalyst will be used to
achieve visible-light-driven CO; reduction with high products selectivity.

1.2 Co-catalyst

During the photocatalytic CO, reduction, co-catalyst is where the CO; reduction reactions
are actually happening. Co-catalyst plays roles to improve the light harvester surface, to provide
the recombination of photoexicited electrons and holes, to increase the local electrons density
for multi-electrons reaction catalyzing, to modify the surface CO, absorption strength and
produce reaction sites.

In a hydrous condition, since the proceeding requirements for water splitting is easier than
CO; reduction, a good CO, reduction co-catalyst need to be able to inhibit the water splitting
and promote CO, reduction. In the meanwhile, co-catalyst also decides the reduction product,
selectively convert CO; into one kind of molecular, among all the choices of CH4, CO, HCOOH
and so on.

According to the mechanism of the photocatalytic CO; reduction, co-catalyst was applied by
the photoexicited electrons and high reduction potential from the light harvester, and this is
actually similar to electrochemical CO; reduction, in where the CO- reduction electrocatalysts
was directly supplied by cathodic current and bias-potential. Thus, the co-catalyst in the
photocatalytic CO; reduction can be the same as CO: reduction electrocatalyst. And their
catalytic properties can be evaluated by electrochemical methods. Also, their effects to CO»
reduction can be discussed easier as an electrochemical case.

Nowadays, three kinds of CO: reduction catalysts are commonly used, CO, fixation

11-12 and

enzymes,'® molecular catalyst especially ruthenium or rhenium organic compounds,
metal or alloy catalysts.'*?! However, even though the former two kinds had shown high

performance, their development is limited by the expensive price and complicated synthesis

process. Thus, in the present research, metal and alloy based co-catalyst were mainly researched.

The metal catalysts used for electrochemical CO; reduction has been studied since last
century, for example, Prof. Hashimoto and Prof. Hori had explored and reviewed almost all
kinds of metal and metal alloy about their electrocatalytic CO; reduction performance,'3-!4 2224

Figure 1.5 showed parts of the results.

10
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Figure.1.5 Periodic table showing the electrocatalytic CO; reduction products at ambient
conditions.

As we can see, the metal co-catalysts, especially Cu?-4, Au¥-40, Ag*-#, Zn!8 424548 pehave
different trends to mainly catalyze water splitting or convert CO; into hydrocarbons, CO or
HCOOH. However, the selectivity for one certain kind of CO; reduction product was not high
enough for pure metal or metal oxide. The mechanism of their selectivity has not been
completely clear, but it was commonly believed that the products selectivity was influenced by
the surface adsorption strength for CO, and other intermediate species such as CO* and
COOH*. The reaction pathways of CO; reduction and their relationship of the products
selectivity was discussed in Chapter 5 with comprehensive literature studies.

1.3 Semiconductor light harvesters

As introduced in the primary session, under light irradiation, inside of the light harvester,
electrons separate from holes and transfer into the reduction sites to drive CO; reduction; on
the other side, holes transfer and join in to the oxygen generation. Considering from
thermodynamics point, the potential level of the conduction band must be more negative than
the reduction potential of possible CO» reductive reactions, shown in Figure 1.1.  In the similar
way, the potential level of the valence band must be more positive than the oxidation potential.
Furthermore, from a kinetics view, on each side an overpotential is required to ensure a high
rate of reaction. Thus, the band gap of the semiconductor seems to be the wider the better.
However, on the other hand, high absorption for visible light is commonly desired in order to

11



achieve a higher solar efficiency. So the exactly control of the edges position of band gap
behaves extremely important.®

However, it very difficult to find an ideal light harvester with all these properties above,
according to Prof. Scaife’s research (Fig 1.6),* to most of the n-type oxide semiconductors,
such as TiO,, SrTiOs, ZnO, BaTiO; and metal niobates, a relationship between flat band
potential, V4 (SHE), and bandgap, E,.

Vi (SHE)=2.94- E,

was confirmed, since the valence band position of these oxides was fixed by the O2p-orbit and
the conduction band position depends to the metal2p-orbit. That means the narrower the
bandgap is, the lower the conduction band position becomes. But low conduction band position
cannot provide enough reduction potential for CO, reduction.

-1 /
08 _-.,Igrget Area// .
dopin O, Bay Nb,0O,
z 007 /(.\\b@ = CaTio o
Thy afi

I ‘/'- & - * 0.5 uj:; b, 05
v -0.4 /00‘3&,.. BaTiO, € * BSI‘?IB;LS: Nb,0s
4 N SrTiO,
> 02 VA LaNbO,
g o &8
S /&
e 0.2
Q.
2 04 |
g ....‘50‘{
& 06 [ %0
w %0

08 | Uy

Ry
1 B o ‘n'.
& .
1.2 | T T t
1.5 2 2.5 3 3.5 4 4.5

Bandgap(eV)

Figure 1.6 The relationship between the flat band potential and bandgap of most kinds of
metal oxide semiconductors and the strategy to develop efficient light harvester materials for
photocatalytic CO; reduction.

As we can see from the figure above, “target area” represents the ideal light harvester
materials with high conduction band and narrow bandgap. According to the band structure
theory, three ways can be used to reach the target area.

The first way is using metal chalcogenide® quantum dots such as CdS,*'-** SnS** and ZnS.>*
Since sulfur behaves less electronegativity than oxygen, the valence band position of metal
chalcogenide is lighter than metal oxide. Thus, the band structure of metal chalcogenide should
follow a relationship shown in the figure and show more possibility to locate in the target area.

12



Further, according to the quantum size effect, the band structure and the electron mobility can
be controlled by the size of the chalcogenide particle. The quantum dots can be prepared by an
easy way called successive ionic layer absorption reaction (SILAR), in which the particle size
can be controlled by adjusting the reaction times easily.* However, most kinds of metal sulfides
has low stability in hydrous solution

The second method is developing p-type metal oxides which follow converse relationship
with n-type oxides, such as CaFe;04.5558

And the third way is doping other element into the semiconductor, by building new energy
level under the conduction band to obtain narrower bandgap.***! For example, doping Rh into
SrTiO; shows high possibility to transform SrTiO; to a visible light active material.®?

However, it must be notices that even among many kinds of metal sulfides or p-type metal
oxides, there were very rare cases which can reach the reaction potential for CO reduction and
water oxidation at the same time, as we can see from Fig.1.7.

2 .
.15 CO,~>C1 o>
O (V. e
) VLY 78 R
-1 - S (J\‘r CZ) (_,b (_,b (g’b

2 L

Figure 1.7 The band structure of some kinds of metal sulfides and metal oxides.

The trade-off between the requirement for CO, photoreduction and the requirement for
visible light irradiation was a severe problem making visible-light-driven photocatalytic CO»
reduction difficult to be achieved. To make up the shortage in the oxidation side, sacrificial
agents were used as electron donor instead of water in many previous researches, such as
triethanolamine (TEOA)®% or ethylenediaminetetraacetic acid (EDTA)%. Besides, the
reaction from CO, and water into O, and CO; reduction products is an uphill reaction, while
the application of the sacrificial agents can decrease the AG of the reaction. Even in some
researches, methanol was used as sacrificial agent, and in that case the reaction would become
a downhill reaction, while it is meaningless to generate CO or HCOOH using methanol.

13
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To overcome the difficulties of using visible light as energy source and using water as
electron donor, Z-Scheme system was developed.®® %7 Two kinds of light harvesters are used
in this system, as seen in Figure 1.9, one light harvester provides the high conduction band for
CO; reduction, the other light harvester provides the deep valence band for O, generation. The
electrons and holes between them combine through the interface or an electron mediator. By
using Z-Scheme system, the requirement of light harvesters decreased and many kinds of
semiconductors could be used. For example, in the reduction side, visible light sensitive
materials such as CaFe;Oa, 5% SnS QDs,> C3N4,%7° P-GaP”!"73... can be used. And WO,
7478 BiV0s,%® Fe,03”... can be used in the oxidation side.

Figure 1.9 Z-Scheme for visible light sensitive CO; photoreduction.

Except for the methods introduced above, the electrodeization of the light harvester has
attracted more and more attention. By using a light harvester electrode in a photoelectochemical
cell, as seen in the figure below, bias-potential can be applied to make up the substantial band



energy and supply overpotential for the reduction or oxidation reactions. In this system, not
only bias-potential can be applied, also both of the photocathode and photoanode can be
improved by using CO, reduction co-catalyst and O, evolution co-catalyst, respectively. Based
on these advantages, this kind of photoelectrochemical cell has been used more and more
generally.

Y N \_ €™  4um
— CO, O, |
hv | € p+ 25 ~ ﬁ hv

& K

cathode anode

Figure 1.10 The construction of a photoelectrochemical cell.

Furthermore, by employing a proton exchange membrane, the products from the reduction
side and oxidation side can be easily separated. Different electrolytes can be used in two sides.
Also, the reverse reaction can be completely eradicated, which is a big advantage because along
with the development of the simple system of dispersed photocatalytic powders in the solution,
more and more researchers were aware of that the proceeding of reverse reactions had become
a big problem hampering the increasing of the conversion efficiency.

1.4 Evaluation parameters

To judge the performance of a photocatalytic CO; reduction system, several parameters are
commonly used. Since CO; photoreduction is a complex, multistep process that combines
various aspects, from light absorption to electron generation, products different reductive
products, from CO to CHy, so the measurement parameters are also based on different aspects.
There are some common parameters usually used in research papers to evaluate the efficiency
of the CO; photoreduction system, from light-based to catalysts-based, or products-based,
evaluate the solar energy converting efficiency, activity and stability of catalysts, and the
selectivity, respectively.

Quantum yields, or quantum efficiency, protons efficiency, is a light-based parameter. It is
typically defined in photocatalysis as the ratio of the rate of photocatalytic events to the
absorbed photons flux within the specified wavelength range, as shown with equation.

15



D = Nphotocat.events
Nabsorbed photons

The photocatalytic events refer to the molar photon amount required to obtain all the products.

Beside of quantum efficiency, solar efficiency (also called light-to-energy conversion
efficiency) is another important parameter to evaluate the performance of photocatalytic CO,
reduction. Different with quantum efficiency, solar efficiency is difined as the ratio of
photocatalytic events to the whole irradiated light energy, despite of whether this energy is
absorbed or not.

d _ Nphotocat.event

S
solar energy — /Nirradiated photons

However, the calculation of solar energy in a photoelectrochemical system with outer bias
supplies will be different, the details will be introduced in Chapter 6.

The turnover number (TON) is a parameter to judge the activity of catalysts, expresses how
many times a site participates in the catalytic cycle during the reaction. TON is commonly
defined as the ratio of the mole number of photocatalytic products to the mass of catalysts.
Commonly a catalyzing behavior can only be admitted when TON is over 4.

TON = Nphotocata.events/Ncatalyst sites
The turnover frequency (TOF) is a related measure defined as the number of photoinduced
transformations per catalytic site per time period. What should be noticed is that, either TON
or TOF is independent of photon flux, so it’s not reliable when comparing different
photocatalyst systems.

To measure the selectivity of a electrocatalytic or photocatalytic system, the definition of
faradaic efficiency is introduced as the percentage of electrons needed for one specific products
to the moral amount of electrons consumed, as equation below shows.

Ni e
Faradaic efficiency= tproducts elec 0/ [ Adt x 100%

[ Adt is the moral electric quantity detected by current meter and e, = 1.6 X 1071°C.
Faradaic efficiency is an important argument to evaluate a photoelectrochemical system, shows
equally importance with bias-potential.

1.5 Previous researches

Several remarkable studies will be introduced here to help the readers to understand the
difficulties of the development for highly selective visible-light-driven photocatalytic CO;
reduction.

In 2010, Dr. Morikawa published his work converting CO; into HCOOH with high produced
amount under visible light irradiation.®® N-doped Ta,Os was used as light harvester and a Ru-
complex was used as co-catalyst. The Faradic efficiency for HCOOH generation in this research
reached 75%. However, in this research, TEOA was used as sacrificial agent in the oxidation
side, since the valence band of N-Ta,Os can’t catalyze water oxidation.

16



Figure 1.11 the study of Dr. Morikawa using N- Ta>Os and Ru-complex, converting CO;
into HCOOH. TEOA was used as sacrificial agent.

In the next year, their group reported the conversion from CO; into HCOOH. The co-catalyst
was still Ru-complex, but InP was the light harvester and no sacrificial agent was used.?® The
solar conversion efficiency in this research was 0.04%, which is about one-fifth of 0.2%, the
solar conversion efficiency of switchgrass, a promising material for biomass fuel®! and this
value is still the champion data in this area. However, element like In and Ru are so rare and
unfriendly to environment that we want to avoid from using in our research.

= == HCoo
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co,
H.0 Photocatalyst-2
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— for CO, reduction)
I\
1/20,

Photocatalyst-1
(SC catalyst for Water oxidation)

Figure 1.12 the study using InP and Ru-complex for HCOOH generation from CO; under
visible light irradiation.

As introduced before, Z-Scheme system was generally used. In 2016, Prof. Kudo published
his work using metal sulfides and BVO to build a Z-Scheme system and successfully converted
CO; into CO under visible light irradiation.®® The stoichiometric amount of the produced Ho,
CO and O, proved that water was used as electron donor during the reaction. However, the
produced amount of hydrogen was about hundred times than CO. it means the selectivity for
CO; reduction was low. Thus, the surface modification by using CO, reduction co-catalyst is
necessary to increase the selectivity for CO, reduction.
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Z-schematic water splitting and CO2 reduction
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Figure 1.13 the study of Prof. Kudo using Z-Scheme achieving water splitting and CO,
reduction under visible light.

Also in 2016, Prof. Ishitani reported his work, in which a Z-Scheme system consisted of NiO
and TaON was used.® The surface of NiO was modified with RuRe-complex and the TaON
surface was modified with a typical O, generation co-catalyst, CoOx’* 3. As result, CO was as
main product rather than H,. However, as seen from Figure 1.14, the produced CO didn’t
increase linearly, indicating that this system was not stable, even though the TON was
calculated to be 12. The conversion efficiency for this work was 0.0016%.
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Figure 1.14 the study of Prof. Ishitani, using RuRe-complex-NiO/TaON for selective
generation of CO from CO; under visible light irradiation.

As we can see from these previous researches, the development of light harvesters under
visible light irradiation has made great progress, but a robust and economic co-catalyst with
high selectivity was still necessary.

1.6 Objective and research strategies

According to the difficulties and previous researches introduce before, the objective of this
research was decided.

The objective of this research is to achieve photocatalytic CO, reduction 1) under visible
light irradiation, 2) using water as electron donor, 3) with high selectivity for HCOOH
generation, 4) using robust and economic materials and at last to achieve 5) high solar
conversion efficiency.

To accomplish this objective, I focused on the development of an efficient, stable and highly
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selective co-catalyst for CO; reduction.

The co-catalyst will be developed according to the relationship of the CO: reduction
pathways and catalyst surface properties. Efficient catalyst compositions were explored by
screening their electrocatalytic properties under dark condition by electrochemical evaluation.
Then, the photocatalytic evaluation will be operated, after the co-catalyst was combined with
light harvesters. At the first stage, I chose wide bandgap light harvesters for the photocatalytic
evaluation of the co-catalyst, which are sensitive to UV light, since their potentials of excited
charge carriers would be enough strong to drive CO, reduction and water oxidation. to acquire
reliable and reproducible properties, I have also established the evaluation system, such as
chromatographs for gas and liquid sample, isotope trace analysis, and electron spin resonance
(ESR). Based on the established system, I firstly confirm the CO; reduction under UV
irradiation using wide gap semiconductor light harvesters with optimized co-catalysts
modification. For more challenging research in the next step, we choose narrower bandgap
semiconductors as light harvesters. After an ideal CO; reduction co-catalyst was developed,
visible light sensitive light harvesters will also be developed and modified by the co-catalyst,
further the photocatalytic performance will be evaluated under visible light irradiation. To
characterize the materials, especially the alloy co-catalyst with bulk sensitivity, hard-XPS
analyses were operated in SPring-8. Also, to analyze the reaction mechanism, in-situ FTIR
analysis system was built.

The thesis structure was shown below.

/Chapter 2 N Chapter3and 5 Chapter 6

Co-catalyst Higher selectivity and activity
Cu,O Cu-Zn alloy Cu-Zn alloy
nanoclusters electrode and NPs
NPs
Lighter More challenging Goal
nanosheets (for photocatalytic Z-Scheme
evaluation)
Products CcO HCOOH
Publication | ACS nano, J. Mater. Chem A, .
5014 5017 Submitted
Evaluation system Chapter 4 Chapter 7

\ building / ' . )
Mechanism Contribution

In Chapter 1, the background, mechanism, difficulties was introduced. Some remarkable
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previous researches were also introduced. At last the objective of this thesis is set.

In Chapter 2, a Cu,O nanocluster material is developed and evaluated. This material was
proved to catalyze multi-electron reactions according to the previous reports in the field of
photocatalytic environment purification. Electrochemical evaluation was firstly operated to
judge its catalytic properties for CO, reduction. Then, a Nb3Og” nanosheet material with very
high conduction band position was developed and used as the light harvester, on which the
CuxO nanoclusters were grafted for photocatalytic evaluation. Also, isotope experiment and
ESR analysis were operated to clarify the electron injection and element transformation to
explain the mechanism during the photocatalytic CO- reduction. During this research, a reliable
evaluation system was established.

In Chapter 3, higher stability and selectivity were pursued, based on the understanding of
CO; reduction pathways, and we developed a Cu-Zn alloy electrode as a CO; reduction catalyst.
The Cu-Zn alloy was expected to achieve high selectivity for HCOOH or CO generation. Its
properties were evaluated by electrochemical methods, and photoelectrochemical methods by
combining with a SrTiO; photoanode.

The mechanism of its high selectivity for HCOOH generation was analyzed in Chapter 4,
based on plenty of literature studies and in-situ FTIR analyses.

In Chapter 5, to improve the versatility of the Cu-Zn catalyst, make it feasible to combine
the Cu-Zn catalyst to any kinds of light harvesters. Two synthesis methods, vacuum sealing
method and chemical co-reduction method, were tried and optimized. The Cu-Zn particles were
facilely coated onto electrode substrates and/or particulate light harvesters their electrocatalytic
and photocatalytic performance were evaluated respectively.

In Chapter 6, the successfully prepared Cu-Zn nanoparticles were loaded onto the surface of
visible light sensitive photocathode, CaFe,O4 electrode, and construct a photoelectrochemical
cell with visible light sensitive photoanode of WOs nanotree electrode. The CO; reduction
under visible light irradiation was evaluated. We also prove the water molecule as an electron
donor to drive selective CO; reduction, similar to natural plants.

Chapter 7 explained the philosophy contribution of this research. The future works and
outlook were also introduced.

Chapter 8 is the summary of this work.
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Chapter. 2

The development and evaluation of CuxO

nanocluster.

2.1 Introduction

As I introduced in Session 1.2.2, Cu is a common catalyst for CO; reduction, which can
suppress the proceeding of water splitting and improve the CO, reduction, especially the
generation of hydrocarbonate. *°This is the result of its low adsorption strength for H:, strong
adsorption for CO,* and appropriate adsorption for CO*.?! In the meanwhile, Cu is one of the
most abundant and cheap element on the earth, which is a big advantage compared to other
highly effective CO» reduction catalysts such as Au, Rh or Ir.

Until now, a lot of researches has be reported using Cu or Cu alloy, especially Cu-Au alloy
to catalyze CO» reduction in electrochemical or photocatalytic area.

In the present research, a CuxO nanocluster was developed, this material was expected to

behave an atmosphere nanocluster structure, as shown below.
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Figure 2.1 the structure image of the CucO nanocluster.

This structure if very flexible, the valence number of Cu can change freely, thus when the
photoexcited electrons were injected, they can be accumulated inside of the cluster and join
multi-electron reactions.

In the previous researches, the CuyO nanocluster was proved to be very effective in
photodecomposition of organic molecular, bacterial and virus.?>* After grafted on the surface
of light harvesters, such as TiO», the electrons in the valence band of TiO; excited into the CuO
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nanoclusters through an interfacial charge transfer (IFCT) process under visible light irradiation,
and consumed in the multi-electron reduction of oxygen, as shown in Figure 2.2.%

Cu,O
nanocluster .
/

Multi-eletron
reduction

Oxidation of VOC
Anti-pathogen effect

Figure 2.2 the IFCT transfer in Cu,O nanoclusters grafted TiO; under visible light
irradiation.

However, in the IFCT transfer, the electrons were injected into the Fermi level of
Cu(II)/Cu(T),?® which is not high enough for the CO> redcutin, so we expected that different
electron transfer occur during the photocatalytic CO; reduction.

Besides the CuxO nanocluster, Fe(Ill) and Ti(Il) nanoclusters were also studied for
photodecomposition, however the expect for their performance for CO; reduction is lower than
CuO nanocluster the poor activity Fe and Ti showed for CO, reduction.

To be noticed, the decomposition and antibacterial are both spontaneous reactions (AG<0),
while the photocatalytic CO, reduction is non-spontaneous process(AG>0), which is more
difficult to achieve. Thus, the development of utilizing the CuO nanocluster as the co-catalyst
for photocatalytic CO; reduction is obviously challenging and more complicated than the

former research.

2.2 Experimental Procedures

2.2.1 Fabrication of copper oxide nanocluster-modified electrode.

The grafting of copper oxide nanoclusters onto titanium (Ti) metal sheets used as the
electrode was performed by an impregnation method, as previously described. 22227 Briefly,
Ti sheets (0.10x200x200 mm; Nirako Corp.) were cleaned by ultrasonication sequentially in
non-phosphate detergent, distilled water (3 times), and ethanol, and were then immediately
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dried using a nitrogen gas gun. Heat-resistant insulating tape was affixed to the entire reverse
surfaces of the Ti sheet and was used to surround a 1x1 cm square area on the front side of the
sheet. For the grafting of Cu(Il) nanoclusters, two Ti sheets were placed into 47.9 mL distilled
water heated to 90 °C in a vial reactor. A total of 1.6 mL of'a 0.01 M CuCl, solution, which was
prepared from CuCl,*2H,0 as the source of Cu(Il), was immediately added to the vial and 0.5
mL 1 M NaOH was then added to adjust the pH to 12. The temperature of the solution was kept
at 90 °C with stirring for 1 h. The grafted Ti sheets were then removed from the vials and
immediately dried using a nitrogen gas gun.

2.2.2 Electrochemical evaluation.

For electrochemical evaluation, Cu(Il) nanoclusters were grafted on the surface of the Ti
sheets used as working electrodes. The electrodes were placed in electrolyte solution (0.5 M
KHCO:s; for CO; bubbling and 0.5 M KCI for Ar bubbling; both adjusted to pH 12 with NaOH)
inside a closed glass cell and the electrolyte was then bubbled with CO» or Ar gas to create
different atmospheres. The electrocatalytic properties of the grafted electrodes were evaluated
by comparing the cyclic voltammogram curves obtained under CO> or Ar bubbling. To confirm
that the observed differences were due to the reduction of CO; rather than water splitting, cyclic
voltammogram curves were also measured for electrodes place in an anhydrous organic
electrolyte (acetonitrile containing 0.1 M tetraethylammonium tetrafluoroborate). Ti sheets
sputtered with platinum (~50 nm) were used as a control to demonstrate the selectivity for CO,
reduction, as platinum is a well-known electrocatalyst for water splitting.

2.2.3 Photocatalytic evaluation.

For photocatalytic evaluation, Cu(Il) nanoclusters were grafted on the surface of a
semiconductor light harvester material, in the present research, Nb;Os™ nanosheets was used as
a UV light harvester.

Synthesis of Nb;Os nanosheets. Niobate nanosheets were prepared by delaminating bulk
niobate with tetrabutylammonium hydroxide (TBAOH) using a soft-chemical procedure, as
previously described.?®% Briefly, 1.01 g (0.01 mol) KNO; and 3.987 g (0.015 mol) Nb,Os
(molar ratio of 2:3) were mixed and ground with an agate mortar into a fine powder, which was
then heated to 900 °C over a 3-h period, and was then held at 900 °C for 20 h. Approximately
0.001 mol (0.45g) of the obtained KNb3Og was placed into centrifuge tubes and mixed with 40
mL 2.0 M HNOs; aqueous solution for acid exchange. KNbs3Os was converted into
HNb3;O3*2H,0 by repeating the acid exchange three times. The centrifuge tubes were then
centrifuged to remove the acid solution, and the obtained pellet was washed with distilled water
until the supernatant reached neutral pH. The protonic oxide was delaminated into colloidal
Nb3Os™ nanosheets by reaction with an aqueous solution of TBAOH) at a molar ratio 1:1 for
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about 10 days with continous shaking. The suspension of Nb3;Os  nanosheets was gently washed
with sufficient amounts of weak HNOj3 solution during vacuum filtration using a membrane
filter (0.025 um; Millipore), and the filter containing the Nb3Os™ nanosheets was then irradiated
with black light in humid air to decompose the organic residue into Nb3;Os  nanosheet powder.

Grafting copper oxide nanoclusters onto the surface of Nb;Og nanosheets. The grafting
method for semiconductor powders is similar to the method for producing electrodes, but the
amount of Cu(Il) used for loading was increased from 0.5 to 10 wt%.

The photocatalytic experiments. As shown in Figure 2.1, the prepared powders were
dispersed in 20 mL electrolyte (0.5 M KHCO3 aqueous solution, adjusted to pH 12 with NaOH)
in a petri dish, which was then placed into a sealed glass reactor (500 mL) covered with a quartz
glass cap. CO; or Ar gas was bubbled inside of the reactor through silica tubes at a flow rate of
100 mL/min for 30 min to create a saturated atmosphere of CO, or Ar. The reactor was
irradiated by UV light (Hg-Xe lamp (240~300 nm), LA-410UV, Hayashi. The light spectrum
is shown in Figure 2.2), and products in the headspace were collected by a syringe and then
injected into gas chromatograph (flame ionization detector [FID] equipped with a methanizer
apparatus) to detect CO and methane.
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Cu,O nanoclusters grafted
Nb;Og nanosheets
dispersed into 0.5M KHCO;,
pH adjusted into 12.

Figure 2.1 The graphical representation of the evaluation system for photocatalytic CO;
reduction.

Isotope experiments. Isotope experiments were performed in a rectangle quartz glass cell
(1x1x5 cm). The cells were irradiated with the same UV lamp used in the photocatalytic
evaluations, and products in the headspace of the quartz glass cells were detected by gas
chromatography (GC)-mass spectrometry (MS) (Shimadzu). All isotope chemicals were
purchased from Isotec-Sigma Aldrich.
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Figure 2.2. The light spectrum of the UV light used in the PEC cell and photocatalytic
evaluation.

2.3 Results and Discussion

2.3.1 Characterization and Electrochemical evaluation of CuxO

nanocluster

Cu,O nanoclusters were grafted onto a metal titanium substrate using an impregnation
method and their electrocatalytic properties were then examined under CO; or Ar purging in
aqueous electrolyte (Fig 2.3). As a comparison an unmodified platinum plate was also
examined as a representative conventional cathodic electrode. In an aqueous electrolyte, the
platinum cathode exhibited a clear current generated from the water-splitting reaction, and no
significant differences were observed between the CO, and Ar bubbling conditions. In contrast,
the current density of the electrode grafted with CusO nanoclusters under a CO, atmosphere
was higher than that under Ar bubbling. This current difference was assigned to the cathodic
current generation of the reduction of CO, molecules and/or carbonic acid in water induced by
the CusO nanoclusters, as bare titanium substrate did not generate significant current
differences under CO; or Ar bubbling.
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Figure 2.3 (a) Cyclic voltammograms of Ti sheets grafted with copper oxide nanoclusters
or sputtered with platinum in aqueous electrolyte (0.5 M KHCO; for CO; bubbling, 0.5 M
KCl for Ar bubbling; pH adjusted to 12 with NaOH).

Under anhydrous electrolyte conditions, a similar trend was observed, indicating that the
Cu,O nanoclusters act as an effective electrocatalyst for CO, reduction.
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Figure 2.4 Cyclic voltammograms of Ti sheets grafted with copper oxide nanoclusters in
anhydrous organic electrolyte (acetonitrile containing 0.1 M tetraethylammonium
tetrafluoroborate) under CO; or Ar bubbling.

X-ray photoelectron spectroscopy (XPS) analysis was conducted under electrochemical
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cathodic polarization to determine the valency of copper in each reduction peak (Fig. 2.5).
Without the application of bias potential (0 V), Cu(Il) was detected, as indicated by the presence
of high-intensity shake-up satellites at higher binding energy than the main 2ps,» and 2p,; peaks,
which are not assigned to the spectra of Cu(0) and Cu(I). The satellite peaks of Cu(I) are similar
to Cu(I) species, but the presence of Cu(I) was distinguished by the positive shift of the binding
energy. Under a bias potential of -0.5 V (vs. Ag/AgCl), Cu(Il) ions were reduced to Cu(I). Under
the bias potential of -1.2 V for several minutes, there is no XPS signal, indicating that the Cu(I)
species are reduced to Cu(0) states, which are unstable and detached from the surface of a Ti
electrode.
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Figure 2.5 XPS spectra of Cu in copper oxide nanoclusters grafted Ti metal electrode after
applied the bias-potential of OV, -0.5V and -1.2V(vs. Ag/AgCl) respectively. Shape-up
satellites of Cu(ll) are marked with yellow stars. The intensity was the integrated value.

Measurement condition: 10 cycles, 3 repeats, one step = 0.15¢V, 40ms.

The gas composition in the headspace of our electrochemical cell was also detected by gas
chromatograph (Figure 2.6), then CO was detected under bias-potential at -0.5 V as well as -
1.2 V. These results indicate that the both Cu(Il) and Cu(I) species act as catalytic sites for the
reduction of CO; into CO.

34



Intensity

8 09 1 11 1.2 13 1.4 1.5

R.time(min,

Figure 2.6 The gas chromatograph of the headspace gas under bias-potential of -0.5V and
-1.2V.

2.3.2 Characterization and photocatlaytic evaluation

To evaluate how CusO nanoclusters works as CO» photoreduction co-catalyst, a Nb3Og
nanosheet material was prepared as light harvester.
As revealed by atomic force microscopy (AFM), the prepared Nbs;Os  nanosheets had

monodispersed sheet morphology with a thickness below 2 nm, and length and widths of
hundreds of nanometers (Fig 2.7).
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Figure 2.7 The AFM image of the prepared Nb;Os nanosheets

The same nanosheet morphologies were also observed by TEM analysis (Fig 2.8). The
obtained TEM diffraction pattern revealed that the Nb3;Os™ nanosheets had single crystal
structure and that the exposed plane was oriented in the [010] direction.

Figure 2.8 The TEM image and electron diffraction pattern of Nb3Os nanosheets (L=50
cm)

The X-ray diffraction pattern of a thin film of Nb3Os nanosheets clearly indicated that the
crystals were oriented in the b-axis direction (Fig 2.9), as the exposed faces of the Nb3Og
nanosheets were attached and stacked on each other.
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Figure 2.9 The XRD of the Nb3;Os nanosheets thin film

After loading CuxO nanoclusters onto the surface of Nb3Os™ nanosheets, TEM image was
observed (Fig 2.10). Nanoclusters of 2~3 nm in size. The results of energy dispersive x-ray
spectroscopy (EDS, Fig. 2.11), also confirmed that the CuxO nanoclusters were highly

dispersed on the surface of the Nb3Os™ nanosheets.

2.5%wt C( Il ) nanoclusters 1o\t Cu(1I)
loading

nanoclustersloading

Figure 2.10 the TEM image of the Cu,O nanoclusters loaded Nb;Os nanosheets
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Figure 2.11 The energy dispersive x-ray spectroscopy (EDS) of 2.5%wt copper oxide
nanoclusters grafted Nbs;Os nanosheets (a). For comparison, the spectroscopy of bare Nb3Os

nanosheets (b) and bare sample stage (c).

For the detailed structural characterization of the CuxO nanoclusters, we performed X-ray
absorption near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) analyses using synchrotron apparatus (Fig 2.12). The X-ray absorption analyses
revealed that the local structures of the nanoclusters resembled copper monoxide (CuO) and/or
copper hydroxide (Cu(OH).). Previous studies have demonstrated that these amorphous copper
oxides are highly stable under photoexcitation conditions and are critical for driving multi-
electron reduction reactions.
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Figure 2.12 Cu K-edge XANES spectra (a) and EXAFS (b) of 0.5%wt copper oxide
nanoclusters grafted Nb;Os nanosheets. For comparison, the spectra of Cu metal, Cu;0 and

CuO were also included.

UV-visible absorption spectra were obtained for Nb;Os™ nanosheets grafted with and without
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copper oxide nanoclusters (Fig 2.13). The band-to-band transition of the Nb;Os nanosheets
appeared at 300 nm, whereas the absorption at 430 nm is attributable to interfacial charge
transfer (IFCT). The broad absorption in the range of 600-800 nm is attributable to the d-d
transition of the Cu(II) species. A plot of the square root of absorption efficiency (o) multiplied
by the photon energy ((ahv)/?) versus the photon energy showed a linear relationship,
indicating that the Nb3;Og "nanosheet is an indirect transition-type semiconductor. The bandgap
of the Nb3;Og nanosheets was estimated to be 3.56 eV, as calculated from the intersection of the
plotted line of (ahv)/? versus photon energy with the abscissa axis.
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Figure 2.13 UV-Vis spectra of bare and 0.5 wt% copper oxide nanocluster-grafted Nb3;Os

nanosheets. Plot of (ahv)'/? versus photon energy for Nb;Os nanosheets.

During the photocatalytic evaluation, bare Nb3;Og nanosheets was dispersed into gas-purged
solution (0.5 M KHCOs3 for CO; atmosphere and 0.5 M KCl for Ar atmosphere, adjusted to pH
12 with NaOH) and irradiated with UV light from a Xe-Hg lamp, there was no obvious
difference between CO; and Ar cases. The detected CO molecules were considered to be a
result of the oxidation of surface contaminants on the niobate nanosheets. The reason for this
lack of activity was considered to be the lack of reaction sites, as the negatively charged
surfaces of Nb3Og nanosheets limit CO, absorption.
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Figure 2.14 Photocatalytic CO; reduction evaluation of Nbs;Os nanosheets powders
without any co-catalysts grafted under CO; or Ar purging.
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Figure 2.15 Photocatalytic CO; reduction evaluation of Nb3;Os nanosheets powders with
and without Cu,O nanoclusters grafted under CO; purging.

After coating Cu,O nanoclusters onto the surface of Nb3Og nanosheets, the produced CO
amount increased, as we can see from Figure 2.15. This proved that the CuxO nanoclusters
increase the CO, conversion efficiency as co-catalyst. We also evaluated the photocatalytic
activity of the CusO nanoclusters -grafted Nb3;Os™ nanosheet under visible-light irradiation
using an UV cutoff filter. However, negligible activity was detected under visible light, even
though the Cu(Il)-grafted Nbs;Og nanosheet absorbs visible light by d-d transition and IFCT.
These results indicate that the excitation of electrons to a sufficiently high conduction band
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level and the modification of the Nb3Os™ nanosheet with co-catalysts are indispensable to drive
photocatalytic CO, reduction.

Also, as we can see from the figure, the CO amount didn’t increased linearly, this was
considered to be the result of the valence change during the reaction. During the photocatalytic
evaluation, color change of the CuO nanoclusters-grafted Nb;Os  nanosheets was observed. As
we can see from Figure 2.16, under UV-light irradiation, the material changed from a light blue

Figure 2.16 The color change of Cu.O nanoclusters-grafted Nb3;Os nanosheets before and
after the UV irraidiation.
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Figure 2.17 XPS spectra of Cu in the 10%wt copper oxide nanoclusters grafted niobate
nanosheets after the UV irradiation of 0 hour, 1 hour and 22 hours. Shape-up satellites of
Cu(Il) are marked with yellow stars. The intensity was the integrated value. Measurement

condition: 10 cycles, 3 repeats, one step = 0.15 eV, 40ms.

The results of XPS analysis (Fig 2.17) indicated that a proportion of the Cu(Il) ions were
reduced to Cu(l) in response to UV-light irradiation. Thus, the reaction rate of the Cu(Il)
nanocluster-grafted NbsOs™ nanosheets was not linear with respect to UV irradiation time, but
rather, accelerated under light irradiation. This phenomenon was associated with the color

41



change of the material. In the initial phase of UV irradiation, a portion of the Cu(Il) ions in the
nanoclusters are reduced to Cu(l), resulting in a mixture of Cu(II)/Cu(I) ions. The present
experimental results suggest that the mixture of Cu(Il)/Cu(I) species leads to efficient reduction
of CO».

The redox potential of Cu(Il)/Cu(l) ions is +0.16 V (versus NHE at pH=0), which is more
positive than that of the two electrons reduction of CO,/CO. However, the conduction band of
the Nb3Og nanosheet synthesized in the present study is -1.32 V vs. Ag/AgCl, which is much
more negative than the redox potential of CO,/CO in the liquid phase (-0.52 V vs. NHE at 25 °C,
pH 7.0). During UV-light irradiation, excited electrons in the conduction band of Nb3Os
nanosheet are injected into the CuxO nanoclusters, leading to a negative shift of the Fermi level
of the nanoclusters. This shift allows for the reduction of CO; into CO in response to UV
irradiation. We attempted to optimize the photocatalytic activity of the CuO nanoclusters-
grafted Nb3;Os™ nanosheet by modifying the loading amount of the copper catalyst and the pH
of the electrolyte. The optimal photocatalytic activity for CO, reduction was observed for
Nb3Os™ nanosheets grafted with 0.5wt% copper oxide nanoclusters and dispersed in 0.5 M
KHCO:s solution (pH 12), as shown in Fig 2.18.
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Figure 2.18 (a) The produced CO amount on terms of copper oxide nanoclusters loading
amount. Each group used 900 mg photocatalysts respectively. (b) The produced CO amount
on terms of electrolyte pH for 0.5%wt copper oxide nanoclusters grafted niobate nanosheets.

As supplement, the effect of the nanosheet structure was also evaluated, as we can see from
figure 2.19, the raw material, Nb.Os bulk and the HNb3;Os bulk were both grafted by CuO
nanoclusters, however, compared to the CucO nanoclusters-grafted Nb3;Os™ nanosheets, less CO
was detected under UV irradiation, suggesting that the high conduction band level resulting
from the quantum confinement effect is critical for driving CO, photo-reduction.
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Figure 2.19 The produced CO amount from the Cu.O nanoclusters-grafted Nb;Os
nanosheets, Cu.O nanoclusters-grafted Nb,Os bulk and Cu,O nanoclusters-grafted HNb3Os
bulk under UV irradiation, respectively.

2.4 Mechanism analysis

2.4.1 Isotope tracer experiment

To verify oxygen generation and CO formation resulting from CO; reduction, isotope tracer
analyses involving H>'®O and "*CO, were conducted for the optimized CuxO nanoclusters-
NbsOg™ nanosheet photocatalyst. Figure 2.20 shows the mass chromatography spectra for UV-
irradiated Nbs;Os nanosheets grafted with 0.5 wt% Cu,O nanoclusters in 0.5 M KHCOs/ H,'*O
solution purged with ?CO,. A clear peak for *O, (m/z=36) was observed and continued to
increase in size with increasing irradiation time. Figure 2.20(b) shows the mass
chromatography spectra for UV-irradiated ¢ CuxO nanoclusters-grafted Nb;Os nanosheets in
0.01 M NaOH/ H,'%0 solution purged with *CO,, in which a peak corresponding to *CO
(m/z=29) was also detected. Together, these results confirmed that the CO detected during these
photocatalytic reactions above was produced from CO; reduction and that the oxygen was

generated from the oxidation of water.

25
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Figure 2.20 (a) the mass chromatography spectra of "*O: (m/z=36) generated from UV-
irradiated Nb3;Os nanosheets grafted with 0.5 wt% copper oxide nanoclusters in 0.5 M
KHCOs/H,'%0 solution purged with >CO:; (b) the peak of > CO (m/z=29) generated from
UV-irradiated copper oxide nanocluster-grafted Nb;Os nanosheets in 0.01 M NaOH/ H>'°O
solution purged with CO..

2.4.2 ESR analyses

Next, electron spin resonance (ESR) spectra®! measured under CO, atmosphere and vacuum
conditions were used to determine the reaction route of the photoelectrons and holes generated
during the UV-light irradiation of the CuxO nanoclusters-grafted Nb;Os nanosheets (Fig 2.21).
The ESR spectra of bare Nb3;Os™ nanosheets before and after UV-light irradiation under vacuum
or CO; atmosphere are shown in Fig 2.21(a) and Fig 2.21(b), respectively. The broad signal
appeared around 295 mT, which was assigned to surface Nb*" ions that were generated by
reaction with photoelectrons after UV irradiation, decreased in CO, atmosphere as compared
to vacuum conditions, indicating that the photoelectrons in the conduction band of niobate
nanosheets have sufficiently high potential to reduce CO», which would thus regenerate Nb>*
ions. Even though these ESR results indicate that the conduction band of Nb3;Os™ nanosheet has
enough high potential to reduce CO; to some anion radical species, our experimental results
revealed that bare NbsOs™ nanosheets did not generate CO molecules. These results also suggest
that modification of Cu(Il) nanoclusters onto niobate nanosheets light harvester is necessary to
promote chemical reactions, including CO production.
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Figure 2.21 ESR spectra of bare niobate nanosheets in vacuum (a), CO; (b) and in water
(d). And the ESR spectrum of copper ion nanocluster-grafted niobate nanosheets in the gas
phase (b).

In addition to the ESR analysis under gaseous conditions, we measured difference ESR
spectra before and after UV-light irradiation in pure water (Fig 2.21(d)). Under vacuum
conditions, photogenerated holes were detected as O species around 325 mT, which were
assigned to the excited holes in the valence band of the O-2p orbital. In CO, atmosphere, the
intensity of the excited holes increased because the consumption of the photoelectrons kept the
existence of holes more stable. However, the intensity of the excited holes decreased under
aqueous conditions, suggesting that the photogenerated holes in the valence band of Nb3Og
nanosheets are able to oxidize water to produce oxygen molecules. These results are consistent
with the results of the isotope tracing experiment. To examine the role of the CuxO nanoclusters,
Fig 2.21(c) shows ESR difference spectra before and after UV-light irradiation of the CuO
nanoclusters-grafted Nb;Os nanosheets. The d-orbital of Cu(Il) species contains nine electrons;
thus, a lone pair of electrons that contribute to ESR signal. In contrast, Cu(l) is inactive for
ESR. After UV-light irradiation of the Cu(Il)-grafted NbsOs™ nanosheet in a vacuum, the ESR
signal of Cu(Il) decreased, indicating that the excited electrons of the Nb3Os™ nanosheet were
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injected into the CuxO nanoclusters. Notably, however, the ESR signal kept stable, as the
excited electrons in the Cu(Il) nanoclusters were trapped by CO» molecules. The ESR analysis
results strongly indicates that electrons are extracted from water molecules, excited by photon
energy, and then injected into the CuxO nanoclusters, which are highly active sites for the
production of CO molecules.

A proposed scheme of the photocatalytic process that occurs on the CuxO nanoclusters-
grafted Nb;Os nanosheet is shown in Figure 2.22 Under UV-light irradiation, electrons in the
valence band of the Nb3Og™ nanosheet are excited to the conduction band and then injected into
the Cu,O nanoclusters, as demonstrated by the ESR and XPS analyses, and the observed color
change during the light irradiation. Photogenerated holes in the valence band of the Nb;Os
nanosheet then react with water to produce oxygen molecules, as was confirmed by the results
of the isotope trace analysis. The injected electrons reduce CO; to produce CO in a chemical
reaction that was confirmed by the ESR spectral and isotope CO generation analyses.

Cu(ll)
uv = ynanoclusters
light e i
\CO
Nb,Oy
Nanosheets

H,0= ™ h¥ L

Figure 2.22 Schematic electric structure of copper ion nanocluster-grafted niobate
nanosheets

2.5 Conclusion

Using an elemental strategy and electrochemical-based investigation, we identified that
amorphous CuxO nanoclusters function as efficient co-catalysts for the electrocatalytic
reduction of CO; to CO. Using a wet chemical method, we synthesized Nb3;Os™ nanosheets as a
light harvesting material, which was found to have high conduction band potential because of
the quantum confinement effect. The grafting of CuxO nanoclusters co-catalysts onto the
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Nb3Os™ nanosheets led to the efficient reduction of CO, molecules to CO under UV-light
irradiation. Detailed ESR spectroscopic analysis and isotope labeling experiments
demonstrated that electrons are extracted from water molecules and then excited by photon
energy, which promotes their injection into CuO nanoclusters, which are highly active sites for
producing CO molecules.

This is the first work to demonstrate that CuxO nanoclusters act as efficient co-catalysts for
the multi-electron reduction of CO,, and it was published in 4CS Nano. Notably, CuO
nanoclusters are composed of resource abundant and non-toxic elements, and can be easily
deposited onto various metal oxide and/or metal chalcogenide light harvesters in mild aqueous
media. Although the photocatalyst constructed here functions under UV-light irradiation, it is
expected that the present approach for the grafting of co-catalysts onto semiconductors can be
applied towards the generation of visible-light harvesting material.
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Chapter. 3

The development and evaluation of
Cu-Zn alloy

3.1 Introduction

In Chapter 2, a CuO nanocluster material was developed as an effective CO, reduction
catalyst, by combining with light harvester, CO, was successfully converted into CO under UV
irradiation. However, the activity and stability of Cu,O nanocluster was questioned, also the
selectivity of CO; reduction products is limited in CO. Thus, I decided to develop a better CO,
reduction catalyst with not only high efficiency, but also high selectivity, activity and stability.

First the desired product was determined, The main products of CO, reduction in aqueous
media are formic acid (HCOOH), carbon monoxide (CO), formaldehyde (HCHO), and methane
(CHa4). Among the possible CO; reduction products, HCOOH is highly desirable as it is widely
used in the energy and chemical industries as a fuel and as a raw material for H, generation.'
HCOOH is also important for the production of various organic agents through thermal
treatments or catalytic reactions,” and can be used in agricultural and animal husbandry as a
silage additive.® At the industrial scale, HCOOH is mainly produced from methyl formate,
which is synthesised from CH30H and CO in the presence of a strong salt base. However, this
method requires a large excess of water and the disposal of accumulated by-products. * As the
market for formic acid is estimated to exceed $600 million by 2019, it is highly desirable to
develop clean and renewable HCOOH production processes based on CO; conversion with
solar-, wind- and/or hydropower.

As introduced in Chapter 1, in previous studies, Ru, Re and their complex catalysts were
used for selective CO, reduction to HCOOH.? ¢ Although high efficiency (Faradic efficiency
over 70%) was achieved, the Ru-complex was precluded from broad use due to its high cost
and complicated synthesis. To achieve low-cost and easy preparation, numerous types of metals
and alloys were proposed as CO»-reduction catalysts, such as Zn, Cu, Ag, Au, Cu-Au, etc. These
materials can catalyse CO» reduction owing to their d-electron availability’ and appropriate
surface CO» adsorption strengths®. However, only a few metals can achieve selective CO> to
HCOOH conversion with low efficiency and high overpotential. It is known that different CO,
reduction products are generated via different pathways depending on the balance of the
adsorption strengths of reduction intermediates (CO," anion radicals and CO" radicals) on the
catalyst surface. *'* While, a lot of researches have proved that combining two different kind
of metal into alloy can change the electronic properties and geometric effect.'® Thus we
predicted that the selective conversion of CO; to HCOOH can be realized by tuning the surface
adsorption conditions of the active reaction intermediates on the catalyst surface through
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rational alloying of elemental metals with different adsorption abilities.

As we can see from a figure showing the distribution of various metals showing different
products selectivity and their surface adsorption strength for CO radicals, '® Zn located very
near with the HCOOH generation area. And according to the previous electrocatalytic
evaluation, Zn does behave good selectivity for HCOOH generation. Because Zn has weak
adsorption strength for CO," which is ideal for selective HCOOH generation, but it also leads
to that water splitting will competes with CO, reduction in the aqueous electrolyte. By
combining with other kinds of metals at atomic scale, the surface adsorption strength can be
changed. And obviously to get appropriate surface adsorption strength for HCOOH generation,
Zn has to be combined with metals in the other side. So, we choose Ni, Cu, Au and Ag to
prepare alloy with Zn and evaluate the catalytic property for CO; reduction
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Figure 3.1 the distribution of various metals of their selectivity and their surface binding
strength for CO radicals.

According to electrochemical screening, Cu-Zn alloy was proved to be active for CO»
reduction. Other kinds of alloy such as Zn-Au, Zn-Ag, Zn-Ni were also prepared and evaluated.
The studies of these alloys were recorded in Appendix.1, also Sn-Cu, Sn-Au, Sn-Ni and Sn-Ag
were also evaluated based on same idea.

Cu-Zn alloy are abundant and safe materials thus was also called “poorman’s gold”, with
several desirable catalytic properties. For example, in a Cu/ZnO catalyst, Cu-Zn alloy provides
active sites for the hydrogenation of CO, from CO/CO,/H, gas.?*?* A Cu/ZnO material was
also reported to function as a CO, hydrogenation catalyst under high-temperature conditions.?
A Cu-Zn alloy electrode prepared by an electroplating method on a gold substrate using metal
cyanides was proved to be able to catalyze CO, reduction into CO and HCOOH by
electrochemical way. ** In the present research, a Cu-Zn alloy prepared by simple synthesis
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method behaving high performance for CO; reduction under moderate conditions such as room
temperature and low bias-potential will be developed.

3.2 Experimental procedures

3.2.1 Preparation of Cu-Zn film electrodes

Titanium (Ti) metal sheets (99.5%, Nilaco Co.) were used as the substrate to fabricate
electrodes. Pure Cu films with a thickness of 50 nm were sputtered onto the surface of the Ti
sheets. These Cu-coated Ti sheets served as pure Cu electrodes in the control group. The
prepared Cu-coated Ti sheets were placed in vacuum-sealed quartz ampoules with pure zinc
(Zn) metal grains, as shown in Figure 3.2.

VB
&

Figure 3.2 the picture of the sealed glass tube with Zn metal grains and annealed Cu-Zn
film inside.

The vacuum-sealed ampoules were then heated in an electric oven to temperatures higher
than the melting point of Zn (> 419 °C at ambient pressure) such that the Cu-coated Ti sheets
were annealed in Zn vapour for 1 h to yield the Cu-Zn film electrodes. The Zn concentration
of the Cu-Zn film electrode was controlled by tuning the Zn vapour pressure, which was
dependent on the heating temperature. In the present research, four kinds of Cu-Zn electrodes
were prepared under annealing temperature of 400°C ,450°C, 500°C and 520°C, respectively.

3.2.2 Electrochemical screening

The prepared Cu-Zn film electrodes, pure Pt plates, and Ag/AgCl electrodes were used as
working, counter, and reference electrodes, respectively. Air-tight electrochemical cells were
half filled with a 0.1 M aqueous solution of KHCO3. The Cu-Zn film electrodes were cleaned
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by 10 cycles of repeated cyclic voltammetry in the electrolyte solution: starting bias (Eo)=-0.9
V, 1st operating bias (Ei) =-1.8 V, and 2nd operating bias (E»)=-0.1 V, with slope 90 mV/sec.
Either CO; or Ar gas was purged into this electrolyte solution prior to the performance test.
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il o Pt
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Figure 3.3 the construction of the electrochemical cell used for electrochemical screening.

3.2.3 Photoelectrochemical CO»-reduction performance tests

A H-type glass cell was used for the photoelectrochemical CO; reduction over the Cu-Zn
film electrodes. The Cu-Zn film electrodes were used as the cathode, while the prepared
mesoporous SrTiOs electrodes were used as the photoanode Figure 3.4. The cathodic- and
anodic sides of the glass cell were separated by a Nafion membrane. The electrolyte on the
cathodic side was a CO»-purged 0.1 M KHCO3 solution and that on the anodic side was a 0.01
M NaOH solution containing 0.1 M KCl. During the performance tests, the anodic side was
irradiated with UV light (Hg-Xe lamp (240-300nm), LA-410UV, Hayashi Ltd.), illuminance
spectra shown below. The gaseous products in the headspace such as CHg, CO, and H> were
quantified with a gas chromatograph (BID, SHIMADZU). The liquid products in the electrolyte
solution such as HCOOH were quantified with an Ion chromatograph (SHIMADZU).

Membrane

Figure 3.4. The Photoelectrochemical (PEC) cell construction.
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Figure 3.5The light spectrum of the UV light used in the PEC cell and photocatalytic
evaluation.

Preparation of SrTiOs photoanodes. SrTiO; paste was prepared from commercial SrTiO;
powder (ALDRICH, nanopowder, < 100 nm particle size, > 99.5% trace metal basis).
Mesoporous SrTiO; films 8 um thick were prepared on FTO glass substrates by screen-printing
the SrTiOs paste over the surface, which were further annealed at 450 °C for 1 h to yield
mesoporous SrTiO; electrodes. Exposed surface of the FTO substrate was covered with heat-
resistant insulating tapes for an electrochemical measurement. The picture of the prepared
SrTiOs electrode was shown below.

L5

Figure 3.6 the picture of the prepared SrTiOs electrode
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3.3 Results and Discussion

3.3.1 Characterization

In this research, several kinds of Cu-Zn electrodes with different element composition were
prepared and evaluated, turns out that the electrode exhibit best catalytic properties when the
Cu-Zn electrode was prepared under 500°C, with Cu:Zn molar ratio of 5:8. This part will be
introduced in 3.3.2 in details, which in this session, the characterization of CusZns will only be
introduced.

The prepared Cu-Zn electrode was mainly analyzed by XPS, XRF and XRD. As seen in
Table 3.1, the Zn concentration under 500 °C annealing was about 52.19 mass%. The hard X-
ray photoelectron spectroscopy (HAXPES; Av = 5.95 keV) was analyzed at the undulator
beamline BL15XU>? of SPring-8,% as shown in Figure 3.6, The Cu 2p and Zn 2p peak positions
for the Cu-Zn film electrode (Cu:Zn=5:8,) were different from those for pure Cu and Zn metals,
indicating that the Cu-Zn film was neither pure Cu nor Zn, but an alloy of Cu and Zn. And in
the XRD pattern in Figure 3.7, The reflection peaks at 35.97, 37.89, 43.23, and 62.96°
correspond to the (222), (321), (330), and (600) reflections of the atomically ordered CusZns
alloy (cubic),?* *® which is consistent with the XRF results. The crystallic structure of CusZng
alloy and the picture of the prepared CusZns electrode were shown in Figure 3.8.

Table 3.1 The XRF results (mass%) of the composition analysis of Cu-Zn alloy electrodes
prepared under different heating temperature.

Heating temperature (°C) | Cu Zn Ti
400 97.32 2.68 -

450 76.73 23.27 -

500 47.81 52.19 -
520* 0.86 4.21 94.9-

*The sample under 520°C was measured at different time with others. In this case Ti composition was also

measured. The Zn concentration used in Fig 2d was calculated as 4.21/(4.21+0.86)*100%=83.04%.
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Figure 3.6The HAXPES spectra of a) Cu 2p and b) Zn 2p core-levels in the Cu-Zn

electrode, those of pure Cu and pure Zn were also shown as control groups.
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Figure 3.7 The XRD pattern of the Cu-Zn electrode, Ti metal was used as substrate, A,

CusZns (cubic); m, pure Ti

Figure 3.8 the crystal structure of the CusZns alloy, simulated.
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3.3.2 Electrochemical evaluation.

The electrocatalytic properties of the prepared Cu-Zn electrodes for CO» reduction was
evaluated by the Linear sweep voltammetry (LSV) curves under CO; and Ar purging. The onset
potential of four kinds of Cu-Zn electrode and pure Cu, pure Zn electrodes were compared. As
described in the experimental procedures 3.2.1, the atomic ratio of Cu-Zn in the alloys was
controlled by varying the annealing temperature under vacuum. Specifically, with increasing
heating temperature, the Zn concentration in the Cu-Zn electrode also increased. Figure 3.9
shows the influence of the Zn concentration in the Cu-Zn alloy electrode on the onset potential
for CO; reduction. The onset potential was lowest, —0.65 V vs. Ag/AgCl, at a Zn concentration
of ~60 atom%. This onset potential was markedly lower than those of pure Cu (-1.0 V vs.
Ag/AgCl) and Zn (—1.2 V vs. Ag/AgCl). This Zn concentration of ~60% was consistent with
the crystal structure (CusZnsg) determined by XRD.
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Figure 3.9 The onset potential for CO: reduction at the Cu-Zn electrode as a function of Zn
atomic ratio.

Also, as shown in Figure 3.10, compared to pure Cu and pure Zn, the current density under
CO; was higher than that of Ar, indicating that CusZns electrode exhibit good CO; reduction
electrocatalytic property in the electrochemical sight.
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Figure 3.10 Linear sweep voltammetry (LSV) curves of a) CusZns alloy electrode, b) pure
Cu, and c) pure Zn.
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The reaction products generated by the CusZns electrode, pure Cu electrode, and pure Zn
electrode under different bias potentials are also shown in Figure 3.11, Notably, the scales of
the vertical axis for the CusZns electrode and pure Zn electrode are about 10 times larger than
that for the pure Cu electrode. The amount of HCOOH generated at the CusZng alloy electrode
was markedly higher than that produced at the pure Cu electrode (< 0.03 umol), which
generated CH4 and CO as the main reaction products. The CusZng alloy electrode also generated
more HCOOH than the pure Zn electrode (< 1 pmol). Specifically, under —1.0 V vs. Ag/AgCl,
the selectivity of the CusZng alloy for HCOOH generation was obviously better than pure Cu
or pure Zn, as shown in Fig. 3.11d. It is noted that the Faradaic efficiency of the CusZng alloy
for HCOOH generation was 71.11% at a bias application of —1.0 V vs. Ag/AgCl. The CO> to
HCOOH conversion efficiency of the CusZng alloy catalyst was higher than that of the
previously reported Cu-Zn alloy electrocatalysts.**
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Figure 3.11 Products generated by a) CusZns electrode, b) pure Cu electrode, and c) pure
Zn electrode in electrochemical cells under different applied bias potentials for 1 h. Bias
potentials were applied from -0.6 to -1.4 V vs. Ag/AgCl. d) The CO; reduction product
distribution generated at CusZns electrode, pure Cu electrode, and pure Zn electrode under -
1.0 Vvs. Ag/AgCI.

The CuxO nanoclusters developed in Chapter.2 was also evaluated to compare with Cu-Zn

59



electrode, using the same method with above, Figure 3.12 shows that Cu-Zn clearly behaved
higher selectivity for HCOOH generation than Cu,O nanocluster, which also generated CO as
second main product. Also, since the Cu-Zn alloy was often compared with pure Au, the
products from the pure Au electrode were also evaluated, the results shows that the main
product for Au was CO.
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Figure 3.12 The produced amount from Cu-Zn electrode and Cu.O nanocluster electrode,
hold under -1.2V vs. Ag/AgCl for 10mins.

3.3.2 Photoelectrochemical evaluation.

The photoelectrochemical evaluation was operated in a H-type glass cell. The Cu-Zn alloy
film served as the cathode for CO; reduction and a SrTiO; (STO) film was used as a photo-
anode for oxygen production from water. When the STO photoanode was irradiated by UV
light, water was oxidized at the anodic side by the photogenerated holes in the valence band of
STO, whereas the excited electrons were transferred to the cathodic Cu-Zn film used for CO;
reduction. The reaction products generated at the cathodic side without any bias application are
shown in Figure 3.13. As control experiments, Ar gas was purged into the cathodic side of the
PEC. The amount of HCOOH, CO and CH4 produced under CO, purging was markedly higher
than that under Ar purging, indicating that CO, was reduced by the Cu-Zn electrode.
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Figure 3.13. The produced amounts of Cu-Zn electrode from the PEC cell at rest potential.
under CO; purging (M), under Ar purging (). a) HCOOH, b) CO, ¢) CHy, d) H>.

Pure Cu and pure Zn were also evaluated as cathodes as control groups, as shown in Figure
3.14, the amount of CO; reduction products generated by the Cu-Zn electrode was 2 times
higher than those of the pure Cu or Zn electrodes, as was observed in the electrochemical CO;
reduction experiments. We also calculated the ratio of electrons used for CO, reduction
product generation verses the total number of electrons used for all products, ¢, and found that
¢(Cu-Zn) was 75.43%, which markedly higher than ¢(Cu) or ¢(Zn), which were only 42.26%
or 32.66%, respectively. Although the pure Cu film reduced CO,, HCOOH was not selectively
generated. For the pure Zn film, hydrogen was mainly produced through water splitting and
only limited CO> reduction activity was observed. In contrast, the Cu-Zn electrode exhibited
high selectivity for both CO, reduction and HCOOH generation. The Faradaic efficiency of
HCOOH production was as high as 79.72%. The Cu-Zn electrode also had excellent stability,
with the turnover number (TON) for CO> reduction reaching 1458.9, which was twice of that
of pure Cu (731.3). The quantum efficiency of the photoelectrochemical CO, reduction by the
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Cu-Zn electrode was 0.13%.
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Figure 3.14. Amount of a) HCOOH, b) CO, ¢) CH,, and d) H, produced by a PEC cell
equipped with a Cu-Zn electrode as the cathode and COz-purged 0.1 M KHCO:3 as the
electrolyte. PEC cells equipped with a pure Cu cathode and a pure Zn cathode in CO-purged
0.1 M KHCO:s as the electrolyte were used as controls.

3.4 Conclusion

The Cu-Zn alloy catalyst developed in the present research was prepared from abundant and
environmental-friendly materials, and exhibited a high conversion efficiency for the reduction
of CO:; into organic molecules, particularly HCOOH. The Faradaic efficiency of converting
CO; into HCOOH was above 70%, demonstrating that the catalyst has high selectivity for
HCOOH generation.

The Cu-Zn alloy catalyst can be used as an electrode for electrochemical CO; reduction, or
combined with a photoanode for photoelectrochemical reactions. By combining with SrTiOs
electrode in a photoelectrochmical cell as working electrode, the Cu-Zn alloy electrode
catalyzed CO; into HCOOH with Faradic efficiency above 79.72% under UV irradiation,
without applied bias-potential. Also, the TON of the Cu-Zn alloy for CO, reduction reached
1458, proving its high stability.

The ability to selectivity regulate CO; reduction using the Cu-Zn alloy catalyst described

62



here may prompt the development of new types of alloy catalysts with high selectivity for CO»
reduction.
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Chapter 4

The reaction mechanism analyses

Although in chapter 3, we successfully developed a Cu-Zn alloy material behaving high

selectivity for HCOOH generation from CO2 reduction, the reason of its high selectivity was

still unclear. Thus, in this chapter, I tried to analyze the reaction mechanism on the Cu-Zn

surface and explain the high selectivity based on literature studies and in-situ FTIR analyses.

4.1 The literature studies about the selectivity of CO- reduction

on the catalyst surface.
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Figure 4.1 The reactions of CO; reduction.

As we can see from Figure 4.1, in hydrous condition, H» generation needs lower reduction

potential and less electrons than CO, reduction. During the reaction, H" and CO,"

simultaneously approach near to the catalyst surface, when the co-catalyst surface behaves

strong H" adsorption and poor CO, adsorption, then the H> generation will take precedence of

CO; reduction.! For example, Figure 4.2 shows the volcano’s plots of electrocatalytic water

splitting, demonstrating the relationship between the current density for H, generation and the

surface adsorption strength of H'.
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Figure 4.2 The logarithm of exchange current density (log io) for cathodic hydrogen
evolution versus the bonding adsorption strength (AEM-H) of intermediate metal-hydrogen
(M-H) bond formed during the electrode reaction itself. *

As we can see, compared to Cu, Au, Zn and Ag, Pt has stronger surface adsorption for H",
thus, the current density of H, generation is higher, which indicating H, generation has the
highest priority than all the CO- reductions on the surface of Pt.

On the other side, metals such as Fe and Ti, they behave lower CO, adsorption strength than
Cu, Au, Zn and Ag, thus compared to CO; reduction, H, generation will also be the main
reaction on their surfaces.

As for the selectivity between different kinds of CO; reduction products, lots of researchers
had inferred the mechanism based on the theoretical calculation, especially the density
functional theory (DFT) and actual products detection results. Especially Prof. Norskov from
Stanford University and SLAC Lab, Prof. Koper from Leiden University and Prof Jaramillo
from Stanford University have made great contributions to the clarifying of the reaction
pathways and selectivity mechanism.*!?

During the CO; reduction, CO; gas is usually bubbled into the hydrous solution, such as
KHCO; , NaHCOsand KOH solutions, and dissolved.!* We use CO,* to represent the dissolved
COs; in the solution, which is also the initial active specie of CO; reduction. When the catalyst
surface has weak adsorption for CO,* anion radicals, one electron would transfer to CO, and
CO,* radicals would be predominantly formed in a state where the C atom is available for
hydrogenation, leading to the generation of HCOO—,% ' !° or just desorption from the surface,
as shown in Figure 4.3. Zn trends to HCOOH generation. The Zn surface has very weak
adsorption strength for CO," anion radicals; thus, during CO> reduction, CO is converted into
HCOO ™ as the main reaction product. However, due to this weak adsorption strength, proton
reduction (water splitting) competes with CO; reduction in aqueous electrolytes, and the
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selectivity of zinc for CO; reduction is quite low.

There is another pathway for HCOOH generation, on the surface of metals that behave
stronger H+ adsorption, dissolved CO, inserts into the M-H bond and yield HCOOH. The
selectivity for HCOOH generation shown from Rh and Ir might come from this pathway.

1. Free CO, radicals near the catalyst surface.
OH-

2. CO," radicals weakly adsorbed on the catalyst surface.

OH-
o O%'C\EO— H,0+e O\\ /O'
0=C=0 ——> — ¢
H
3. CO,*inserts into the M-H bond
H H 0
| \E4
-C: ;
H*+e Co0,*  o“ o H*+e
— 1/ 1 1 o_[ ——Hcoo

Figure 4.3 The pathways of HCOOH generation.

In contrast, when the catalyst surface has high adsorption strength for the CO,* anion radical,
the radical formed on the metal surface is stabilized by d-electron back donation and would be
subsequently converted to the CO* radical. If the adsorption strength for the CO* radical is
weak, the radical would desorb from the metal surface, resulting in the production of CO.Au is
a typical metal that shows CO selectivity. If the surface adsorption strength for CO* is stronger,
then CO* will to catalyzed into COH* or CHO* species, which convert into CH4 or CH;0H
respectively. In the case of Cu and Cu oxides, although the CO» reduction properties were
previously reported, their adsorption and desorption strength with CO; was so strong that the
CO; radicals can be adsorbed on the Cu surface, causing the generation of CH4 and/or CH30OH.

Also, when the CO* was attached on the surface, there are also possibility of the CO
dimerization, which will lead to the generation of ethylene or ethanol, this will usually happen
under a very high reduction potential.

However, if the surface CO* adsorption is too strong, the surface will be poisoned by
overcovered CO, thus loss activity for CO» reduction. The other reason of the high selectivity
for H» generation shown by Pt is exactly caused by the surface poisoning.
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Figure 4.4 The pathways of CO, CHy; and CH3;0H generaion.

4.2 In-situ FTIR analyses.

According to the literature studies, by combining Cu and Zn at the atomic scale in an alloy,
high selectivity for HCOOH formation and suppression of hydrogen production were achieved.
This proposal is also supported by computational study on the free binding energies of
hydrogen and “COOH of intermetallic alloys including Cu-Zn alloy."

To verify our proposal, in-situ FT-IR analysis was also operated.

The in-situ FT-IR spectra were measured using FTIR6100 (JASCO), the catalytic reaction
was conducted in a gas-flow reactor with a quartz window (S.T. Japan), in which Cu-Zn
nanoparticle-loaded SrTiOs; powders (prepared by vacuum sealing method, details in Chapter
5) were put in a porous ceramic cup. For pre-treatment, pure Ar gas was introduced to the
reactor at the flow rate of 100ml/min at 573K for 1 hour. Heater was only used for pre-treatment.

To simulate the reaction environment during the photocatalytic evaluation, Ar gas or CO»
gas were introduced into the reactor through bubbling of water to flow humid gas during the
analyses. The pH would be a little different, but according to the previous researches, compared
to CO; bubbled 0.1M KHCO; which we used in the photocatalytic evaluation, the CO,
reduction activity in CO; bubbled pure water would be weaker since the concentration of the
active species was lower.'* Thus, the reaction operated in the practical photocatalytic evaluation
would only be stronger than that in the in-situ FTIR analyses below. UV light (Hg-Xe lamp
(240-300nm), LA-410UV, Hayashi Ltd, was used as light source. The Cu nanoparticles loaded
SrTiOs3 was also analyzed as a control group, prepared by chemical reduction method (Appendix
1.2). The schematic illustration of the in-situ FT-IR analysis was shown in Figure 4.5.
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Figure 4.5 The equipment construction of the gas-flow reactor used in the in situ FTIR
analysis.

as shown in Figure 4.6, When the Cu-Zn nanoparticles loaded SrTiO; powders was put in
humid CO» and irradiated by UV light, peak appeared at 1280cm!, but didn’t appear in control
groups and the spectra of Cu SrTiOs;. According to the FT-IR database and previous studies,
this peak assigned to bidentate surface carbonate. This result was consistent with our proposal
of the CO; to HCOOH reaction route discussed above. As for the Cu nanoparticles loaded
SrTiO;3, the presence of monodentate surface carbonate, the initiate of the CO and CHj routes,
was proved by the peak appeared at 1442cm™ These results provide a plausible explanation for
the high selectivity of HCOOH generation of Cu-Zn catalyst.
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Figure 4.6 The FT-IR spectra of a) Cu-Zn nanoparticles loaded SrTiOs; powders and b) Cu
nanoparticles loaded SrTiOz powders, measured in wet CO, atmosphere under UV irrdiation.
Spectra measured in wet CO, without UV irradiation and those in wet Ar under UV
irradiation were used as control group.

4.3 Conclusion

As conclusion, our study proved our proposal that the reaction pathways of CO, reduction
were decided by the surface adsorption strength of CO,* and CO* radicals on the co-catalyst
surface. Weak surface adsorption for CO,* benefits the HCOOH generation. In the present
research, the Cu-Zn alloy promoted the reaction route for HCOOH generation and the adsorbed
species was detected by in-situ FTIR.
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Chapter. 5

The nanoparticlization of the Cu-Zn
alloy

5.1 Introduction

In Chapter 3, CusZng alloy electrode is prepared and proved to be able to catalyze CO»
reduction selectively into HCOOH in electro- or photo-catalytic CO, reduction. However, as a
co-catalyst for photocatalytic CO; reduction, its utilization was limited by its film form and
preparation method.

As we introduced in Session 1.3, a lot of light harvesters are used as dispersed powders, to
utilize in the powder system, the co-catalyst should also be particlized. In the case of Z-Scheme
system, the co-catalyst also should be easily decorated to the surface of the photocathode.
Obviously, nanoparticlization of the co-catalyst will broad its versatility.

On the other hand, the vacuum sealing method used for the Cu-Zn alloy electrode preparation
needed annealing process under high temperature. For many kinds of light harvester, such as
metal chalcogenides, high temperature will destroy their composition or structure, thus make
them inactive. Thus, other kinds of synthesis method which can decorate the co-catalyst onto
the light harvester under moderate condition are hardly desired.

In this chapter, Cu-Zn alloy will be nanoparticlized and coated onto the surface of SrTiO3 by
using vacuum sealing method, and improved chemical co-reduction and ink method. The
properties of the Cu-Zn nanoparticles and Cu-Zn NPs loaded STO will be evaluated. And in-
situ FTIR analysis will be operated to clarify why Cu-Zn alloy can selectively catalyze HCOOH
generation and how did the reaction pathway proceed on the surface of the Cu-Zn alloy.

5.2 Experimental procedures

5.2.1 Preparation of Cu-Zn nanoparticles using vacuum sealing method.

Pure Cu nanoparticles were first deposited onto the surface of the SrTiO; powder to obtain
Cu nanoparticle-loaded SrTiOs powder. An aliquot (2 g) of SrTiOs powder was dispersed in 40
mL of distilled water that contained 5.28 mg of CuCl,-2H,0. This solution was stirred overnight
in an Ar atmosphere and cooled in an ice bath. An adequate amount of NaBH4 solution (> 0.61
mL of 1 M solution) was added to this solution to precipitate Cu nanoparticles. The obtained
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Cu nanoparticle-loaded SrTiOs powder was collected by centrifugation and dried under vacuum
at 80°C for 2 hours. The Cu nanoparticle-loaded SrTiO; powder was then vacuum-sealed in
quartz ampoules with pure Zn grains and heated at elevated temperatures for 2 days to yield the
desired Cu-Zn nanoparticle-loaded SrTiO; powder.

5.2.2 Preparation of Cu-Zn nanoparticles ink using chemical co-

reduction method. (outline)

Intermetallic Cu-Zn nanoparticles were synthesized by chemical co-reduction of metal
precursors using strong reducing agents under anaerobic conditions.!

5.2.3 Photocatalytic CO2-reduction performance tests

A 100 mg aliquot of the prepared Cu-Zn nanoparticle-loaded SrTiO; powder was dispersed
in a CO,-purged 0.1 M KHCOs solution that was contained in an air-tight glass reactor equipped
with a quartz window. The UV light (Hg-Xe lamp (240-300nm), LA-410UV, Hayashi Ltd.) was
used as light source. The gaseous products in the headspace such as CH4, CO, and H» were
quantified with a gas chromatograph (BID, SHIMADZU). The liquid products in the electrolyte
solution such as HCOOH were quantified with an ion chromatograph (SHIMADZU).
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5.3 The Cu-Zn NPs synthesized by vacuum sealing method.

5.3.1 Characterization
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Figure 5.1 TEM graphs of prepared Cu-Zn nanoparticles loaded SrTiOs powder and the
EDX element analysis was operated inside the red circle.

As seen in Figure 5.1, we can confirm that Cu-Zn nanoparticles was successfully loaded on
the surface SrTiO; powder from the TEM image and the EDX element analysis. The Cu-Zn
nanoparticles were approximately 3~5 nm, uniformly distributed.

XRD pattern and XPS spectra were analyzed to the Cu-Zn NPs loaded SrTiO; powder. Since
the loading amount is very low, we can only find a small peak of CusZns from the peaks of
STO. However, peak of pure Zn also appeared. But the spectra of Cu 2p and Zn 2p both shifted
from those of pure Cu and pure Zn, indicating that the Cu-Zn NPs was intermetallic.
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Figure 5.2 The XRD pattern of the prepared Cu-Zn nanoparticles loaded SrTiO;3

powders(5%wt).
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Figure 5.3 The XPS spectra of Culp and Zn2p from the prepared Cu-Zn nanoparticles
loaded SrTiOs powders, pure Cu and pure Zn were used as control groups. Measurement
condition: 10 cycles, 3 repetitions, one step = 0.15 eV, 40 ms.

UV-visible absorption spectra were also analyzed, compared to pure STO, visible light
photons were absorbed due to the metallic Plasmon absorptions. However, this part of
absorption does not contribute to the CO, photoreduction because of the low reductivity. The
UV-vis result also proved that the Cu-Zn NPs were successfully loaded to the surface of STO
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Figure 5.4 The UV-Visible spectra of pure SrTiOs, Cu nanoparticle-loaded SrTiOs, Zn
nanoparticle-loaded SrTiOs, and the Cu-Zn nanoparticles-loaded SrTiO:s.

5.3.2 Photocatalytic evaluation

Under UV irradiation of the Cu-Zn nanoparticle-loaded SrTiO; powder, CO, was mainly
converted to HCOOH, whereas CH4 and CO productions were limited, as shown in Figure 5.5.
A negligible amount of hydrogen was detected in the reactor headspace, indicating that the Cu-
Zn co-catalyst was highly selective for CO» reduction.
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Figure 5.5 Produced amount from the UV light irradiated Cu-Zn NPs loaded STO

powders.

Oxygen production through water oxidation would proceeded by photogenerated holes in
SrTiOs, but oxygen molecules that cannot be ignored already existed in the head space of our
reactor and/or were adsorbed on the surface of the photocatalyst powder as H>O, molecules.*
Therefore, we tried to prove that the water molecule was an electron donor using isotope trace
analysis, as shown in Figure 5.6. When H>'*O was used as the aqueous electrolyte solution,
80, (m/z=36) generation was detected. This result strongly suggests that water molecules
served as the electron donor in our photocatalyst system, which is consistent with
photosynthesis in natural plants. We also analysed the gas-phase products in the headspace
under *CO» (m/z = 45) isotope bubbling with light irradiation. As a result, gas phase *CO (m/z
= 29) was detected, indicating that the extracted electrons from water molecules would be
excited into the conduction band of SrTiOs, and these excited electrons react with CO: to

produce fuel molecules.
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Figure 5.6 Results of an isotope tracing experiment for the Cu-Zn catalyst decorated
SrTiOs, showing that > CO (m/z=29) and 'O (m/z=36) were detected among the reactions
products under UV irradiation when >CO; was used as gas source and H>"*0 was used as

water source.

According to the XPS analysis of the Cu-Zn nanoparticles-loaded SrTiO; powder collected
after the CO» reduction (Figure 5.7), there was no valence change of Cu and Zn during the
reaction, indicating that our catalyst was stable under photon irradiation in aqueous media and
was not oxidized. The TON for the CO> reduction of the particulate system was 11.46, which
is lower than that of the Cu-Zn thin film electrode system from Chapter.3 under the same
experimental conditions. Even though the two materials were prepared using the same vacuum
annealing method, the Zn concentration of the Cu-Zn nanoparticles was higher than that of the
Cu-Zn electrode (Table 5.1). The XRD pattern of Cu-Zn nanoparticles loaded SrTiOs also
proved that pure Zn exists (Figure 5.2). As conclusion, we suspected that by using vacuum
sealing method, Zn vapour would be directly loaded on the surface of SrTiO3 without reacting
with Cu during annealing. The present modification method with Cu-Zn nanoparticles is facile
and applicable to various light harvesting materials to enhance their photocatalytic CO»

reduction activity.
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Figure 5.7 The XPS Cu 2p and Zn 2p spectra of the Cu-Zn nanoparticles loaded SrTiO3,
prepared by vacuum sealing method, before and after the CO; reduction reaction.
Measurement condition: 10 cycles, 3 repetitions, one step=-0.15eV, 40ms.

Table 5.1 The XRF and ICP results of the composition analysis of Cu-Zn nanoparticles
loaded SrTiO; prepared by vacuum sealing method.

Cu /n Ti Sr

X-ray Fluorescence (mass%)

0.54 1.54 22.9 75.1
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Inductively Coupled Plasma (mg in 1.562mg sample)

0.0070 0.0174 0.363 0.670

5.4 The Cu-Zn NPs synthesized by chemical co-reduction

methods. (outline)

Cu-Zn alloy nanoparticles were also prepared by chemical co-reduction method, which can
easily synthesize different kinds of alloy nanoparticles with different compositions. Hard-XPS,
XRD, XRF were used for the characterization of the prepared Cu-Zn alloy NPs.

According to electrochemical evaluation and optimization, the prepared CusZng NPs were
proved to behave high selectivity for HCOOH generation. Further, using an ink method, the
Cu-Zn NPs can be easily loaded onto the surface of light harvester under moderate conditions.
The CusZng NPs loaded SrTiO; successfully converted CO, into HCOOH as main product
under UV irradiation.

5.5 Conclusion

In the present research, we tried to synthesis Cu-Zn nanoparticles and decorated them on the
surface of SrTiO; using 1) vacuum sealing method, 2) chemical co-reduction and ink method.

By using vacuum sealing method, the Cu-Zn alloy nanoparticles was successfully loaded
onto the surface of SrTiOs powder. Under UV irradiation, this system converted CO; into
HCOOH as main product. However, compared to the Cu-Zn electrode, the TON of the reaction
decreased drastically, the element characterization showed that pure Zn nanoparticles also
attached to STO during the annealing. Also, it’s hard to control the Zn concentration by using
vacuum sealing method. Thus, we used chemical co-reduction method as improvement.

Three kinds of Cu-Zn nanoparticles were synthesized by chemical co-reduction, according
to the electrochemical evaluation, the CusZng NPs behaved best CO, reduction catalytic
property. By making the NPs into a fine dispersed ink, the Cu-Zn NPs were easily loaded on
the surface of SrTiO;, even any kinds of light harvesters. Under UV irradiation, HCOOH was
selectively generated and the performance was about 10times than that of vacuum sealing
prepared Cu-Zn NPs.
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Chapter. 6

Visible-light-driven CO>
photoreduction. (outline)

Even though a Cu-Zn NPs co-catalyst was successfully developed and proved to behave
highly activity in the previous chapters, it’s still difficult to achieve visible light driven CO»
reduction because of the cogent requirements for the light harvester system. The light harvester
should provide high conduction band position and deep valence band position to catalyze both
the CO; reduction and water oxidation reactions. Also, it is required to be visible light
responsive to expand the range of absorbed solar energy. However, these two requirements are
very hard to be satisfied simultaneously because of the trade-off relationship between the high
band position and narrow bandgap value.

To solve this problem, a Z-scheme system, which is constructed by visible-light-sensitive
CaFe,;04 (CFO) photocathode and WO; nanotree photoanode, has been developed in the
present chapter. The CFO powder was prepared by solid state reaction', highly crystallize
CFO electrode was prepared by screen printing and high temperature annealing. The WO3
nanotree electrode was prepared by hydrothermal synthesis.* The CFO photocathode and WO;
photoanode were connected by an photoelectrochemical cell, as shown in Figure 6.1.

bias=-0.5V
cathode -I anode
|
WE potentiostat CE, RE
co, N,
" <
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. 3
Light oy CaFe,0, o Light
— O —
OO OOO
:
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Figure 6.1. The construction of photoelectrochemical cell, using Cu-Zn NPs loaded CFO
electrode and WOj3 nanotree electrode.



The bandgap of CFO and WOs were calculated to be 2.5¢V and 2.6 eV, respectively,
according to the UV-vis spectra, Current-potential curves of CFO and WO3 were also analyzed,
according to the current threshold, the position of the conduction band and valence band of the
CFO photocathode and WO; photoanode were calculated. The combination of CFO
photocathode and WOs photoanode was proposed to be able to catalyze CO, reduction,
according to the theoretical band model, as shown in Figure 6.2.
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Figure 6.2 The proposed reaction and band model in H-type photoelectrochemical cell

constructed by CFO and WOj3 electrode.

Under visible light irradiation, H> was mainly detected by the Z-Scheme constructed by pure
CFO photocathode and WO; photoanode with an outer-applied -0.5V over potential. By
decorating the surface of CFO using Cu-Zn NPs, the photocatalytic performance for CO;
reduction increased significantly. HCOOH was generated as main product. The generated
amount of O, roughly equals to half of the reduction product, indicating that water was the
electron donor to produce oxygen.

Compared to the previous researches, this work should be significantly impact in the field of
photocatalysis, because of not only achieving visible light photocatalytic CO» reduction without
sacrificial agents but also showing outstanding selectivity for HCOOH generation. The present
study is the first report to achieve more than 50 % selective CO; reduction under visible light
irradiation through water oxidation. Besides, the light-to-energy conversion efficiency reaches
0.028 %, which is much higher than the previous reports.
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Chapter. 7

Design strategy for highly selective
catalyst

In the present research, we proved the feasibility of highly selective CO, reduction catalyst
design by means of tuning the surface adsorption conditions by alloying. Based on
comprehensive analyses of the in-situ adsorbed species and the final products, we clarified the
reaction pathway of HCOOH generation and successfully developed a CusZns alloy which can
catalyze CO, into HCOOH with high selectivity. We synthesized well-defined CusZns alloy
film and nanoparticles, achieved repeatable and reliable performance in electro-and photo-
catalytic CO» reduction. The present findings can be generally used in various catalytic areas,
to stimulate the researchers on wide variety of co-catalysts design and development not only
for CO, reduction but also other reactions involving multi-electron process.

In this chapter, the contributions of this research will be introduced in details. Based on the
scientific findings of the factors for the high selectivity of the developed Cu-Zn alloy, the
general design strategy for highly selective catalyst will be presented. The outlook about the
future work will also be introduced

7.1 Scientific contribution

7.1.1 the idea of surface adsorption conditions tuning by alloying for

highly selective CO> reduction catalyst design.

In the previous researches of electrocatalytic CO, reduction, a lot of metal co-catalyst was
evaluated and the products were detected in a Carpet bombing way.! Based on their products,
the reaction pathways and the relationship with the metal surface was proposed. Especially in
Prof. Hori’s work, he comprehensively reviewed the products generated from various kinds of
metals and alloys in hydrous or anhydrous electrolyte, and he firstly proposed that the products
selectivity was decided by the adsorption strength for the active species such as -CO,.>?

Since the electrocatalytic and photocatalytic CO, reduction have gain attention again
following with the energy shortage and CO, over-emission from the beginning of 21st century,
numerous researches have focused on the determination of the reaction mechanism, especially
about the products selectivity, both experimentally®® and theoretically®'“.

The experimental analyses were commonly looking for the volcano plots between the surface
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adsorption and the product generation current density. For example, T.F.Jaramillo from
Stanford Uni. published his research demonstrating the electrocatalytic conversion of CO; to
CH4 or CH30H on transition metal surfaces and provided the idea of searching for catalysts
with higher products selectivity by means of tuning adsorbate binding energies appropriately,
such as in the form of transition-metal alloys.
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Figure 7.1 the relationship between the catalytic activity for CO, reduction and the CO
binding strength of several kinds of transition-metals.®

In some previous researches about CO and methanol oxidation, the atomic ensemble effect
of alloying has been well-proved and documented, however, even though there were a lot of
reports using alloy as CO; reduction catalyst, the reaction mechanism and design strategy were
barely studied. Theoretical researches has operated the DFT calculation of the surface binding
or formation energies of the active sites on different kinds of metal or metal alloy, aiming to
the design of high selective catalyst’. For example, J.Rossmeisl calculated the formation
energies of H* and *COOH on various of alloy surfaces, thus found the alloys that can generate
HCOOH and prevent H, generation.
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In the yellow area, the AG for HCOOH is lower than that of H, thus HCOOH generation will
proceed in priority, considering the left shift that caused by the inclusion of solvation effect in
a practical liquid solvent, the alloys near the diagonal should be positive for HCOOH generation
rather than H, generation. Cu-Zn was one of them.

In the photocatalytic CO» reduction area, compared to the mechanism analyses, the final
products amount was paid more attention. While in our research, the high selectivity for
HCOOH generation of Cu-Zn alloy was a reason of the comprehensive study and analyses of
reaction mechanism, based on the idea of surface adsorption conditions tuning by alloying. Our
research provided strong experimental prove for the previous theoretical studies and proved the
scientific feasibility of highly selective CO» reduction catalyst design by means of tuning the
surface adsorption conditions by alloying. We believe that our work can remind the importance
of mechanism understanding in the photocatalytic CO reduction area.

7.1.2 the demonstration and experimental prove of the reaction pathway

from CO; into HCOOH.

Also, our detection of the adsorbed species on the Cu-Zn surface by in-situ FTIR clarified
the reaction pathway for HCOOH generation. The formation of HCOOH can be separated into
two steps:

COx(g) + & +H* — COOH(ad) (1)

COOH(ad) + e- +H+ — HCOOH(aq) (2)

However, the reaction (1) may occur as any of the following sequences:

1. COx(g) —COx(ad)
COs(ad)+e” —COx(ad)

COy(ad)+ H* -COOH(ad)
2. Hf(aq)te  — H(ad)

H(ad)+ CO»(g) —COOH(ad)
3. COx(g) —=COx(ad)
COy(ad)+te" —COy(ad)

CO;y (ad)+ H(ad) »COOH (ad)
4. COx(g) —COx(ad)
COy(ad)+te" —COy(ad)
COy(ad)+ H.O —COOH(ad)+ OH" "°

In our research, the bidentate surface carbonate specie was detected from the Cu-Zn surface,

also, considering that the in-situ FTIR was operated inside of a mixing gas of CO, and H,O
vapor, sequences 4 was proved to be the appropriate reaction pathway of the HCOOH formation.
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Figure 7.3 the in-situ FTIR spectra of the Cu-Zn loaded SrTiOs, the peaks at 1280cm™ was

assigned to bidentate surface carbonate. ¢!

7.1.3. the Cu-Zn alloy was proved to be the active sites of CO> reduction.

A Cu/ZnO alloy oxide material was once used for the hydrogeneration of CO, and CO,
however the controversy about the active sites during the reaction had continued for years.
Many kinds of mechanism model were drawn, because of the different experimental conditions
such as temperature and pressure, the different preparation method and composition of the
catalyst, even the different reactant (CO2/H,, CO/H,, CO./CO/H,). Especially about the effect
of the ZnO, there were Cu-Zn alloy model'®'? and morphology model**#, as shown below.

(a) Cu-Zn alloy model (b) Morphology model

Oxidation

Reduction

Cu-Zn surface alloy

Prof. Nakamura pointed out that Cu-Zn alloy will be generated in the Cu nanoparticles,
no matter of the annealing temperature, because of the mixing of Zn and Cu atoms in the metal
precursor in the beginning of the preparation. And they advocated that the Cu-Zn alloy was
responsible for the CO, hydrogeneration to produce methanol. While Prof. Topsee reported that
the morphology changed of the Cu nanoparticles on the ZnO surface and the supported Cu was
the key feature of the Cu/ZnO system.
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However, in our research, we have proved the activity for CO» reduction of a well-defined
CusZn;s alloy, based on comprehensive evaluation including electrochemical and photocatalytic
evaluation. Thus, we could use our results to support Prof. Nakamura’s view that the Cu-Zn
alloy was the active sites for CO; reduction.

7.2 Engineering contribution (outline)

The achievement of the visible light driven highly selected CO, photoreduction with water
as electron donor, based on robust and economical inorganic component hasn’t been done by
any groups. Compare to the previous reports, our work showed great advantages, especially in
the light-to-energy conversion efficiency and Faradic efficiency. We believe this research will
be a big breakthrough of the photocatalytic CO, reduction field.

7.3 Industry contribution (outline)

In the present research, a Cu-Zn alloy nanoparticles co-catalyst which can convert CO; into
HCOOH with high selectivity was developed. By using ink method, the Cu-Zn NPs can be
decorated to most kinds of light harvesters under moderate conditions. The general utilization
and industry application was expected.

7.4 Outlook (outline)

In the future, the performance of the Cu-Zn NPs and the CFO/WO3 system will be improved.
Deeper analyses about the reaction sites and the atomic ensemble model on the Cu-Zn alloy
can be studied theoretically and experimentally.

7.5 General design strategy for highly selective catalyst

The optimization of the surface adsorption condition is important for catalyst design. To

change the surface adsorption condition for the active species, several ideas are provided.

1. as the main strategy of the present research, developing intermetallic catalyst by
combining two different kinds of metal at atomic level can build the appropriate
condition for the selected reaction. Not only for CO, reduction, this idea can be used for
many kinds of catalytic reaction area. For example, Ni-Ti intermetallic is proposed to be
a good catalyst for CO oxidation since the CO can be adsorbed and activated after the
strong adsorption from Ni was neutralized by the weak adsorption from Ti.
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2. oxidation of the pure metal can change the selectivity, because the local potential of the
active metal atom will be changed, thus the adsorption strength and posture of the
adsorbed CO»* and CO* will be different. For example, Cu has been known as a typical
catalyst for CH4 and CH30OH generation, but the Cu,O nanocluster mainly converted CO»
into CO in Chapter 2. As seen below, for pure Cu, it catalyzes route B because the
adsorption strength for CO* is strong, but when the Cu atom was surrounding with O
atoms, the binding energy of Cu=C will be decreased, thus CO* desorb from Cu and CO
was generated.

stop
5 OH- o c/,
O\C/O H,0 O:;.C/OH H* +e— |(: A
0=c=0 ——> — _— > ¢
° H
O/

-y H 0 | -
3(H* +e \ix 5(H* +e
CH,OH Q ’ or E (___)> CH,

* A. Weak CO radical adsorption strength
B. Strong CO radical adsorption strength.
C. the CO radical adsorption strength is too strong

Figure 7.4 The pathways of CO, CH4 and CH30H generaion.
Many kinds of catalyst can be inspired by this idea, for example, Ni is not effective for
CO; reduction because the high CO* adsorption strength poisoned the surface. Through
oxidation, the CO* adsorption can be weakened, thus it’s possible for NiO to catalyze
CO; into CO or CH4. For many kinds of metal that is difficult to be oxidized, such as Au,
mixing with other kinds of metal oxide can help them to adjust the adsorption condition
for the CO,* and CO¥*.
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Chapter 8

Summary

The research about photocatalytic CO; reduction has been paid more and more attention
owing to its advantage of decreasing CO» using renewable energies and converting to organic
molecules directly. Commonly the photocatalytic CO- reduction is achieved by the combination
of light harvester and co-catalyst. The light harvester adsorbs solar energy and provide
photoexcited electrons and holes, while the co-catalyst provides reaction sites, improves the
reaction activity and the product selectivity.

This thesis reports the development of the co-catalyst of photocatalytic CO, reduction. Two
kinds of co-catalysts, the CuxO nanoclusters and the Cu-Zn alloy (electrodes and nanoparticles)
were developed. By using Cu-Zn alloy, highly selective HCOOH generation from CO;
reduction was achieved, following with the discussion on the reaction pathways of CO»
reduction. Further, by combining the Cu-Zn alloy co-catalyst with a Z-Scheme system, we
achieved photocatalytic CO, into HCOOH under visible light irradiation, which will be the first
report about highly selective CO, reduction under visible light without sacrificial agent based
on robust and inorganic materials in this area. The content of each chapter is summarized below.

/Chapter 2 ) Chapter 3and5 Chapter 6

Co-catalyst Higher selectivity and activity
Cu,O Cu-Zn alloy Cu-Zn alloy
nanoclusters electrode and NPs
NPs
Lighter More challenging Goal
harvetster | NP3Og SrTiO, CaFe,0,/WO,
nanosheets (for photocatalytic Z-Scheme
evaluation)
Products CcO HCOOH
Publication | ACS nano, J. Mater. Chem A, To be
2014 2017 submitted
Evaluation system
building Chapter 4 Chapter 7
— Mechanism Contribution

Chapter 1 is the introduction about photocatalytic CO, reduction. The mechanism was
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explained and the difficulties were also introduced based on the introduction of previous
researches. The objective and research strategy of this research was clarified, answering to the
difficulties. Based on the effect and research status of the co-catalyst and light harvester, I found
that the development of co-catalyst is highly needed, thus our research was decided to focus on
the development of highly selective and robust co-catalyst.

Chapter 2 describes the development and evaluation of a CuxO nanocluster co-catalyst. The
CuxO nanocluster was successfully prepared by impregnation method and it showed good
catalytic properties for CO- reduction during electrochemical evaluation. A Nb3Og nanosheet
material was developed as the light harvester during photocatalytic evaluation. The CuxO
nanocluster grafted Nb;Og nanosheets converted CO- into CO under UV irradiation. To clarify
the electron transfer and element sources during the photocatalytic reaction, isotope trace
experiments and electron spin resonance (ESR) analyses were operated. The results of isotope
experiment confirmed that the produced CO was generated from CO, reduction, and in the
oxidation side, water was the electron donor and oxidized into O». Based on this chapter, the
comprehensive evaluation system and experimental setup have been established for subsequent
chapters. This research was published in ACS Nano, the content can be briefly summarized by
Figure 8.1.

UV light

Nb;Og Nanosheets

Figure 8.1 The illustration of the developed Cu.O nanocluster grafted Nb;Os nanosheets,
converting CO; into CO under UV irradiation.

To improve the activity and selectivity, in Chapter 3, a Cu-Zn alloy electrode has been
developed. It was prepared by vacuum sealing method and the composition was characterized
as CusZns intermetallic. The electrochemical evaluation proved that the Cu-Zn electrode could
convert CO, into HCOOH with Faradic efficiency of 79%. When the Cu-Zn electrode was used
as the cathode in a photoelectrochemical cell and SrTiOs (STO) electrode was used as
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photoanode and irradiated by UV light, CO, was reduced into HCOOH in the cathodic side
without any bias-potential application. The Faradic efficiency for HCOOH generation was over
70% and the turnover number (TON) for CO; reduction was as high as 1458. That means high
selectivity and activity was owned by Cu-Zn alloy electrode.

Figure 8.2 the illustration showing that Cu-Zn alloy catalyst catalyzing CO; into HCOOH.

To understand the reason for the high selectivity of the Cu-Zn alloy, the reaction mechanism
was studied in Chapter 4. Literature researches about the reaction pathways and their
relationship with the co-catalyst surface condition were reviewed. In-situ FTIR analysis was
operated to the Cu-Zn NPs loaded STO powder in humid CO, atmosphere, by comparing the
spectra under humid Ar atmosphere. Consequently, we found the active species of HCOOH
generation on the surface of Cu-Zn alloy. In particular, the bidentate carbonate specie was
detected on the surface of Cu-Zn/STO, whereas monodentate carbonate was appeared on the
surface of Cu/STO sample. These results strongly supported that the CO, was reduced to
HCOOH through weakly adsorbed bidentate species on the surface of Cu-Zn cocatalyst. In this
chapter I presented the strategy to achieve highly selective co-catalyst design, based on tuning
the surface adsorption strength for the active species during the reaction pathway. The content
of Chapter 3 and Chapter 4, the Cu-Zn NPs prepared by vacuum sealing method and the
mechanism analyses in Chapter 5 were published in Journal of Materials Chemistry A and
chosen to be the front cover with greatest honor.

Chapter 5 describes the nanoparticulation of Cu-Zn alloy and demonstrates its versatility for
coating on light harvesting semiconductor. Two methods were tried, i. e. vacuum sealing and
chemical co-reduction methods. In the case of vacuum sealing, the Cu-Zn alloy NPs were
successfully coated onto the surface of STO, but the catalytic performance was decreased by
the extra pure Zn NPs which loaded onto the STO surface. Chemical co-reduction method was
then managed. This method can easily synthesize different kinds of alloy nanoparticles with
different compositions. CusZng NPs were successfully synthesized and their catalytic properties
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were reconfirmed by electrochemical evaluation. Using an ink method, the Cu-Zn NPs can be
easily loaded onto the surface of light harvester under moderate conditions, thus the versatility
of the Cu-Zn alloy co-catalyst was highly improved. The photocatalytic performance of
converting CO, into HCOOH with high selectivity was also confirmed.

In Chapter 6, we used the developed Cu-Zn NPs as co-catalyst and achieved photocatalytic
CO; reduction under visible light irradiation. A Z-Scheme system using CaFe,O4 (CFO) as
photocathode and WO; nanotrees as photoanode were enabled. By decorating the surface of
CFO using Cu-Zn NPs, the photocatalytic performance for CO; reduction increased
significantly. HCOOH was generated as main product and water was confirmed to be the
electron donor during the reaction.

Compared to the previous researches, this work reveals significant performance for not only
achieving visible light photocatalytic CO, reduction without sacrificial agents, but also showing
outstanding selectivity for HCOOH generation. I would like to emphasize that this work is the
first report to achieve more than 50% selective CO» reduction under visible light irradiation
through water oxidation on the basis of robust inorganic materials. Besides, the light-to-energy
conversion efficiency reached 0.028%, which is much higher than the previous outstanding
reports (c. f. J. Am. Chem. Soc. 138, 14152, 2017).
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Figure 8.3 the illustration of the visible-light-driven CO: reduction achieved by Cu-Zn NPs
decorated CFO/WQj3 system

Chapter 7 describes the scientific, engineering and industrial contribution of this research to
broad readers in the field of chemistry and materials science, also the future works are explained
in this chapter.

At last, Chapter 8 summarizes this research.
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Appendix

The preparation and evaluation of Zn-
and Sn-based alloys.

Al.1 Background.

For electrocatalytic CO» reduction, the development of CO; electroreduction catalysts is
important, they also play an important role in photocatalytic CO, reduction as co-catalyst. In
the previous researches, various metal electrodes were evaluated for electrocatalytic CO»
reduction.'”® For example, Azuma et.al, summarized the distribution of the metal catalysts of
electrocatalytic water and CO; reduction and their products, as shown in Figure Al.1. As we
can see, the metals behaving CO, reduction property concentrated in the red area, in which
copper, silver and gold behave best performance thus using them as catalysts already became a
common sense in this field. The metal nanoparticles which is environmental abundant and
easily synthesised such as copper,*!* silver, %16 gold!”!® and stannic oxide'” or tin?® has already
accumulated lots of results in both photocatalytic or electrocatalytic CO» reduction application.
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Figure Al.1 Periodic table showing the electrocatalytic CO; reduction products at ambient

operation conditions.

99



Despite the advances in this field, at present only few studies have exploited the wide range
of possibilities that binary combinations of metals offer as cocatalysts in photocatalytic CO»
reduction. Recently, some kinds of intermetallic material of these metal elements were also
developed as the CO, reduction catalysts, such as Cu-Au.?'** Continuing with this approaching,
we were trying to develop more intermetallic materials combining by the already-known metal
elements.

During the internship, I was under Professor Hideki Abe’s advice. It’s great opportunity
because Prof. Abe is a specialist in the area of both intermetallic and catalysis. His group
already got lots of achievements such as catalytic CO by using Pt;Ti nanoparticles * and
photocatalytic water splitting by using Snz04.2

In principle, the metal elements we chose must respect the element strategy, which
means they should be environmental friendly and abundant, thus element such as Cd,
Hg, As, Ga, In, Tl et,al should not be considered as the candidates. Also, to get high
originality, most of the combination with copper such as Cu-Au and Cu-Ni should be
avoided. At last, to use the experimental procedure which will be introduced in the
second session, metal elements with low melting point are needed. According to the
above reasons, we chose Zn and Sn combining with Cu, Ni, Ag and Au as the research
objects.

A1l.2 Experimental and Evaluation

A1.2.1 The synthesis of metal nanoparticles.

To prepare the Zn-X and Sn-X (X=Cu, Ni, Ag, Au) intermetallic electrodes, the X metal
nanoparticles grafted electrodes were prepared. Then the further treatments to synthesis
intermetallic electrodes were operated by Zn vapour and Sn vapour, which will be introduced
in the second part.

Titanium metal sheets were used as the electrode substrate because it’s not active for
electrocatalytic CO, reduction.’! Ti sheets (0.1x200x200 mm; Nirako Corp.) were cleaned by
ultrasonication sequentially in non-phosphate detergent, distilled water (3 times), and ethanol,
and were then immediately dried using a nitrogen gas gun.

In the beginning of the internship, Cu metal nanoparticles was synthesized by chemical
reduction methods as the first try. Sodium borohydride was used as the reduction agent.* CuCl,
*2H,0 (170.5mg) was dissolved in SmL H»O, and the Ti sheets was put in the solution for one
night to get infiltrated. The glass bottle containing the mixture was put in the ice bath to slow
the reaction speed before adding a freshly made NaBH4 solution (317.4mg in 3mL H,O) drop
by drop. The Ti sheet was taken out from the bottle till the color of the solution and the surface
of the Ti sheet didn’t change any more. Then the Ti sheet was washed by distilled water and
dried under Ar gas flux.

However, the Cu nanoparticles in the surface of Ti sheets was not uniform and the synthesis
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procedure was time-costy. In the later experiments, the X metal nanoparticles were produced
by sputtering. The thickness of the coating is about 50nm. The electrodes was shown in Figure
A2.1 (a).

pure Cu pure Mi pure Ag pure Au
on Ti onTi onTi on Ti

Zn-Cu Zn-Mi In-Ag
on Ti on Ti on Ti on Ti

Figure A 2.1 the prepared electrodes

A1.2.2 Vacuum sealing.

The Zn or Sn coating of X metal nanoparticles coated Ti sheets in Zn or Sn vapour was
achieved by a method called vacuum sealing.

A silica glass tube was heated by hydrogen flame evenly while rotating. The heated part
shrunk and shrunk till it was cut. The cut end was heated to get finely rounded and that how we
got a silica burette. Then pure Zn metal beads and X metal nanoparticles coated Ti sheets were
put into the burette, separated by a silica wool, as the Figure A2.2 shows. Then the open side
of this burette was heated until a slim neck with a little hole through and connected to a vacuum
pump, vacuuming for 30 minutes. At last the neck was cut by hydrogen flame while vacuuming
and a vacuum sealed silica tube with pure Zn and X metal nanoparticles inside was produced.
The photo of the electrodes was shown in Figure A2.1(b).
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Figure A2.2 the vacuum sealed silica glass tube with pure Zn beads and Cu/Ti electrodes
inside.

At last the silica tube was put in the oven and heated to 500°C over a 30 minutes period, and
was then held at 500°C for 30 minutes.

To get a different composition, silica tubes heated under 400°C were also prepared. The
synthesis of Sn-X electrodes was operated in a similar way and the tube was heated under
300°C and 400°C at last.

A1.2.3 Evaluation.

The eletrocatalytic properties of the intermetallic electrodes were evaluated by
electrochemical methods. A sealed electrochemical cell was constituted, as shown in Figure 2.3,
the evaluated electrodes were used as working electrodes and a platinum sheet was used as
counter electrode. The reference was Ag/AgCl electrode and 0.1M KHCOj; solution was used
as electrolyte. Ar gas was purged into the electrolyte for 15 minutes to make a non-CO;
atmosphere and the surface of the electrodes was cleaned by applying a bias-potential (CV, -
1.8V~0.1V vs. Ag/AgCl, 10 cycles). Then the LSV (-0.1V~-1.8V vs. Ag/AgCl, 2 times) curve
was measured in Ar atmosphere. CO; was purged into the electrolyte for 30 minutes then to
produce a CO;-satisfied environment and the LSV curve was also measured. The
electrocatalytic properties of the electrodes was evaluated by comparing the difference between
the LSV curves under Ar and CO, atmosphere.

The composition of the electrode was detected by Hard X-Ray photoemission spectrum (HX-
PES), X-Ray diffraction (XRD) and X-Ray Fluorescence (XRF).

The products in the headspace of the electrochemical cell was also detected by Gas
Chromatograph (flame ionization detector (FID) equipped with a methanizer apparatus).
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Figure A2.3 the electrochemical cell used for electrocatalytic evaluation.

A1.3 Results and Discussion

A1.3.1 Zn-X intermetallic electrodes.

3.1.1 Zn-Cu intermetallic (As introduced in Chapter3 in details, omitted here)

3.1.2 Zn-Ni intermetallic

The LSV curves of the Zn-Ni intermetallic electrodes were shown in Figure A3.5. From
those results, we speculate that Ni electrodes behave good electrocatalytic property for water
splitting rather than CO; reduction, and the adding of Zn improved its ability for both water
and CO; reduction, however, without products analysis, we cannot confirm which one own
higher competitive force. The composition of the Zn-Ni electrodes before and after reaction
was listed in Table A3.2.
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Figure A3.5 the LSV curves of (a) pure Ni sputtered Ti sheets, (b) pure Zn coated Ti sheets,
(¢) Zn-Ni intermetallic coated Ti sheets annealed under 400 <C, (d) Zn-Ni intermetallic coated
Ti sheets annealed under 500 T in Ar or CO; atmosphere, respectively.

Table A3.2 The composition of prepared Zn-Ni intermetallic electrodes before and after

reaction.
Zn concentration (wt%) NiZn 400 NiZn 500
Before 7 88
After 4 86
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3.1.3 Zn-Ag and Zn-Au intermetallic

From the results of the electrochemical evaluation, as shown in Figure A3.6, after adding Zn,

the onset potential became higher than that of pure Ag. The current difference also didn’t show

much change, which indicated that the adding of Zn do not lead to any improvement.

Pure Au is a good electrochemical CO; reduction catalyst, which is also proved by the

electrochemical evaluation results. However, the Zn-Au intermetallic electrodes didn’t behave

better performance.

The composition of the Zn-Ag electrodes was listed in Table A3.3, the composition detection

of Zn-Au failed because in XRF spectra the AuM peak and ZnL peak is too near to separate.

Table 3.3 The composition of prepared Zn-Ag intermetallic electrodes before and after

reaction.
Zn concentration (wt%) AgZn 400 AgZn 500
Before 1 40
After 1 40
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Figure A3.5 the LSV curves of (a) pure Ag sputtered Ti sheets, (b) pure Zn coated Ti sheets,
(c) Zn-Ag intermetallic coated Ti sheets annealed under 400 <C, (d) Zn-Ag intermetallic
coated Ti sheets annealed under 500 C, () pure Ag sputtered Ti sheets, (f) Zn-Au
intermetallic coated Ti sheets annealed under 500 T in Ar or CO; atmosphere, respectively.

3.1.4 Section Summary
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According to the electrochemical evaluation, when combining with zinc, the electrocatalytic
CO; reduction performance of copper and nickel improved, but no significant change for silver
and gold. The reason might be explained by the CO binding energy, which is found to be an
important factor for the reduction of CO, in lots of researches.” ?"*® As we can see in Figure
A3.6, metals that have strong CO binding strength such as Pt, Ni and Cu are easily poisoned
by CO or other intermediates thus hydrogen evolution behave more favorable than CO»
reduction. On the other hand, metals that have weak CO binding strength such as Zn and Ag
produce carbon monoxide during the reaction since CO(g) is easily to desorbed from the surface
so the further reduction becomes difficult to happen. Thus gold behave highest current density
for CO; reduction among these transition metals. This figure can also explain why the
combination of Cu-Zn and Ni-Zn behaved better performance while Au-Zn and Ag-Zn didn’t.
Besides, the selectivity for each kinds of CO, reduction products also changes after
combination, thus detailed products analyses are needed in the future work.
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Figure A3.6 the volcano plots of particle current density for CO; reduction at -0.8V (vs.
RHE) vs CO binding strength.

A3.2 Sn-X intermetallic electrodes.

3.1.5 Sn-Cu, Sn-Ni and Sn-Ag intermetallic

According to the electrochemical evaluation results, the performance of pure Sn is not
satisfying, but we cannot judge it as an noneffective catalyst for CO, reduction without the
products detection.
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Figure A3.7 the LSV curves of (a) pure Sn sputtered Ti sheets, (b) pure Cu coated Ti sheets,
(c) Sn-Cu intermetallic coated Ti sheets annealed under 300 C, (d) pure Ni coated Ti sheets,
(e) Sn-Ni intermetallic coated Ti sheets annealed under 300 C, (f) pure Ag coated Ti sheets,

(g) Sn-Ag intermetallic coated Ti sheets annealed under 300 <C in Ar or CO; atmosphere,

respectively.

Table A3.4 the composition of the Sn-Cu, Sn-Ni and Sn-Ag electrodes.

Sn concentration (wt%) CuSn 300 NiSn 300 AgSn300
Before 33 86 5
After 22 92 15

Also the intermetallic electrodes of Sn-Cu, Sn-Ni and Sn-Ag (annealing at 300°C)
didn’t show obvious performance of CO: reduction (shown in Figure 3.7). The
composition of these electrodes was shown in Table A3.4.

3.1.6 Sn-Au intermetallic

Different with the other Sn-X intermetallic electrodes, the Sn-Au showed outstanding

property for electrocatalytic CO, reduction. As shown in Figure 3.8. The current density tripled

those of pure Au and pure Sn and the onset potential also shifted from -1.0V to -0.8V vs.
Ag/AgCl. This is the first time that Sn-Au has found to be an effective electrochemical CO»

redution catalyst, which is worth for deeper research.
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Figure A3.7 the LSV curves of (a) pure Au sputtered Ti sheets, (b) pure Sn coated Ti sheets,
(c) Sn-Au intermetallic coated Ti sheets annealed under 400 C in Ar or CO; atmosphere,

respectively.

3.1.7 Section Summary

I expected to explain the improvement of Au-Sn by the similar theory with Zn-Cu, however,
the CO binding energy of Sn was barely researched. However, according to the bonding
adsorption strength of intermediate metal-hydrogen (M-H) bond formed during the electrode
reaction,?® the combination of Sn and Au indeed locates in an appropriate area which avoids
the evolution of hydrogen and favors the CO, reduction. The lack of research also indicated
that this result possess high originality.

Al.4 Conclusion

Combining with zinc improved the electrocatalytic properties of copper and nickel,
especially the copper-zinc intermetallics behave good CO. reduction property, carbon
monoxide and methane were detected from the gas phase. But improvement was not observed
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on silver and gold.

Intermetallic of tin and gold behave good electrocatalytic CO» reduction property, however
the other intermetallics of tin with copper, nickel and silver didn’t show good performance, but
after the composition optimization, they still have potential working as the electrocatalytic CO,
reduction catalysts.

Both the Zn-Cu and the Sn-Au intermetallic electrodes have high originality as catalyst in
the field of electrocatalytic CO» redution.
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