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Section 1. Introduction of Organic compound photocatalytic

degradation






1.1 Background

It was reported that 71% earth surface is water. However, only 2.5% of earth water
is fresh water. Among them, only 0.007% of earth water is accessible.l' Nowadays, 1.1
billion people all of the world are living in the condition with shortage and unclean
water. [2] Thus, the fresh water is become a kind of scarce resource, which is necessary
for agriculture, industrial production and people's daily life. Besides, people spend
about 80% of their time indoors in daily life.’] The indoor pollutants come from
cooking, secondhand smoke, cleaning, consumer products, home furnishings and
building materials and so on, affects indoor air quality and has a vital impact on people's
health.[*”] The organic compounds contained in the waste water and air, is thought to
be the main reason causing many diseases, such as cancer, respiratory disease, sick
building syndrome and so on. 19 Generally speaking, the organic pollutants from
the waste and air pollutants, are a huge potential threat to people's health. The problem
of organic pollutants is becoming more and more serious for our society. It is necessary
to develop some new technologies for removing the organic compounds.

Many methods were tried to solve these organic compounds. The specific process
flow is divided into destructive and non-destructive treatment of organic pollutants.
Among non-destructive VOCs removal pathway, adsorption, absorption, condensation
and membrane separation were extensively explored and reported.!'!"!4 (1) Adsorption
is a traditional and mature technique used for separation of high-level concentration
organic compounds in mixed phases. Many materials, such as graphene, activated

15-18] Benefit from low-

carbon, mesoporous silica materials and so on, were developed!
cost, high-efficiency and et al, the method of adsorption is now widely used in our daily
life. However, the problem, which come comes with subsequent treatment of waste
adsorbent materials and high maintenance cost., will be produced as well. (2)
Condensation can convert VOCs into liquids at lower temperatures or higher pressures,

allowing for the recovery of volatile organic compounds in large quantities!!”l. However,

only valuable VOCs are usually considered to be treated at high concentrations due to



the high cost of condensation treatment. At the same time, the disposal of waste coolant
during the condensation process is also another problem. U% 291 (3) Membrane
separation technology is one of the emerging VOCs removal technologies. However,
the high cost, poor stability, and low flux of membranes hinder their wide industrial
application?!l. (4) As a kind of destructive treatment of organic pollutants catalytic
oxidation technology with thermal treatment can catalytic-thermally decompose the
organic compounds to CO2 and H>O and is another effective method for organic
compounds removal. For example, formaldehyde reacts with oxygen (O2) over noble
metals producing CO, and H>O vapor.[?2 However, since the catalytic reaction needs
to be carried out at high temperature, the energy consumption of catalytic degradation
of organic compounds is a big problem. (5) For the plasma catalytic method, the
molecules, particles, atoms and free radicals are excited to have high chemical activities
for the decomposition of VOCs, but the reactions are difficult to control in normal

23,241 (6) Some novel methods such

conditions and the reaction rates are usually slow.!
as absorption bio-degradation were developed to solve the problem as well. They still
exist some disadvantages, for example production of secondary pollution, high post-
processing costs and so on.[?>) Currently this technique is not widely applied for the
indoor air cleaning. As a result, alternative, cost effective technologies are in high
demand.

Photocatalysis method for organic compounds removal should be a promising
method. It can use free and clean solar energy for promoting the photocatalytic reaction.
In the photocatalytic process, the excitation of a semiconductor material (for example,
TiOz) by photo-irradiation with energy equal to or higher than the semiconductor's band
gap (for TiO,, the energy of light should be above 3.2 eV) induces the electrons

transferring from valence to the conduction band. So as to form the electron-hole pairs.

26,271 The excited electrons can reduce dissolved oxygen to generate superoxide radical

ions *O»-, which are also another kind of oxidative species. And it can further react

with H>O to form ¢OH radical. In addition, the formed holes are strong oxidants, which



can oxidize the adsorbed H,O into ¢OH radical. The <OH radical is a powerful, non-

selective chemical oxidant and thought to be the main active group for organic
compounds photocatalytic degradation through radical addition, hydrogen extraction,
electron transfer, and radical binding.

Many materials such as TiO2, C3N4, WO3, SnO> and BiVOy4, has been developed for
photocatalytic degradation of organic compounds.?®3!1 However, it also has many
problems. Limited by the narrow light absorption range and the fast carrier
recombination rate of photocatalysts, the photocatalytic activity and efficiency is not
very high, which is not good for wide use.

In this section, we summarize the modification methods on TiO; for improving the
light absorbance range and promote the charge separation, including self-doping,
elements doping, metal grafting, noble metal modification, dye-sensitization and
heterojunction. As a result, the organic compounds can be efficiently removed over

TiO; after modification.

1.2 Principle of organic compounds degradation

The mechanism of organic compounds degradation in the condition of Oz atmosphere
is shown in the Fig. 1-1.21 Under photoirradiation, electrons are excited from valence
band to the conduction band of photocatalyst. A hole (h™), which is a kind of strong
oxidizing agent, is left in the latter.[>* 34 Therefore, electron and hole pairs (e7/h*) are
generated. These pairs can be generated in femtoseconds (fs). Subsequently,
photoexcited carriers can be trapped in picoseconds (ps) (shallow wells) or nanoseconds
(ns) (deep wells). Holes and electrons can recombine in tens of nanoseconds.!3>-37]

During the period of electron excitation, a O2 molecule captures one electron to form

superoxide radical (*O2-). At the same time, a H>,O molecule is oxidized by

photoproduced holes to form hydroxyl radical (¢«OH). It is well known that ¢O»- and

OH radical has strong oxidation ability and can directly oxidize organic compounds to

be H,0, CO» and some other by-products.*®]
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Fig. 1-1 Basic principle of photocatalytic degradation for removal of VOCs.

Organic compounds reforming should be an economic method for organic
compounds removing. By this reaction, some complex, uncollectible and useless
organic compounds can be reformed to single, enriched and useful energy components,
such as methane, ethane and so on. The mechanism of organic compounds
photocatalytic transformation is shown in the Fig. 1-2.5% Under light irradiation,
positive holes and electrons are generated in the VB and CB of TiO; as presented in
Equation (1). These holes can either form hydroxyl radicals (Equation (2)) and then
oxidize organic compounds to oxidation products (R* radcal) (Equation (5)). Besides,

the holes can also react directly with organic molecules to form oxidation products (R*

radcal) (Equation (4)). The electrons can reduce H" to ¢H radical. Finally, the produced

H* and R* combine with each other to form reforming products (Equations (6)-(7)).14]

hv + Ti0, — h}, + e;p e))
H304psorbea + My > HY + OH* (2)

H* + e,z - H’ 3

Organic compounds + h}, - Oxidation products (R*) “)
Organic compounds + OH® — Oxidation products (R") Q)]
H'+H - H, 6)
Oxidation products (R*) + H*(or R*) —» Reforming products @)
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Fig. 1-2 Mechanism of organic compounds photocatalytic reforming.

1.3 Modification of TiO;

TiO; is a non-toxic, accessible, shape-controlled and relatively cheap photocatalyst.
TiO; exists in three crystalline structures: anatase, rutile and brookite phases and has
been widely used in the field of photocatalytic decomposition of organic pollutants.

For anatase and brookite TiO2, the minimum band gap energy required for exciting
electrons from VB to CB is about 3.2 eV, corresponding to the absorption of a 380 nm
wavelength photon. Therefore, TiO2 photoactivation occurs in A <380 nm, near the UV
region. For rutile TiO», the band gap is about 3.0 eV, corresponding to the absorbance

of 400 nm light (visible light).

Zhang et al. investigated the mechanism of ¢OH radical generation in anatase and

rutile photocatalysts using two different probe molecules (coumarin and coumarin-3-
carboxylic acid).[*!) As shown in the Fig. 1-3, on the surface of anatase, photoproduced
holes are trapped at the surface oxygen of TiO; to form the group of Ti-Oe, a
deprotonated form of *OH.[*?l After combining with H>O, a *OH radical is released.

Then the Ti-O structure returns to its original state. Compared with anatase TiO, rutile
TiO; produced fewer ¢OH radicals (Fig. 1-3B). For rutile type TiO», the stability of

surface trapped holes may be different due to the tighter crystal structure than anatase

type. As can be seen in the Fig. 3B, on the surface of rutile TiO», the bridging oxygen,



peroxide Ti (Ti-O-O-Ti), formed by the combination of two trapped holes acts as a
catalyst to generate *OH radicals from water.[*3] The formation of bridging oxygen

decrease the amount of active site on the surface of TiO; and thus inhibits the formation

of *OH radical. Generally speaking, *OH radicals were provided to play a key role in

the photocatalytic decomposition of VOCs. Compared with anatase TiO, the poor

generation ability of OH radicals for rutile TiO> limits its application in photocatalytic

VOCs degradation.
(A) Anatase TiO,

£

Hm fom
Hole attack Trapping holes Release Original

(B) Rutile TiO,

£

%
Hole attack Forming Ti-O-O-Ti Hole attack Release

Fig. 1-3 Scheme showing the mechanism of OH radical production with (A) anatase
and (B) rutile.

Recombination of photogenerated charge carriers will shorten the lifetime of
photogenerated electrons and holes and reduce the overall quantum efficiency, which
thus is the major limitation in the usage of semiconductor photocatalysis.[**! When
recombination occurs, the short lifetime of photoproduced electrons and holes means
there is no enough time for oxidation and reduction reaction. Most photocatalytic
studies have focused on the anatase and rutile phases of TiO2 due to their relatively high
thermal stability and ease of preparation.[*> “] However, according to the research of A.

Yamakata et al, brookite TiO> powders have moderate depth of the electron-trap that

8



can promote both of photocatalytic oxidations and reductions.!*”! As can be seen in Fig.
1-4, theoretically, electron trapping at powder defects reduces electron reactivity but
delays electron-hole pair recombination, thereby extending the lifetime of holes. The
depth on rutile is too deep for electron-induced reduction, and the depth on anatase is
too shallow to prolong the lifetime of the holes. For brookite TiOz, electrons are trapped
at moderate depths, which can effectively promote photocatalytic reduction and
oxidation. Although brookite TiO> is not as commonly used as that of anatase or rutile
TiO2 owing to its metastability, brookite TiO> has shown high photocatalytic activities
for the degradation of various recalcitrant pollutants.[*”- 4 W.-K. Li et al. found the
exposed {210} facet of brookite TiO; is more reactive than the {101} facet of anatase
TiO,, which is thus beneficial for improving photocatalytic reactions.[*’! Brookite TiO»
also showed higher surface affinity for O, adsorption than anatase TiO: in oxygen

[50

reduction reaction to produce H»0,% Moreover, brookite TiO, was demonstrated to

oxidize propanone to COz and H>O much faster than anatase TiO. Brookite TiO> also
exhibited higher areal photocatalytic activity for RhB degradation than rutile TiO; and

52]

anatase TiO,.[%! These observations suggest brookite TiO, is a promising

photoconversion material for solving environmental issues.

Anatase Brookite
Q’ >>ms Rutile e, - ps
|§'——| € - = Moderate
e
reactive

Too shallow 5
reactive

h+

reactive

h+

reactive

Fig. 1-4 Band energy of electron-trapping level in anatase, rutile and brookite.
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1.3.1 Adjusting light adsorption

Due to the wide band gap of TiO», it can only be irradiated by ultraviolet light. It
is well known that the intensity of visible light accounts for the largest proportion of
total solar energy (as shown in the Fig. 1-5). Ultraviolet light makes up only a fraction
of sunlight.>3) As mentioned above, although rutile TiO, can utilize some visible light,
the poor ability to produce *OH radicals result in weaker photocatalytic activity of
organic pollutants degradation compared with anatase and brookite TiO>. However, due
to the wide energy bands of anatase TiO2 and brookiteTiO> (about 3.2 eV), these two
photocatalysts can only absorb ultraviolet light. Therefore, it is necessary to modify

TiO: to enhance its photocatalytic activity under visible light.

2100
1EOD QUTSIDE ATMOSPHERE
1500
1200
G0
600

300

SPECTRAL IRRADIANCE (Wm~pum)

200 500 1000 1500 2000 2500

WAVELENGTH (nm)

Fig. 1-5 the spectral irradiance of solar light.

1.3.1.1 Self-doping

Surface structure engineering has proven to be a promising strategy to modulate
the photocatalytic properties. Without inducing other kinds of elements, oxygen
vacancies (or Ti*" defects) created by surface defect engineering is thought to be a
promising method to extend the absorbance of TiO> from the UV to the visible region,
leading to a high visible light catalytic activity.

A black TiO, an oxygen vacancy-rich TiO2, was prepared by H> heat-treatment

reduction method by Chen et al in 2011.54 It has good visible light absorption

10



properties due to the formation of new energy band levels produced from oxygen
vacancies. The lowest value of band gap is 1.54 eV, which can make TiO, exhibit visible
light absorbance even in the near-infrared region. Yu et al reported that titanium hydride
and peroxide were employed as Ti source and oxidant for preparing self-hydroxylated
TiO2 by hydrothermal synthesis. The resultant oxygen-detect TiO> shows better
photocatalytic performance in H» evolution, which was 4.6 times superior to that of
P25.53]

The mechanism of absorbance red-shift of TiO, caused by defects is shown in the
Fig 6. The white TiO> nanocrystals displayed typical valence band density of states
(DOS) characteristics of TiO», with the edge of the maximum energy at about 1.26 eV.
The conduction band minimum appears around -2.04 eV. The band gap of the optical
absorption spectrum of white TiO; is about 3.30 eV. For black TiO; nanocrystals, the
maximum energy of the valence band is blue-shifted to the vacuum level at around -
0.92 eV. At the same time, there is no obvious change for the conduction band of the
black TiO> nanocrystals. The visible light absorbance in black TiO2could be due to the

narrower electron transport paths (band gap is around 1.54 eV) in which the electrons

54, 56]

transfer from valence band edge to these band tail states.[

Valence . 2.18 eV
band '

-0.92eV

——

Fig. 1-6 Schematic illustration of the density of states (DOS) of disorder-engineered

black TiO2 nanocrystals, as compared to that of unmodified TiO2 nanocrystals.
11



1.3.1.2 Elements doping and grafting

Although self-doping of TiO2 has shown an improvement in visible light activity, it
is very hard to maintain the stabilization of the defects and to control the O2 vacancies
generated through hydrogenation.*”! Doping of metal or non-metal elements onto TiO>»
to narrow the band gap of TiO, has become a popular research topic.>®!

Firstly, N-doping is taken as an example. As shown in the Fig. 1-7, with N atoms
inducing into the TiO; lattice, a slightly higher energy level than oxygen, N 2p, is
generated.[>] The generated mid-gap energy level allows the photogenerated electrons
inspire from the mid-gap energy level, whereas electrons in the valence band of TiO:
could not be excited by the visible light. Then, the excited electron from the
intermediate gap level transfers to the conduction band. At the same time, a hole leaves

at the intermediate gap level. Therefore, the non-metallic species can response to visible

light irradiation and generate hydroxyl radicals(¢OH radical) for organic compounds

degradation, which is a strong oxidant.[®0-62]

Furthermore, non-metallic doped TiO- prepared with different dopants such as S, C,
P, F, B, etc. follow a similar mechanism. The only difference is that the intermediate
bandgap energy of the doping is at a different energy level, resulting in different
absorption wavelengths in the spectrum. It is worth noting that non-metallic doping of
TiO: can increase the density of the catalyst and generate oxygen vacancies, which also

63,641 Table 1-1 shows the synthesis methods and

lead to a red shift in absorption.!
application of some normal non-metal elements doping TiOx.

Table 1-1. Synthesis methods and Application of Non-metal elements doped onto

TiOz.[65-7l]

Sample  Dopin Source Degradation
P ping Method of Organic compound degradation g .
name element Time

energy
<ibl
N-TiO; N Amnealing  Siole MB 100 4.00
light
C,N,S- Visible
o i . - 2.
TiO, CN,S Annealing light MC-LR 78 00

12



Source

Sample  Doping Method of Organic compound degradation Degrz.ldatlon
name element Time
energy
F-TiO F Sol-gel g light RhB 100 2.00
e method untis '
: Sol-gel Visible .
C-TiO2 C method light Atrazine 93.4 3.00
. Sol-gel Visible
P-TiO; P method light MO 83.5 2.00
P- Hydrothermal Visible
TiO2/CNT P synthesis light MO 92:5 4.00
N- Hydrothermal Visible
. 2.
TiO2/CNT synthesis light Tbuprofen 86.0 50
(A)
(B) 0;
(‘ +0;
OH™
« OH
0,
& .
(© <
Ti 3d
Q Metal-doping
0 2p OH"
« OH

Fig. 1-7 Possible photoreaction mechanism of: (A) pure TiO; and (B) N-doping TiO»

and (C) metal-doping TiO under visible light irradiation.

The photoactivity of metal-doped TiO> can be explained by a new energy level

13



introduced into the band gap of TiO,, which is near by the CB or VB of TiO» (Fig. 1-
7C). Unlike non-metal-doped TiO», an electron is excited from the energy level of non-
metal elements to the CB of TiO>. The photoexcited electrons is excited from VB of
TiO; to the middle gap energy level of metal elements, and then migrate to the CB of
TiO,, where they migrate toward the surface of the catalyst for reduction reactions.l’>
31" The holes remained at the VB of TiO», and then participate in the oxidation reaction.

Table 1-2 shows different kinds of metal elements doping used for degradation organic

compounds under visible light.

Table 1-2. The application of transformation metal modified/doping TiO,.[74-#]

Elements Method Light source Application
Visibl 2- 1
Fe(II) /TiO, impregnation ) 1S propal‘lo
light(400~530nm) degradation
Visibl 2- 1
Cu(1l) /TiO2 impregnation , 1S propal‘lo
light(400~580nm) degradation
hromic light 2- 1
Ce(II) /TiO, impregnation FRONOCHTOMIIC 18 propal‘lo
(460 nm) degradation
Visible light
400~600 d Acet
Ru(IIl) /TiO2 impregnation ( .nm) an e on‘e
UV light degradation
(300~450nm)
Visible light
Cr ion/TiO; ion implantation iSibie g NO oxidation
(>450nm)
thyl
, , Visible light methytene
Mn/TiO; sol—gel technique blue (MB)
(>400nm) i
degradation
Co ion/TiOs Hydrother@al Visible light Acetaldeh.yde
synthesis (>400nm) degradation
Visible light DCA, 4-CP.
Pt ion/TiO; sol-gel method iSIDe g ’ ,a.nd
(>420nm) TCA degradation
PbO/TIO chemica? Yapor UV-vis stearic a(.:id
deposition degradation
4-CP solution
one degradation and
Y203 modified-TiO,  pot/hydrothermal Solar light & ,
reduction of
method

dichromate solution

For improving visible light responsive ability of pure TiO2, except metal-doping,

transition metal grafting should be a possible strategy. As shown in the Fig. 1-8, unlike

14



metal elements doping, the modified elements on surface are not into embedded the
bulk of TiO». Hashimoto et al. designed and prepared Cu(Il) and Fe(III)-grafted TiO>
photocatalysts for the efficient decomposition of 2-propanol from acetone to CO2 under
visible light induction.[®* 851 In this case, visible-light activation was caused by the
interfacial charge transfer from the valence band of TiO: to transition metal. The
transition metal ion transforms into its reduced state (for example, Cu(II) to Cu(I)) after
capturing electrons, and then participate in the reduction reaction with oxygen adsorbed
on the surface of TiO,. The shortened electron transport distance may be the reason why

the entire photocatalyst can absorb visible light.

Potential /SHE
Cu(l1)/Cu(l)

0.04V ====}- 0;

016V ===~
077 V| ==

Rutile
TiO

H,0,

B0 A i i Fe(lll)/Fe(ll)
(pH=0) Organic
compounds

co,

Fig. 1-8 The Schematic diagram illustrating the possible photocatalytic mechanism of

Cu (IT) or Fe(IIT) modified TiO; involving interfacial electron transfer and multielectron

oxygen reduction.

1.3.1.3 Dye-sensitization
Photosensitization is widely used to extend the photo-response of TiO: to the visible
region. The principle of dye-modification on TiO; is shown in Fig. 1-9C. As a strong

interaction can be formed between dyes containing catechol moieties and metal oxides,
15



the dye molecular can connect with Ti*" and adsorbed at the Bronsted acid sites of
TiO,.[36]

Some applications of dye-sensitization are shown in the Table 1-3. With modifying
different dye, the photocatalytic degradation of organic compounds and photocatalytic
selective oxidation will be performed, respectively. Fig. 1-9A shows the mechanism of
dye-induced photocatalytic organic compounds degradation under visible light. The
visible light excites the sensitizer molecules adsorbed on TiO», then injecting electrons
to the CB of TiO;. The CB acts as a mediator for transferring electrons from the
sensitizer to the surface of TiO,. At the same time, the VB of TiO, remains in an unfired
state. Finally, the oxidized dye molecule (dye+) can interact with the pollutant (phenol)
to return back to its ground state.[87-8

Fig. 1-9B shows the process of photocatalytic selective oxidation over dye-
sensitized TiO2 (in the Fig. 1-9B is ARS). Under visible light irradiation, the dye
adsorbed on the surface of TiO2 will be excited to its excited state dye”. After injecting
electrons to the CB of TiO, the excited state dye” changes to be dye radical cations,
«dye”. Benzyl alcohol captures *dye” to benzyl alcohol radical and H*. At the same time,
the »dye” radical restores to its ground state. The valence band does not participate in
the photocatalytic reaction process completely. Next, conduction band electrons reduce
02 to superoxide radicals. Superoxide- interacts with benzyl alcohol radicals to generate

benzaldehyde products and HOO". The interaction of H® and HOO- lead to the

generation of HO».
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Fig. 1-9 The photocatalytic mechanism of (A) organic compounds degradation and (B)
organic compounds (benzyl alcohol) selective oxidation over Dye-sensitized TiO:
under visible light. (C) The adsorption and visible light-induced electron transfer

between ARS and TiOs.
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Table 3 The application of Dye-sensitized TiO> under visible light.[3%-2]

Photocatalyst Dye Application  Light source
P25 Eosin Y Phenol Solar light
Photocatalytic Visible light
phenolic
degradation P25 Sudan black B (Mercury
compounds
lamp)
Visible
P25/Zn0O TEMPO Alcohol
light(LED)
Visible light
Selective P25 RulIL3 CCly
(A>420nm)
Oxidation
Per-
Noble metal Visible light
RullIL3 chlorinated
loaded/P25 (A>420nm)
Compounds

1.3.1.4 Localized surface plasmon resonance (LSPR) over noble metal

The LSPR effect of the noble metal nanoparticles can enhance the absorption of light,
then promoting the local electric field and the excitation of active electrons and holes.
Au and Ag are the most popular materials for plasmonic photocatalysis. The visible
light responsive ability of photocatalysts can be effectively enhanced with Ag or Au
sensitization.”®-°4 Other noble metals such as Pt, Pd and Rh have also been investigated
but are not very commonl®? %31,

Plasmonic photocatalysis has recently facilitated the rapid progress in enhancing
photocatalytic efficiency under visible light irradiation, increasing the prospect of using
sunlight for environmental and energy applications such as wastewater treatment, water
splitting and carbon dioxide reduction.®!

The mechanism of photoexcitation and visible light response induced by LSPR is
shown in the Fig. 1-10. After excitation, LSPR decays into hot electrons and holes
through Landau damping, creating highly energetic charge carriers.”’) Noble metal NPs

acted as electron donors for titania injects electrons into the CB of TiO under visible
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light. CB of TiO2, used as an electron transport intermediate, diffuses the electrons to
surface of TiO,, which then react will the O, adsorbed on TiO». During the period, the

VB of TiO; remain the ground state.

A
\\J - .
- > SEBEgR Plasmon response
Py 4 uviight Electron field

Reduction product

Acceptor )

Acceptor

Au, Ag- Electron field

Reduction product

Fig. 1-10 Mechanism of photoexcitation by LSPR under visible light.

1.3.2 Promoting of electron-hole pairs separation

The organic compounds photocatalytic degradation replies on the stable separation
of electron-hole pairs. As can be seen in the Fig. 1-11, under suitable wavelength of
incident light, electrons will be excited from VB of photocatalyst to CB. Recombination
of these charge carriers can compete with both charge separation and interfacial charge
transfer.[] Fast electron-holes recombination will shorten the life time of electrons and
holes for reduction reaction and oxidation. Prolonging the life time of photoproduced

electrons and holes is important for improving the photocatalytic activity.

Fig. 1-11. The mechanism of photoproduced electron-hole pairs recombination
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1.3.2.1 Self-doping

In section 1.3.1.1, we have discussed that the photo-response of TiO, was extended
from the UV region to the visible region by oxygen vacancies and/or Ti** defects
generated by surface defect engineering, resulting in high visible photocatalytic activity.

From the Fig. 1-12B, after inducing oxygen vacancy into the lattice of TiO., the
photocatalytic activity of H> production increases a lot. According to Fig. 1-12A, after
quenching in air, the PL strength is greatly improved, indicating the reduction of
electron lifetime and the enhancement of carrier recombination. This evidence proves
that Ti** ions with oxygen vacancies can improve the conductivity of TiO, and enhance
the charge transfer and charge transfer of TiO,. Surface oxygen vacancies may be
responsible for enhancing the photocatalytic activity because they can enhance hole
trapping (as shown in the Fig. 1-12D), thereby promoting the separation of photoexcited
electrons and holes.®”!

However, the influence of self-doping for improving charge separation is not
absolute and still controversial. Y. Nam et al estimated the influence of oxygen vacancy
location on charge carriers in reduced TiO2. As shown in the Fig. 1-12C, the oxygen
vacancy in reduced TiO is divided into four forms, tip, facet, edge and inside.
According to the theoretical studies, the effect of oxygen vacancies on carrier behavior
is related to the position of oxygen vacancies in TiOz. The inside-oxygen vacancy and
tip-oxygen vacancy can suppress the charge recombination due to the strong location
of electron and holes. In contrast, the oxygen vacancy located at facet and edge may
increase the charge recombination due to the greater nonadiabatic coupling and
additional charge recombination channels. The mechanism of charge recombination is
shown in the Fig. 1-13. According to the Fig. 1-13A, for triplet ground state systems
(TGS, inside-oxygen vacancy and tip-oxygen vacancy), electrons and holes tend to
relax step by step and finally are trapped at the oxygen defects. However, from the Fig.
1-13B, in the case of singlet ground state (SGS, facet-oxygen defect), the electron will
recombine with hole rapidly. Table. 1-4 shows the recombination time and transition

energy of TGS and SGS system. TGS system has much longer recombination time and
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bigger transition energy than SGS system, indicating stronger capture and separation

capability of carriers.!!%]

=
2
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(c) ) (D)

Fig. 1-12. (A) PL spectra of four types of photocatalyst prepared using different
annealing condition. (B) Comparison of hydrogen evolution rate of four types of
photocatalyst prepared using different annealing condition. (C) Schematic of different
oxygen vacancy domains (left) and four representative structures for the reduced TiO:
NPs with a single oxygen vacancy at various sites. (D) Formation mechanism of

Ti**/oxygen vacancies in B-TiO2NTAs lattice structure and their energy band.

TGS SGS

CB

Electron Trap 1 @

Electron Trap 2 Earniilavel IRecombination

Femi level Recombination
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Fig. 1-13 Electronic energy levels involved in the charge carrier trapping and
recombination dynamics for (a) triplet ground state (TGS) NPs and (b) singlet ground
state (SGS) NPs. HT, ET, ER, and RC refer to hole trapping, electron trapping, electron

relaxation, and recombination, respectively.
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Table. 1-4 Recombination time and average energy differences of key orbitals (T: trip-

oxygen defect, I: inside-oxygen defect, F: facet-oxygen defect)

Recombination  Transition energy

Defect time (ps) (V)

Original 160.46 1.82

T1-1 631.79 1.36

13-1 678.47 1.68

TGS 13-2 2045.22 1.60
13-4 1228.56 1.65

F3-10 29.83 0.40

SGS F2-1 33.24 0.06
F2-3 43.55 0.54

1.3.2.2 Elements doping

Elements-doping in the lattice of semiconductor photocatalyst to construct new
energy bands can not only enhance the ability of visible light absorption (narrowing the
band gap), but also improve the efficiency of electron-hole pairs separation.

When the doped non-metallic atoms (B, C, N, S, F, P) are similar in size to oxygen
atoms (£15%), these non-metallic elements may replace the oxygen atoms in the lattice,
thereby forming oxygen vacancies.

The equation (8) and (9) show the oxygen vacancy formation energy in bulk anatase
TiO; and N-doped anatase TiO., respectively. A large decrease in the formation energy
of an oxygen vacancy (from 4.2 to 0.6 eV) can be found. The situation of rutile TiO- is
shown in the equation (10) and (11).11° After N doping, the formation energy of oxygen
vacancies also decreases obviously (from 10 eV to 6.4 eV). Thus, it is reasonable for
oxygen vacancies production after nitrogen doping. Furthermore, as can be seen in the
Fig. 1-14(A), Y, Yang et al selectively doped F~ ion onto the {001} facet of anatase TiO».
(1021 By the technology of XPS and EPR, the oxygen vacancies (shown in the Fig. 1-
14(B) and (C)) were detected remarkedly. It is also proved that non-metal elemtents
doping can efficiently substitute oxygen in the lattice of TiO, and produce oxygen
vacancies. As described in chapter 1.3.2.1, some oxygen vacancies leading to the

formation of suitable electron-trapping energy layers may be responsible for the
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promotion of photogenerated electron-hole separation.[!3] The existence of these

electron-capturing energy level prevents the direct recombination of electrons with

holes, thereby prolonging the electron lifetime and improving the separation efficiency

of electron-hole carriers

Ti0, — Ti0,, + xV, + 1/,x0,

Ti0y_3Nyy — Ti05 3Nyt Vo + 1/,x0,

Ti02 + xNz — TiOZ_sz2x+ sz

TiO;_+ xN; —— Ti0;_3,Nax+ x0;

Intensity (a.u.)

—_
(2]
-

Intensity (a.u.)

528

530 532

534
Binding Energy (eV)
DE3 T
g=1.97
Ov
g=2.00
3250 3350 3450 3550

Magnetic field (Gauss)

AE=42¢eV  (8)
AE=06¢V  (9)
AE=10eV  (10)
AE=64¢V  (11)

Fig. 1-14 (A) the schematic diagram of F- ion site-selectively doping on the {001}

facets of anatase TiO2. (B) the XPS spectra of O Is in anatase TiO; after F~ ion doping.

(C) the EPR spectrum of 6.9% F~ ion doping TiO nanosheets.
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1.3.2.3 Noble metal modification

The LSPR can drastically enhance the light absorption for weakly light-absorbing
materials. At the same time, noble metal modification can also promote the electron-
hole pairs separation obviously.

As shown in the Fig. 1-15B, in the absence of the Au nanoparticle, the charge carriers
recombination easily happens. Fig. 18A shows the photoexcited charges transfer
process of plasmonic photocatalysis. The principle of noble metal loading to improve
the separation efficiency of photogenerated carriers can be briefly described as the
creation of a space-charge region between TiO> nanoparticle and loaded the noble metal
nanoparticles surface. Here, Au is used as the example. Under UV light photoirradiation,
the photoproduced electrons on TiO» nanoparticle comes in contact with an Au
nanoparticle. At the same time, the photogenerated holes on Au are in contact with the
surface of TiO». The electrons diffusing from the TiO; to the TiO>-Au interface are then
quenched with the holes diffused from the Au to the TiO»-Au interface, forming a
depleted region, name as space-charge region. In the equilibrium state, an equal amount
of electrons are trapped in the adjacent Au surface. This builds up an unidirectional
electrical field from the TiO; side toward the Au side (as indicated by E in Fig. 1-15(A)),
preventing charge carriers from moving in the opposite direction. When an electron-
hole pair is excited in or near the space-charge region by an incident UV photon, the
internal electrical field forces the electron to move to the Au region and the hole to the
TiO; region, preventing their recombination. The electrons and holes are then captured
by the acceptors and donors in the solution, respectively, and initiate further redox

reactions.?!
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Fig. 1-15 The photoexcited charges transfer process of (A) plasmonic photocatalysis

and (B) common photocatalysis (TiO> with oxygen defects).

1.3.2.4 Heterojunction

To overcome the serious drawbacks of fast charge recombination, developing
heterojunctions between semiconductors is a most widely used strategy. According to
the position of CB and VB of two semiconductors, the heterojunctions are divided into
straddling gap (type 1), staggered gap (type II) or broken gap (type III) as seen in the
Fig. 1-16.11041

In the Type I heterojunction, photo-production electrons and holes had different
transfer pathways (as can be seen in the Fig.1-16A), which can suppress the charge
recombination. Moreover, the rate of electrons and holes transfer to the reduction and
oxidation site is different, which reduced the recombination of electrons and holes as
Well.[104’ 105]
The energy band of type IIT heterojunction structure is shown in the Fig. 1-16B.1%]

Under visible light photoirradiation, the electrons will be excited from VB of

semiconductors (TiO2 and In,S3) to CB of them. According to CB and VB of the 3
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semiconductors (the Ecs of HPW, TiO; and In»S31s 0.22 'V, 0.25 V and 0.78 V vs. NHE,
and the Evg of HPW, TiO; and In,S31s 3.70 V, 2.95 V and 1.18 V vs. NHE, respectively),
the photo-excited electrons jump from CB of TiO2 to CB of HPW and further move to
VB of In>S3. Finally, the electrons are accumulated at the CB of In»S;. At the same time,
the photogenerated holes are respectively generated on VB of TiO> and In»Ss,

107, 108

respectively. | ] The electrons at the CB of In»S; react with the oxygen adsorbed

on In,S; to form ¢O»-, while the holes on the VB of TiO; will oxidize H>O to produce

*OH. It is worth noting that the TiO based type III heterojunctions are presented less,
because it is difficult to construct type III heterojunctions between TiO, and other
semiconductors for their unmatched band gap position. Up to now, only TiO2/C3Na,
TiO2/WOs3, TiO2-Ag-Cur0, CdS-Ag-TiO; and anatase/rutile TiO> are proposed.[!%-113]

The enhanced photocatalytic activity of TiOz-based heterostructure materials is
usually discussed based on the electron-hole separation by type Il heterojunctions,
which are divided into p-n heterojunctions and non-p-n heterojunctions (Fig. 1-16C and
D). [114-116] The p-n is a junction between two semiconductors, one doped with a donor
(n-type) and another one doped with an acceptor (p-type).['!”) In the p-n heterojunction,
the large Fermi level difference in two semiconductors provides a very strong internal
electric field for efficient charge transfer and separation. Furthermore, at the interface
of the two semiconductors, a built-in electric field is formed due to band bending, which
can also enhance the separation of photogenerated electron-hole pairs. Thus,
engineering the junction between semiconductors is essential for improving charge
separation and transfer efficiency, and then photocatalytic activity.

In addition to the p-n type heterostructure, there are also other non-p—n type
heterojunction systems, where the most suitable for photocatalytic applications is the
staggered bandgap type (Fig. 1-16D). In this type, the semiconductors A and B with
matching band potentials are tightly bonded to construct the efficient heterostructure.
When the CB level of semiconductor-B is lower than that of semiconductor-A,

electrons in the CB of semiconductor-A can be transferred to that of semiconductor-B
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under visible light irradiation. If the VB level of semiconductor-B is lower than that of
semiconductor-A, holes in the VB of semiconductor-B can be transferred to that of
semiconductor-A. As a result, the separation and migration of photogenerated carriers
can be promoted by the internal field, so less of a barrier exists. Therefore, the

probability of electron-hole recombination can be reduced.
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Fig. 1-16 The energy band structure of (A) Type I heterojunction, (B) Type III

heterojunction (C) Type II heterojunction (p-n heterojunction) and (D) Type II

heterojunction (non-p-n heterojunction).
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1.4 Summary

In summary, TiO> as a kind of traditional photocatalyst has huge potential in
removing of organic compounds. However, owing to the wide band gap and fast charge
recombination, the photocatalytic efficiency of pure TiO: is hindered under visible light.
TiO> consists of 3 kinds of phases (rutile, anatase and brookite). And different phases

have different photocatalytic activity. Compared with rutile, anatase has higher
efficiency in *OH radical, which is thought to be a strong oxidizing group. Compared

with rutile and anatase, brookite TiO> has suitable depth of energy level of electron-
trapping, which means more efficient charge separation. For increasing the visible light
absorbance and charge separation, modification on the basis of TiO, such as elements
doping, dye-sensitization, noble metal loading and so on, is a possible way.
Furthermore, it is worth noting that, in addition to the optical properties of the
photocatalyst itself, the specific surface area of the photocatalyst and the influence of
the environment such as pH, temperature, gas atmosphere, etc., also have a non-
negligible effect on the photocatalytic reaction. In future, in wide using photocatalyst

for removing organic compounds, all factors should be fully considered.
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Abstract

Platinum is widely investigated as co-catalysts for photocatalytic degradation of
volatile organic compounds but studies seldom focus on their visible light sensitizing
properties. Herein, Pt sensitizers of different oxidation states (0, II, IV) were modified
on brookite TiO> nanorods and investigated for acetaldehyde degradation under visible
light. Pt(II) oxide/TiO, showed the best photocatalytic activity but its stability was
compromised by its self-oxidation to Pt(IV) during photo-oxidation reaction. Surface
modification of an Fe(Ill) oxide thin film sensitizer layer around the Pt(II) oxide
sensitizer was found to enhance both the stability and activity of Pt(Il) oxide/TiO>. In
situ double beam photoacoustic spectroscopy (DB-PAS) supported by DFT modelling
showed the rapid injection of photoexcited electrons from Fe(III) oxide to Pt(Il) oxide
promote the stability of Pt(Il) oxide, leading to enhanced performance. The findings
provide guidance for the rational design of visible light-active metal oxide sensitizers

for oxidative removal of indoor air pollutants.

Keywords

TiOz, indoor VOCs degradation, visible light sensitizers, Pt sensitizers, Fe sensitizers

2.1 Introduction

In our contemporary society, people spend on average 80% of their time indoors.
Indoor air quality has therefore become an important issue for human health.[!]
Volatile organic compounds (VOCs) are notable indoor air pollutants as well as
other compounds such as NOx, SO, ozone and particulate matters.[>] Indoor
VOC:s such as aldehydes, amines and aromatic compounds can be emitted from
indoor sources and activities including cooking, secondhand smoke, cleaning,

consumer products, home furnishings and building materials. Moreover, in
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recent years, indoor air pollutants have been increasingly associated with sick

building syndrome (SBS).[6-]

Photocatalytic systems that can decompose VOCs to CO; are promising
methods for removing indoor VOCs. Photocatalytic degradation of VOCs with
various materials such as TiO,, CiN4, WO3, SnO; and BiVOs has been
demonstrated.l'%-13] Although photocatalytic systems can remove VOCs by
photooxidative destruction, the removal efficiency is very low under normal
indoor light conditions due to the lack of adequate energetic photons. The
development of photo-conversion materials that can utilize visible light photons
at the maximum capacity should enable effective removal of indoor air pollutants

under indoor light conditions.

Metallic Pt (i.e., Pt(0)) is widely used as a cocatalyst for various photocatalytic
reactions including hydrogen evolution reaction and NOx and CO: reduction
reaction owing to its ability to promote interfacial charge separation as well as
its favorable catalytic properties.[!*16] Recently, Pt in its 2+ and 4+ oxidation
state, (Pt(Il) and Pt(IV)), respectively, have also been reported to be visible light
active catalysts (or sensitizers) for NOx oxidation!!” 8] organic compounds

19.201 and hydrogen evolution reaction.?!l However, it is unclear if Pt

degradation!
in its metallic form or oxide form is the most active form of visible light sensitizer

for photocatalytic degradation of VOCs.

Ti0O2 is a non-toxic and relatively cheap photoconversion material. TiO> exists
in three crystalline structures: anatase, rutile and brookite phases. Most
photocatalytic studies have focused on the anatase and rutile phases of TiO> due
to their relatively high thermal stability and ease of preparation.[?? 231 Although
brookite TiO:z is not as commonly used as that of anatase or rutile TiO2 owing to
its metastability, brookite TiO> has shown high photocatalytic activities for the
degradation of various recalcitrant pollutants.[?* 251 W_-K. Li et al. found the

exposed {210} facet of brookite TiO> is more reactive than the {101} facet of
46



anatase TiO», which is thus beneficial for improving photocatalytic reactions.[?°]
Brookite TiO; also showed higher surface affinity for O, adsorption than anatase
TiO> in oxygen reduction reaction to produce H>02.27! Moreover, brookite TiO»
was demonstrated to oxidize propanone to CO> and H>O much faster than
anatase TiO2. Brookite TiO> also exhibited higher areal photocatalytic activity
for RhB degradation than rutile TiO» and anatase TiO2.?% 21 These
observations suggest brookite TiO2 is a promising photoconversion material for

solving environmental issues.

In this study, brookite TiO2 nanorods with well-defined {210} and {111}
facets were synthesized by a hydrothermal process utilizing TALH and urea as
precursors. Acetaldehyde was used as a representative indoor VOC. Pt(0) metal
sensitizer and Pt(I) and Pt(IV) oxide sensitizers were incorporated on the
surfaces of the brookite TiO2> nanorods by a photodeposition method or a

chemisorption method.

Our results show Pt(I) oxide-sensitized brookite TiO2 (Pt(II)/TiO2) exhibits
higher photocatalytic activity than that of Pt(0)/TiO2 or Pt(IV) oxide/TiO2 for
acetaldehyde degradation under visible light. However, the photocatalytic
activity of Pt(II)/TiO> is hindered by the low stability of Pt(II) oxide, which
readily oxidizes to Pt(IV) oxide with increased reaction time. We then developed
strategies to overcome the stability issues of a Pt(II) oxide sensitizer. We found
a simultaneous photodeposition of Pt(IV) ions and Fe(II) cations onto brookite
Ti02 nanorods resulted in selective formation of island-like PtO and Pt(OH):
nanoclusters on the {210} facet of brookite TiO2 nanorods with a film-like Fe(III)
oxide layer covering the entire surface of the Pt(II)/TiO2 nanorods. The Fe(III)
oxide thin film layer not only serves as a protective layer preventing Pt(II) oxide
from ambient oxidation but also acts as a visible light sensitizer. The
Fe(III)/Pt(11)-oxide-co-sensitized brookite TiO» nanorods (Fe(III)-Pt(I1)/Ti0O>)

show dramatic enhancements in both activity and stability for acetaldehyde
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degradation under visible light illumination. The electron transfer mechanisms
leading to the enhanced photocatalytic performance were unraveled by in situ
double beam photoacoustic spectroscopy (DB-PAS), XPS and UV-Vis
spectroscopy and supported by density functional theorem (DFT) computational

modeling.

2.2 Experiment

2.2.1 Preparation of pure brookite TiO:

Pure brookite TiO, nanorods were prepared by hydrothermal reaction according to a
previously reported method.% 3! First, 21.02 g of urea (Wako, Guaranteed Reagent,
min. 99.0%) and 5 ml of titanium (IV) bis (ammonium lactate) dihydroxide (TALH)
(Sigma Aldrich, ~50wt% in H,O) were mixed and stirred in 45 ml of Mill-q water for
2 h. The solution was then transferred into a Teflon-lined hydrothermal reactor.
Hydrothermal reaction was performed at 200 “C for 48 h. The resultant powder and
supernatant were separated by centrifugation and washed with Mill-q water until the
ionic conductivity of the supernatant was lower than 10 uS cm!. Finally, the TiO:

powder was dried in a vacuum oven at 60°C.

2.2.2 Preparation of Fe(IlI)-sensitized brookite TiO:

0.3 g of brookite TiO> powder and the required amount of iron(III) nitrate
nonahydrate (Wako, 99.9%) were mixed and stirred in 80 ml of Milli-q water with
addition of 20 ml of ethanol (Wako, Extra Pure, 95%). After nitrogen bubbling for 1
h, photodeposition was carried out under a mercury lamp (Ushio, SX-UI501UO) for 6
h. The light intensity was 1.0 mW cm. The resultant powder and supernatant were
separated by filtration and washed with Mill-q water until the ionic conductivity of
the supernatant was lower than 10 puS cm!. The resultant powder was dried in a

vacuum oven at 25°C.
2.2.3 Preparation of Pt(0)-sensitized brookite TiO>
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0.3 g of brookite TiO2, the required amount of chloroplatinic acid hexahydrate (Wako,
99.9%) and 20 ml of ethanol (Wako, Extra Pure, 95%) were mixed and stirred in 80
ml of Milli-q water. After nitrogen bubbling for 1 h, photoirradiation was carried out
under a mercury lamp (Ushio, SX-UI501UO) for 6 h. The light intensity was 100 mW
cm2. The resultant powder and supernatant were separated by filtration and washed
with Milli-q water until the ionic conductivity of the supernatant was lower than 10

uS cm!. The resultant powder was dried in a vacuum oven at 25°C.

2.2.4 Preparation of Pt(IV) or Pt(II)-sensitized brookite TiO>

0.3 g of brookite TiO2 and the required amount of chloroplatinic acid hexahydrate
(Wako, 99.9%) or potassium tetrachloroplatinate(Il) (Sigma Aldrich, >99.9% trace
metal basis) were mixed and stirred in 100 ml of Milli-q water. Then nitrogen
bubbling was performed for 1 h for removing oxygen in the environment.
Subsequently, the mixed solution was continuously stirred for 5 h under dark
conditions. The resultant powder and supernatant were separated by filtration and
washed with Mill-q water until the ionic conductivity of the supernatant was lower

than 10 uS cm™!. The resultant powder was dried in a vacuum oven at 25°C.

2.2.5 Preparation of Fe(I1I)-Pt(II)-co-sensitized brookite TiO:

The preparation scheme for Fe(II)-Pt(II)-co-sensitized brookite TiO- is presented in
Scheme 1. First, 0.3 g of brookite TiO> powder and the required amount of
chloroplatinic acid (Wako, 99.9%) (equivalent to 0.4wt%Pt in the final product) were
mixed and stirred in 100 ml of Milli-q water with constant nitrogen bubbling for 1 h.
The resulting powder-suspension was then photo-irradiated under a mercury lamp
(Ushio, SX-UI501UO) for 45 min. Upon photo-irradiation, the required amount of
ferrous sulfate heptahydrate (Sigma Aldrich, reagent grade, 99.5%) that was pre-
dissolved in Milli-q water (equivalent to a nominal loading of 0.4wt%Fe(Il)) was
injected into the flask. The light intensity was 100 mW cm. Subsequently, the

resultant powder and supernatant were separated by filtration and washed with Mill-q
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water until the ionic conductivity of the supernatant was lower than 10 uS cm™. The

resultant powder was then dried in vacuum oven at 25°C.

2.2.6 Characterization

The crystal structure of the produced materials was analyzed by X-ray diffraction
(Rigaku, MiniFlex II). Transmission electron microsocopy (TEM) was conducted
using a Hitachi H-9000NAR at an accelerating voltage of 200 kV. Specific surface
areas of the samples were determined by Quantachrome Nova 4200e surface area
measurement. Inductively coupled plasma optical emission spectroscopy (ICP-OES;
Shimadzu, ICPS-8000) was used to determine the concentrations of Fe or Pt cations
loaded on TiO,. UV-Vis diffuse reflectance spectra were obtained by a UV-2500PC
(Shimadzu) equipped with an integrating sphere unit. X-ray photoelectron spectra
(XPS) of as-prepared samples were obtained by a Thermo ESCALAB 250Xi system
at room temperature using Al Ka with monochromatic radiation. Raman
measurements were conducted using a NRS-5100 Laser Raman Spectrometer with

Ar-ion laser excitation at a wavelength of 523.5 nm.

2.2.7 Photocatalytic activity tests

Photocatalytic activities of as-prepared pure TiO; samples and metal-loaded TiO»
samples were evaluated by photocatalytic decomposition of acetaldehyde under
visible light photoirradiation. First, 250 mg of TiO, powder was spread on a glass dish
with a diameter of 3.4 cm. The glass dish was put into a Tedlar bag and degassed.
Then 125 cm of standard gas that contained 79% N2, 21% O2, <0.01 ppm of CO;
and 500 ppm acetaldehyde was injected into the Tedlar bag. The photocatalyst was
left in the dark for 1 h to achieve an absorption equilibrium. Then a light-emitting
diode (LED) was turned on for the required amount of time. The wavelength of the
LED light was 455 nm, and the light intensity was 1.0 mW c¢m™. Gas chromatography
(Shimadzu, GC-8A, FID detector) was used to estimate the concentrations of

acetaldehyde and CO; per hour.
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2.2.9 Double-beam photoacoustic spectroscopic (DB-PAS) measurement

A gas-exchangeable photoacoustic (PA) cell equipped with two valves for gas flow
was used and a sample was placed in the cell. The atmosphere was controlled by a
flow of artificial air containing 2-propanol vapor (air+2-PrOH) or artificial air. The
measurements were conducted after shutting off the valves, i.e., in a closed system at
room temperature. An LED emitting light at ca. 940 nm (OSRAM, SFH4751) was
used as a probe light for detection of electron accumulation, and the output intensity
was modulated at 40 Hz. In addition to the modulated light, a blue-LED (OptoSupply,
OSB5SXNE3CI1S, emitting light at ca. 470 nm) was also used as simultaneous
continuous irradiation for photoexcitation. The PA signal acquired by a MEMS
microphone (INMP401, TDK InvenSense) buried in the cell was amplified and
monitored by a digital lock-in amplifier (LI5640, NF). Detailed setups of DB-PAS

measurements have been reported previously. 32!

2.2.10 DFT calculations

First principle DFT calculations were performed by Vienna Ab initio Simulation
Package (VASP) 331 with the projector augmented wave (PAW) method. B4 The
exchange-functional was treated using the generalized gradient approximation (GGA)
of the Perdew-Burke-Emzerhof (PBE) functional. > The energy cutoff for the plane
wave basis expansion was set to 450 eV and the force on each atom of less than 0.03
eV/A was set for the convergence criterion of geometry relaxation. Grimme’s DFT-
D3 methodology was used to describe the dispersion interactions. ¢! Partial
occupancies of the Kohn—Sham orbitals were allowed using the Gaussian smearing
method and a width of 0.05 eV. The Brillourin zone was sampled with Monkhorst
mesh 3x 3 x 1 through all the computational process. The self-consistent calculations
applied a convergence energy threshold of 10 eV. A 15 A vacuum space along the z

direction was added to avoid the interaction between two neighboring images. The

51



DFT + U correction for strong-correlation 3d electrons of transition metal was taken

into account, and the U-J value of 4.0 for Ti was used. 7]

2.2.11 Apparent Quantum Efficiency (AQE) calculations: 1?33

AQE = x 100% (1)

p
“CH3CHO > €O, + 2H,0 + 5¢~ ()

n=VXx® +Vy (3)

AWS
P= e @

N

The apparent quantum efficiency, AQE, is gotten by calculating the ratio of the number
of electrons transferred in the reaction to the actual number of incident photons. The
number of electrons transferred in the reaction is equal to XnN,. The actual number of
incident photons is equal to tN,,. Where, n is the number of CO, molecules, N, is the
Avogadro’s constant (6.02x 10723). V is the total volume of the gas, which is 125mL.
®; is volume fraction of CO, (ppm). V,, is molar volume of gas (22.4 L/mol). X is
the number of electrons require to produce one molecule of CO,, for acetaldehyde
degradation, X = 5,1*1 N, is the number of incident photons, t is the reaction time (s).
A is wavelength of light, W is intensity of the monochromatic light (W/m?), S is
irradiation area, in this work, S= 9.07 x 10~* m?, his Planck constant (6.63%x 1073%),
c is speed of light in vacuum (3% 108 m/s), Equation (2) shows the equation for

photocatalytic degradation of acetaldehyde to generate CO> and water.

2.3 Results and Discussion

2.3.1 Surface and Structural Properties

Scheme 1 shows the material flowchart leading to the synthesis of metallic Pt-sensitized

brookite TiO, nanorods (Pt(0)/TiO2), Pt(Il)-sensitized brookite TiO, nanorods
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(Pt(I1)/TiO2) and Pt(IV)-sensitized brookite TiO, nanorods (Pt(VI)/TiO2). In brief,
Pt(0)/TiOz is prepared by photodeposition of Pt** ions onto TiO, nanorod surfaces using
an aqueous solution containing chloroplatinic acid (H2Pt(IV)Cls) and ethanol as the hole
scavenger. Pt(Il) and Pt(IV)-sensitized TiO; are synthesized by chemisorption of Pt(II)
and Pt(IV) ions under dark conditions from an aqueous solution of potassium

tetrachloroplatinate (K2Pt(II)Cls) or HoPt(IV)Cle.

Photodeposition

Pt** ions
TiO,
H,O

ethanol

Pt(0)/TiO,

* Brookite TiO, nanorods

Pt(11)/TiO,

Pt2* or
Pt**ions
TiO,
H,O0

Chemisorption

Pt(IV)/TiO,

Scheme 1. A material flowchart showing the synthesis of metallic Pt-sensitized
brookite TiO nanorods (Pt(0)/TiO2) by a photo-deposition method and, Pt(Il) oxide-
sensitized brookite TiO» nanorods (Pt(II)/TiO;) and Pt(IV) oxide-sensitized brookite
TiO2 nanorods (Pt(VI)/TiO2) by a chemisorption method. Scale bar in inset for
Pt(0)/TiO; represents 30 nm and 25 nm for Pt(Il)/TiO> and Pt(IV)/TiO>. The Pt TEM-
EDX spectrum and HRTEM image (inset) of a Pt(0)/TiO> sample showed the metallic
Pt exists as small Pt nanoparticles with diameters in the range of 2-10 nm on the surfaces
of the brookite TiO, nanorods. On the other hand, for Pt(I)/TiO, and Pt(IV)/TiO:
samples, the entire surfaces of the brookite TiO2 nanorods were uniformly coated with

a thin film layer of Pt(II) oxides or Pt(IV) oxides.
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Fig. 2-1 shows the high-resolution transmission electron microscopy (HRTEM)
images and a selected area electron diffraction (SAED) pattern of a pure brookite TiO»
nanorod sample. The HRTEM images (Fig. 2-1¢) show the brookite TiO> rods have a
prismatic morphology with tapered ends and smooth surfaces. The length and width of
the brookite TiO> nanorods are ~150.0 nm and 26.7 nm, respectively. In addition, the
lattice plane imaging (Fig. 2-1c) shows the brookite TiO, nanorods possess a well-
defined {210} body facet and a {111} tapered end facet. [*!- 4] Moreover, the single
bright spots of an SAED pattern of a brookite TiO> nanorod, as shown in Fig. 2-1d,
indicate the brookite TiO> nanorods are single crystalline brookite TiO». Fig. 2-2 shows
the XRD spectra of the as-prepared brookite TiO2 sample. The XRD spectra show only
diffraction peaks of brookite phase TiO, (JCPDS NO. 29-1360). No diffraction peak
associated with other phase (anatase or rutile phase) of TiO> was observed, indicating
the as-prepared TiO, are pure brookite-phase TiO»*}l. The high purity of the as-
prepared brookite TiO, was also collaborated by a Raman spectrum, as shown in Fig.

2-3.1441
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Fig. 2-1(a-c) HRTEM images and (d) SAED pattern of as-prepared brookite TiO:

samples.
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Fig. 2-2 XRD patterns of as-prepared brookite TiO2, Pt(0)/TiO2, Fe(I1I1)/TiOz,

Intensity / a.u.

JCPDS No0.04-0802
l Standard Pt

JCPDS No0.29-1360
“ l Standard brookite TiO,
L g 1 1 1 Ly P | L

J\ jL pure TiO,
At A A ANAC A

’ \ A Fe(III)ITiO2
A A Pt(0)/TiO,
A A AN AN A

h A Pt(l)/TiO,

J‘L 0 P(IV)/TiO,
. e

JL N Fe(lll)-PH(II)/TiO,
T T T At ‘:\ L 'A—Aﬁ—-—-“—t
20 30

Degree / 20

Pt(IT)/TiO2 and Fe(III)-Pt(II)/TiO; photocatalysts.

Intensity / a.u.

40 50 60

700

600 500 400 300 200
Raman shift /cm!

Fig. 2-3 Raman spectrum of as-prepared brookite TiO2 nanorods.
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Fig. 2-4 a-c show the Pt 4f XPS spectra for Pt(0)/TiO», Pt(II)/TiO2 and Pt(IV)/TiO2
samples. The XPS results show the photodeposition of Pt** ions onto the TiO, nanorod
surfaces in an ethanol-containing aqueous solution resulted in the deposition of metallic
Pt (or Pt(0)) on the brookite TiO; nanorod surface with a small proportion of PtO (or
Pt(IT)). The surface concentrations of Pt(0) and PtO were determined from the XPS
spectrum to be 83.5% and 16.5%, respectively. In the Pt(II)/TiO, sample, Pt XPS
spectrum indicate the presence of four types of Pt species on the TiO nanorod surfaces:
PtO, [Pt(I[)Cls]* (abbreviated as Pt(II)-Cl), PtO, and [Pt(IV)Cl¢]*- (abbreviated as
Pt(IV)-C1).[43] From the XPS spectrum, the surface concentrations of PtO, Pt(II)-Cl,
PtO, and Pt(IV)-Cl were determined to be 39.7%, 23.3%, 10.0% and 27.1%,
respectively. In the Pt(IV)/TiO, sample, the chemisorption of [Pt(IV)Cls]*" on the TiO-
nanorod surfaces formed high concentration of PtO> (~79.4%) and some Pt(IV)-ClI
(~20.6%). The chemisorption of [Pt(II)Cls]* or [Pt(IV)Cls]*" onto TiO> nanoparticle
surfaces is known to lead to the formation of covalently bounded surface complex.[*-
481 Chloride substitution by surface [Ti]-O" is feasible, and in addition, very stable Ti—
O-Pt bonds can be formed under ambient conditions.[*3! Hence, PtO and PtO; are the
associated chemisorbed products in the Pt(Il)/TiO2 sample while PtO; is a chemisorbed

product in the Pt(IV)/TiO2 sample.
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Fig. 2-4 Pt 4f XPS spectrum of (a) Pt(0)/TiO», (b) Pt(II)/TiO, and (c) Pt(IV)/TiO>
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Fig. 2-5, 2-6 and 2-7 shows the HRTEM images and EDX elemental mapping of
Pt(0)/TiO2, Pt(I1)/TiO2 and Pt(IV)/TiO> samples, respectively. The HRTEM image of
Pt(0)/TiO; revealed the metallic Pt exists as small Pt nanoparticles with diameters in
the range of 2-10 nm on the surfaces of the brookite TiO2 nanorods. On the other hand,
for the Pt(IT)/TiO2 and Pt(IV)/TiO;, samples, the entire surfaces of the brookite TiO

nanorods were uniformly coated with a thin film layer of Pt(II) oxides or Pt(IV) oxides.

Pt(0)/TiO,

Fig. 2-5 HRTEM image and EDX elemental mapping of a Pt(0)/TiO2 sample.
Pt(II)/TiO, i

Fig. 2-6 HRTEM image and EDX elemental mapping of a Pt(II)/TiO2 sample.
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Pt(IV)/TiO,

Fig. 2-7 HRTEM image and EDX elemental mapping of a Pt(IV)/TiO; sample.
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/
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Step 1: Pt*' Chemisorption Step 2: Photodeposition

(B)

FFe(TT) oxide
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Pt*ion . Fe*'ion © Feion © retion

Scheme 2. (A) The preparation steps of Fe(II1)-Pt(I1)-oxide-co-sensitized brookite TiO»
nanorods (Fe(II)-Pt(I1)/TiO). Pt** cations were first chemisorbed onto the brookite

TiO2 nanorods under dark conditions and anoxic conditions. Subsequently, an aqueous
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solution of Fe(IT) sulfate was injected into the Pt*'-containing solution upon light-
irradiation and the co-photodeposition of Pt*" and Fe?" cations onto the brookite TiO»
nanorods occurred to form Fe(IIl)-Pt(I)/TiO> nanorods. (B) Proposed formation
mechanism of Fe(IIT)-Pt(II)/TiO, nanorods. The chemisorbed Pt** cations on the TiO»
nanorod surfaces were reduced by the photogenerated electrons of TiO> to form Pt(II)
oxide nanoparticles on the brookite TiO2 nanorod surfaces. Owing to the low surface
affinity of the brookite TiO, nanorods for Fe(Il) cations, the brookite TiO, nanorod
surfaces contained low concentration of surface-adsorbed Fe(II) cations, which were
subsequently oxidized by the photogenerated holes of TiO; to form a very thin layer of
the Fe(Ill) oxide sensitizer over the entire surfaces of the Pt(II) oxide-sensitized TiO»

nanorods.

Scheme 2A shows the preparation steps of the Fe(II)-Pt(II)/TiO, samples. The
brookite TiO, nanorods were initially dispersed and stirred in an aqueous solution
containing only [Pt(IV)Cle]* with nitrogen bubbling and sonication. Subsequently, UV
photo-irradiation was provided while an aqueous Fe(Il) sulfate solution was
simultaneously injected into the Pt(IV)/TiO> powder-suspension to initiate the co-
deposition of Pt and Fe sensitizers onto the TiO2 nanorods.

Fig. 2-8 A-D show the XPS spectra of the Fe(III)-Pt(I1)/TiO> sample. The Pt 4f XPS
spectrum in Fig. 2-8D shows the presences of PtO (65.3%), Pt(I1)-Cl1 (~18.1%) and PtO,
(~16.6%). XPS peaks associated with Pt(IV)-Cl were not detected on the nanorod
surfaces implying the [Pt(TV)Cls]*- on the TiO> surfaces had been photo-reduced to PtO
and Pt(I1)-Cl. The PtO, was likely formed from the subsequent oxidation of the PtO in
ambient environment. The Fe 2p XPS spectrum in Fig. 2-8C indicates the presence of
Fe oxide sensitizers with an oxidation state of +3 on the TiO2 nanorod surface. The
Fe(III) 2p3/2 at band energies of 710.0 eV and 712.2eV can be associated with nano-
sized FexO3*land y-FeOOHPY, respectively, suggesting that Fe(Il) cations was
oxidized to Fe(Ill) oxide nanoparticles by the photogenerated holes during the

photodeposition process. Fe;O3 was the predominant species formed on the surface of
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the brookite TiO; nanorods with a small amount of y-FeOOH. In addition, the formation
of Fe2O3 and y-FeOOH on the brookite TiO2 nanorod surfaces can be further observed
in an Fe 2p XPS spectrum when the photodeposition of the Fe(II) cations was conducted
at higher precursor loading of 10wt% Fe(II), as shown in Fig. 2-9. At higher loading of
Fe(IIT) oxides, the Fe>O3 and y-FeOOH exhibit surface properties resembling that of
Fe;03 and y-FeOOH bulk materials, as indicated by the Fe(IlI) 2p3/2 bands at higher
binding energies of 710.7 eV and 712.1 eV, respectively.l>!]
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Ti-O-Ti
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Fig. 2-8 XPS spectra of Fe(III)-Pt(II)/TiO> (a) O 1s, (b) Ti 2p, (c) Fe 2p and (d) Pt 4f
region.

Overall, the XPS results show the photodeposition of [Pt(IV)Cls]*" on the brookite
TiO2 nanorod surfaces in the presence of Fe(II) cations led to the co-formation of Fe(III)
oxide sensitizers and Pt(II)/(IV) sensitizers. In addition, it can be observed the
concentration of Pt(Il) sensitizers in the Fe(II)-Pt(II)/TiO2 sample is significantly
higher than that of the Pt(Il)/TiO, sample. The Fe(III)-Pt(II)/TiO, sample contains

65.3% PtO and 18.1% Pt(I1)-Cl, corresponding to a total Pt(II) concentration of 83.4%.
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On the other hand, the Pt(IT)/TiO2 sample, which contains 39.7 % PtO and 23.3% Pt(II)-
Cl, has a lower total Pt(II) concentration of 63%. Hence, the merit of co-depositing
Fe(IlT) oxide sensitizers with Pt sensitizers is that the Fe(IIl) oxides can limit the
oxidation of the Pt(Il) species (PtO and Pt(I1)-Cl) to Pt(IV) species (PtO, and Pt(IV)-
Cl), thereby stabilizing the Pt sensitizer oxidation state in a 2+ state. By contrast, if
ethanol was used as the hole scavenger instead of Fe(IT) cations, the Pt** ([Pt(IV)Cle]*

) would be photoreduced to Pt(0) metal, as demonstrated by the Pt(0)/TiO, sample.
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= y-FeOOH 2p3/2
= 726.2 eV %
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Binding energy / eV

Fig. 2-9 Fe 2p XPS spectrum of an Fe(IlI)/TiO2 sample with an Fe(IIl) concentration
of 10wt%.

Fig. 2-10A-F shows HRTEM images and EDX (energy dispersive X-ray
spectroscopy) elemental mapping of the as-prepared Fe(IIl)-Pt(I1)/TiO2 nanorods. The
elemental mapping of the Fe(IIll)-Pt(II)/TiO> nanorods clearly showed the Pt(Il)
sensitizer was selectively photo-deposited on the {210} facet of the brookite TiO:
nanorods and accumulated in nanometer-sized island-like structures on the {210} facet.

Unlike Pt(IT) nanoparticles, the Fe(Ill) oxide sensitizer was not selectively photo-
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deposited on any particular facet of the brookite TiO, nanorods. Instead, the Fe(III)
oxide sensitizer formed a uniform thin film layer coating on the entire Pt(II)/TiO:

nanorods.

Fig. 2-10 HRTEM images of (A) pure brookite TiO> nanorods and (B) Fe(III)-Pt(II)-
oxide-co-sensitized brookite TiO, nanorods (B) and the associated EDX elemental
mapping of the as-prepared Fe(IlI)-Pt(II)-oxide-co-sensitized brookite TiO2 nanorods
(O)Ti, (D) O, (E) Pt and (F) Fe.

Fig. 2-2 also shows the XRD spectra of the Pt(0)/TiO,, Pt(Il)/TiO2, Fe(IIl)/TiO
(prepared by chemisorption method) and Fe(III)-Pt(IT)/TiO2 sample. The XRD spectra
indicate the modification of the as-prepared brookite TiO> with Pt/Fe sensitizers did not
result in any XRD peak shift or the formation of new diffraction peaks belonging to
metallic Pt or Fe(OH)s. These observations suggest the Fe(III) and Pt sensitizers are not
embedded into the bulk structures of brookite TiO: but are likely only deposited on the

surfaces of the brookite TiO» nanorods.
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2.3.2 Surface Affinities of Brookite TiO: for Fe?*, Fe’" and Pt** Cations

To elucidate how the Fe(Ill) oxide sensitizer layer was formed on the surfaces of the
Pt(IT)/TiO2 nanorods upon photodeposition of Fe(Il) and Pt(IV) ions , the surface
adsorption capability of brookite TiO> nanorods for Fe(Il), Fe(IlT) and Pt(IV) ions was
investigated. Table 2-1 summarized the concentrations of Fe cations that were found
deposited on the brookite TiO> samples after stirring the TiO; samples in known
concentrations of Fe(II) or Fe(Ill)-containing solutions under dark conditions. The
brookite TiO> nanorods could adsorb as much as 3.7wt% of Fe(III) cations when the
brookite TiO2 nanorods were stirred in in an Fe(Ill)-containing solution containing 4wt%
Fe(III) cations. However, the brookite TiO, nanorods could only adsorb at maximum
0.23wt% of Fe(Il) cations when the TiO> nanorods were stirred in a 4wt% Fe(Il)
solution. The results of ICP-MS show brookite TiO> exhibits high surface affinity for
Fe(IIT) adsorption but low surface affinity for Fe(Il) adsorption. The adsorption of Fe(II)
and by TiO» was previously studied by Nano and Strathmann,?] Zhang*! and
Hiemstra.[’¥ At the TiO; surface, the Fe?* ion is presumably bound as a quattro-dentate
surface complex (=(TiO)2(TiOH):-Fe(Il)). This quattro-dentate surface complex
exhibits high surface charge attribution with the TiO, surface.’*! Consequently, the
hydrolysis and adsorption of Fe** on TiO, shows high pH dependency.’?! The
adsorption of Fe(Il) on TiO; is favored at pH>~7.5 (>80%) while significantly low at
lower pH (<10%). In the current chemisorption conditions, the Fe(II) solution exhibits
a pH of ~6 while the Fe(IT)/Pt(IV) photo-deposition solution has a pH of ~3.8, these pH
are relatively low for effective Fe(II) adsorption on TiO:. In contrast, for Fe(Ill), the
major Fe(III) species in solution at ~pH 3.5 are [Fe(OH)(H20)s]*" and [Fe(H20)s]*".[°%

These hydrolyzed monomers can effectively adsorb onto TiO; surfaces.
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Table 2-1. Net amounts of Fe(Ill) cations deposited on the surfaces of brookite TiO

nanorods.

Sample name

Nominal loading

Actual loading amount

amount
0.1wt% Fe(IlI)-dark-adsorption 0.1wt% Fe 0.1wt% Fe
0.2wt% Fe(I1I)-dark-adsorption 0.2wt% Fe 0.2wt% Fe
0.4wt% Fe(III) -dark-adsorption 0.4wt% Fe 0.4wt% Fe
0.6wt% Fe(III) -dark-adsorption 0.6wt% Fe 0.6wt% Fe
4wt% Fe(Ill)-dark-adsorption 4wt% Fe 3.57wt% Fe
0.1wt% Fe(III)-light-
Wi Fe(lll) Tig 0.1wt% Fe 0.09wt% Fe
photodeposition
2wt% Fe(I1I)-light-
02wtV Fe(lll) Tig 0.2w1% Fe 0.17wt% Fe
photodeposition
4Awt% Fe(III) -light-
0.4wt%% Fe(lll) -lig 0.4wt% Fe 0.23wt% Fe
photodeposition
0.6wt% Fe(I1I)-light-
Wi Fe(lll) Tig 0.6wt% Fe 0.24w1% Fe
photodeposition
4wt% Fe(Il)-dark-adsorption 4wt% 0.23wt%Fe

The surface adsorption capability of brookite TiO, nanorods for Pt(IV) ions in the
dark was also elucidated. The brookite TiO2 nanorods exhibit high surface affinity for
Pt(IV) ions. ICP results indicate that all of the Pt(IV) ions were adsorbed onto the
brookite TiO, nanorod surfaces when the brookite TiO> nanorods were stirred in
aqueous solutions containing 0.1-0.6 wt% Pt(IV) in dark conditions, as shown in Table
2-2. As mentioned above, the chemisorption of [Pt(IV)Cls]* onto TiO> surface forms a
covalently bound surface complex by chloride substitution at the surface [Ti]-O". Under
ambient conditions, these Pt(IV)-Cl surface complexes are partly converted to highly
stable Ti-O-Pt bonds.[]
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The results of ICP-MS show for the TiO2 nanorod sample co-deposited with Fe(II)
and Pt(IV) ions, both at nominal loadings of 0.4wt%, only 0.07wt% of Fe(II) cations in
the aqueous solution was eventually deposited on the TiO; nanorod surfaces to form
the Fe(III) oxide thin film sensitizer coating (see Table 2-2). On the other hand, for Pt,
all of the 0.4wt% of Pt(IV) ions in the solution were adsorbed onto the TiO> nanorod

surfaces.

Table 2-2. Net amounts of Pt cations deposited on the surfaces of brookite TiO:
nanorods.

Nominal loading

Sample name Actual loading amount

amount

0.1wt% Pt(IV) solution 0.1wt% Pt 0.1wt% Pt
0.2wt% Pt(IV) solution 0.2wt% Pt 0.2wt% Pt
0.4wt% Pt(IV) solution 0.4wt% Pt 0.4wt% Pt
0.6wt% Pt(IV) solution 0.6wt% Pt 0.6wt% Pt

_ 0.4wt% Fe 0.07wt% Fe

0.4wt% Fe(II) ion and 0.4wt%
Pt(IV) solution

0.4wt% Pt 0.4wt% Pt

2.3.3 Proposed Formation Mechanism of Fe(I1I)- Pt(I)/TiO; Nanorods

Scheme 2b shows the proposed formation mechanism of Fe(III)-Pt(II)/TiO, nanorods.
The [Pt(IV)Cls]* were reduced by the photogenerated electrons of TiO> to form Pt(II)
nanoparticles (i.e., PtO, Pt(II)-Cl) on the brookite TiO nanorod surfaces. Attributed to
the low surface affinity of the brookite TiO> nanorods for Fe(II) cations, as revealed by
ICP-MS and discussed above, the brookite TiO2 nanorod surfaces contained only small
amounts of surface-adsorbed Fe(Il) cations. Consequently, when the surface-adsorbed

Fe(Il) cations on the TiO; nanorods were oxidized by the photogenerated holes, the
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Fe(Il) cations formed a very thin layer of the Fe(Ill) oxide sensitizer (i.e.,
Fe>03/FeOOH) on the entire surfaces of the Pt(Il)-sensitized TiO» nanorods. Notably,
the presence of the Fe(Ill) oxide thin film sensitization layer inhibits further reduction
of the Pt(Il) to Pt(IV) species, resulting in the formation of significantly high surface
concentrations of Pt(II) sensitizers on the TiO; nanorod surfaces (~83.4%). Since TiO»
is a demonstrated water oxidation photocatalyst, the electron used for the oxidation of
Fe(Il) and the reduction of Pt(IV) during the photo-deposition reaction is balanced by

a concurrent oxidation of water.>’]

2.3.4 Optical Properties

Optical properties of the as-prepared brookite TiO» photocatalysts were elucidated
using UV-Vis spectra. Fig. 2-11A shows the UV-Vis diffuse absorption spectra of pure
brookite TiO2, Fe(Ill)/TiO2, Pt(I)/TiO2 and Fe(III)-Pt(II)/TiO,. Pure brookite TiO>
shows an absorption edge at 380 nm, corresponding to an optical band gap of ~3.3 eV.
Owing to the photo-sensitizing effects of the Fe(Ill) and Pt(IT)/(IV) sensitizers, the
brookite TiO> nanorod samples exhibit visible light absorption tails in the wavelength
region of 400-600 nm upon surface modifications with the Fe and/or Pt sensitizers.[®
601 The visible light absorption tail is observed to be stronger for the Pt(IT)/TiO, sample
than for the Fe(IIl)/TiO, sample. This observation indicates the Pt(Il)/(IV)sensitizers
have greater visible light responses than that of the Fe(III) oxide sensitizers suggesting
that Pt(I1)/(IV) sensitizers are likely to be better visible light-driven sensitizers than
Fe(III) oxide sensitizers. For the Fe(II)-Pt(II)/TiO2 nanorod sample, the co-loading of
Pt(IT) and Fe(Ill) oxide sensitizers onto brookite TiO» nanorods results in the most
apparent red shift in the visible light absorption. Since the Fe(III)-Pt(Il)/TiO, nanorod
sample contains higher concentrations of Pt(Il) sensitizers and lower concentration of
Pt(IV) sensitizers compared to that of the Pt(I1)/TiO, sample, the enhanced visible light
absorption property of Fe(III)-Pt(Il)/TiO nanorod sample can be attributed to the Pt(II)
sensitizers. Furthermore, we also loaded Pt(II) on rutile and anatase TiO,. As shown in

the Fig. 2-11(E), the concentration of CO2 produced from acetaldehyde degradation
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over brookite phase TiO, is higher than that over rutile and anatase TiO,, indicating that
brookite phase TiO, can better promote acetaldehyde degradation than other two phases

under visible light.
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Fig. 2-11 (A) UV-Vis diffuse absorption spectra of pure brookite TiO2, Fe(Ill)/TiOx,
Pt(IT)/TiO2 and Fe(IIT)-Pt(I1)/TiO> samples, (B) CO2 concentrations generated from
photocatalytic degradation of acetaldehyde under visible light using Fe(III)-Pt(1I)/TiOx,
Fe(II1)/TiO; and pure brookite TiO, photocatalysts and, wavelength-dependent action
spectrum of (C) Fe(II1)-Pt(I1)/TiOz and (D)pure TiO». (E) CO; concentrations generated
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from photocatalytic degradation of acetaldehyde under visible light using 0.4wt%Pt(II)

loaded rutile, anatase and brookite TiO».

2.3.5 Photocatalytic Activities of Fe(IlI) and Pt-sensitized TiO; and Fe(I1I)-

Pt(Il)-oxide-co-sensitized TiO2 nanorods

The activities of as-prepared brookite TiO, nanorods and Fe(Ill) or Pt-sensitized
brookite TiO2 nanorod samples for photocatalytic degradation of acetaldehyde under
visible light illumination were investigated. Prior to the light irradiation, the samples
were investigated under dark conditions. Fig. 2-12 shows the COz concentration-time
profiles of the samples upon exposure to acetaldehyde under dark conditions. In all
samples, low concentrations of COz (~20-50 ppm) were detected within 30 min
exposure to acetaldehyde and the CO: levels remained unchanged therefore. Since
adsorbed CO; are naturally present on a TiO oxide surface, the detection of CO; under
dark conditions suggests there is a surface-exchange of CO; for acetaldehyde on the
TiO: surfaces.[99-62] That is, adsorbed CO, desorbed from the TiO: surfaces upon
exposure to acetaldehyde and acetaldehyde was re-adsorbed onto the TiO» surfaces. It
is energetically infeasible for pure TiO:» or the Pt/Fe-sensitized TiO» to degrade
acetaldehyde spontaneously under dark conditions and evolve CO,, particularly at CO,

levels of ~20-50 ppm within 30 min.[%!
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Fig. 2-12 Concentrations of CO: produced in the dark in the presence of various
photocatalysts, pure brookite TiOz, Pt(0)/TiO2, Pt(Il)/TiO2, Pt(IV)/TiO,, Fe(Il)-
Pt(IT)/TiO2 Fe(Il1)/TiO2 and Degussa P25 TiO> (P25) (as a reference material).

For all samples, the CO> concentration generated from photocatalytic acetaldehyde
degradation is determined after subtracting the amount of CO> that were desorbed under
dark conditions (abbreviated as ACO»). Fig. 2-13 shows the concentrations of CO»
generated from acetaldehyde degradation when Pt(Il)/TiO; and Fe(Ill)/TiO, with
varied nominal loading of Pt sensitizers or Fe(Ill) oxide sensitizer were utilized as the
photocatalysts. For both Pt(II)/TiO> and Fe(IIll)/TiO,, the photocatalytic activities
increased with increase in the weight loading of Pt sensitizers or Fe(Ill) oxide
sensitizers until an optimum concentration was derived, whereby the photocatalytic
activity was highest. A further increase in concentrations of Pt or Fe(Ill) sensitizers
resulted in a decrease in activities, probably due to an excessive coverage of Pt or Fe(IIl)
sensitizers on the active sites of TiO», which hinders efficient transport of photoexcited
electrons. The optimum weight loading of Pt sensitizers and Fe(IIl) oxide sensitizers
on brookite TiO; for photocatalytic degradation of acetaldehyde were both found to be
at a nominal loading of 0.4wt% Fe or Pt. While the actual loading of Pt in the optimal

Pt(IT)/TiO; sample is also 0.4wt% due to the high surface affinity of brookite TiO; for
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Pt ions, the actual loading of Fe element in the optimal Fe(IIl)/TiO; sample is 0.23%
(see Table 2-3). Hence, for the co-deposition of Pt(IV) ions and Fe(Il) cations on
brookite TiO2 nanorods to form an Fe(IIl)-Pt(II)/TiO2 photocatalyst, nominal loading
of 0.4wt% was applied for both Fe(II) and Pt(IV).
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Fig. 2-13 Concentrations of CO: produced from photocatalytic acetaldehyde
degradation using TiO, photocatalysts deposited with different nominal loading
amounts of Fe(Ill) or Pt(I1), (A) Fe(Ill)/TiO2 and (B) Pt(II)/TiO2, under visible light
(455 nm).

Table 2-3. BET measurements of as-prepared brookite TiO» photocatalysts.

Samples pure TiO» Fe(II1)/TiO> Pt(I1)/TiO2  Fe(Il)-Pt(I1)/TiO>

BET (m%/g) 54.010 54.496 56.368 55.976

Fig. 2-11B shows the CO: concentrations from photocatalytic degradation of
acetaldehyde over Fe(Ill)-Pt(I)/TiO2, Fe(Ill)/TiO> and pure brookite TiO:
photocatalysts. The Fe(III)-Pt(II)/TiO2 photocatalyst shows the highest activity among
the three samples. In a 5-h photocatalytic test, Fe(II1)-Pt(II)/TiO2 generated more than
300 ppm of CO2, which is approximately two-times higher than that generated by
Fe(IIT)/TiO2(<100 ppm CO»). The pure brookite TiO2 photocatalyst shows some visible
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light activity, it generated minor amount of CO; in 5h (~16.5 ppm COz). The Ti XPS
spectrum of pure brookite TiO2 nanorods, Fig. 2-14, indicate the presence of low
concentration of Ti** defect states on the surface of the brookite TiO» nanorods. The
visible light activity of the brookite TiO can be attributed to the visible light absorption
at the Ti** defect centers. Low concentrations of oxygen vacancies are commonly
observed in TiO; nanorods due to the ease of formation of oxygen vacancies in TiO:
nanostructures.!% 41 Fig, 2-11C and D show the action spectra of Fe(III)-Pt(I1)/TiO-
and pure TiO; samples. The wavelength-dependent action spectra of Fe(IIT)-Pt(I)/TiO:
indicate the apparent quantum efficiencies (AQE) of the Fe(Ill)-Pt(I1)/TiO:
photocatalyst and pure TiO> match well with their UV-Vis absorbance. The dependence
of photocatalytic activities with different wavelengths of light indicate the light
absorption by the Fe(III)-Pt(II)/TiO2 and pure TiO2 photocatalysts is the main factor
contributing to the photocatalytic reactions. The Fe(III)-Pt(I)/TiO, photocatalyst
exhibited an AQE of 0.84% under 420 nm monochromatic light irradiation. It should
be noted the BET surface area analyses show the as-prepared brookite TiO» nanorods
with and without modifications with Fe and/or Pt sensitizers exhibit equivalent surface
areas of ~54-56 m?/g. The BET surface areas of as-prepared TiO, samples are

summarized in Table 2-3.

Ti 2p 458.7 eV
Ti(IV) 2p3/2

464.4 eV
Tiv) 2p1/2 | 463.6 oV

Ti(ll) 2p1/2
|

Intensity / arb. unit

468 466 464 462 460 458 456
Binding energy / eV
Fig. 2-14 Ti 2p XPS spectrum of an pure brookite TiO2 sample.
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2.3.6 Photocatalytic Activities of Pt(0) and Pt(II) and Pt(IV) Sensitizer-modified
Brookite TiO2 Nanorods

In order to investigate the activities and stabilities of Pt sensitizers with different
oxidation states for photocatalytic degradation of acetaldehyde under visible light,
photocatalytic tests were conducted for Pt(0)/TiO>, Pt(II)/TiO2, Pt(IV)/TiO, and
Fe(IIT)-Pt(II)/TiO> over three repeated cycles. Fig. 2-15 shows the CO; concentrations
produced from the photocatalytic degradation of acetaldehyde over Pt(0)/TiOs,
Pt(IT)/TiO, Pt(IV)/TiO2 and Fe(III)-Pt(II)/TiO2. Among the Pt-sensitized TiO> samples
(without Fe(IIl) co-loading), Pt(I)/TiO2 shows the highest photocatalytic activity.
When Pt(II)/TiO; was used, 250 ppm of CO; was generated from the degradation of
acetaldehyde in the first photocatalytic cycle of 5 h. In contrast, <100 ppm and <90 ppm
of CO, were generated in the first cycle tests with Pt(IV)/TiO, and Pt(0)/TiO.,
respectively. Although Pt(II)/TiO> shows the highest activity for photocatalytic
degradation of acetaldehyde in the first 5-h cycle, the Pt(II)/TiO> sample shows poor
stability on subsequent 5-h cycles. The CO> concentrations generated in the second and
third 5-h cycles decreased to 76% and 50%, respectively, of the concentration in the
first cycle. On the other hand, the Pt(IV)/TiO; and Pt(0)/TiO, samples show strong

stability with no deterioration in activities over the three 5-h cycles.
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Fig. 2-15 CO; concentrations generated from the photocatalytic degradation of
acetaldehyde under visible light using (A) Fe(III)-Pt(IT)/TiO2, (B) Pt(I[)/TiO2, (C)
Pt(0)/TiO2, and (D) Pt(IV)/TiO, samples. All samples contained 0.4wt% Pt. Fe(IlI)-
Pt(IT)/TiO2 contained 0.07 wt%Fe.

To elucidate the structural change in Pt(II)/TiO: after photocatalytic tests leading to
the decreased activities, the Pt(I)/TiO; sample was investigated by XPS before and
after a photocatalytic test. Fig. 2-16 shows the Pt 4f XPS spectra of a fresh Pt(I)/TiO:
sample and a spent Pt(I)/TiO2 sample that was photo-irradiated in acetaldehyde under
visible light for 24 h. As aforementioned, the as-prepared Pt(II)/TiO> sample consists
of PtO (39.7%), Pt(I)-Cl (23.3%), PtO2 (10.0%) and Pt(IV)-Cl (27.1%). After the 24-
h photocatalytic reaction with acetaldehyde, the XPS results of the spent Pt(II)/TiO:
sample, as can be seen in Fig. 2-16B, show significant reductions in peak intensities for
PtO and Pt(IT)-Cl. On the other hand, the peak intensities for PtO, and Pt(I'V)-Cl showed
significant increased. The Pt compositions in the spent Pt(II)/TiO> sample are as

follows: PtO (20.7%), Pt(I1)-ClI (12.3%), PtO2 (29.6%) and Pt(IV)-Cl (37.4%) Hence,
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the reduced photocatalytic activity of the Pt(II)/TiO, sample can be attributed to the
oxidation of PtO and Pt(II)-Cl to PtO2 and Pt(IV)-CI, respectively. The results imply
the Pt(I) sensitizers are more effective visible light sensitizers than the Pt(IV)

sensitizers, albeit with lower stability.
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Fig. 2-16 Pt 4f XPS spectra of a fresh Pt(II)/TiO2 sample (A), a spent Pt(II)/TiO, sample
that was photo-irradiated in acetaldehyde for 24 h (B), a fresh Fe(IIl)-Pt(Il)/TiO2
sample (C) and a spent Fe(III)-Pt(IT)/TiO> sample (D) that was photo-irradiated in
acetaldehyde for 24 h.

The optical properties of a Pt(I)/TiO2 sample before and after the 24-h photocatalytic
reaction with acetaldehyde as well as those of a fresh Pt(IV)/TiO> sample were also
measured by UV-Vis spectroscopy. UV-Vis diffuse absorption spectra of these samples
are shown in Fig. 2-17 and 2-18. The as-prepared Pt(I1)/TiO2 shows a stronger visible
light absorption tail in the 400-600 nm wavelength region compared to the as-prepared
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Pt(IV)/TiOs sample. After the 24-h photocatalytic test, the UV-Vis spectra of the post-
treated Pt(I)/TiO2 sample shows a reduction in visible light absorption intensity in the
400-600 nm wavelength region. Hence, the decrease in photocatalytic activities of the
Pt(IT)/TiO, sample in the repeated photocatalytic tests can be attributed to a reduced
ability of the Pt(Il)/TiO, sample to absorb visible light due to an increased conversion

of Pt(Il) to Pt(IV) during the photocatalytic degradation process.
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Fig. 2-17 UV-Vis diffuse absorption spectra of a Pt(I[)/TiO> sample before
photoirradiation and after irradiation in acetaldehyde under visible light for 24 h and a

fresh Pt(IV)/TiO, sample.
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Fig. 2-18 UV-vis diffuse absorption spectra of (A) 0.2wt%, (B) 0.4wt% and (C) 0.6wt%
Pt(IT)/TiO2 samples before and after photoirradiation in acetaldehyde under visible light

for 24 h.
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2.3.7 Importance of Fe(III) Oxide Sensitizer Outer Layer for Enhancing the
Photocatalytic Activity and Stability of Pt(IT)/TiO:

Fig. 2-15 also shows the CO> concentration from photocatalytic degradation of
acetaldehyde over the Fe(IIl)-Pt(Il)/TiO2 photocatalyst. It is notable that the co-
modifications of the Fe(Ill) and Pt(Il) sensitizers on the brookite TiO> nanorods
improved not only the photocatalytic activity of Pt(II)/TiO but also the cycling stability
of the sample. The Fe(III)-Pt(II)/TiO2 photocatalyst generated 325 ppm of CO; for all
three 5-h cycles with no deterioration, which is a significant enhancement compared to
the 250 ppm of CO; generated by Pt(II)/TiO; in the first cycle (Fig. 2-15). Fig. 2-19
shows the cycling stability test for Fe(III)/TiO.. Similar to Fe(IIl)-Pt(I1)/TiO:
photocatalyst, the Fe(Ill)/TiO, shows stability for photocatalytic acetaldehyde
degradation over three 5-h cycles, it generated ~100-110 ppm of CO: in each cycle.
XPS was also utilized to examine the Fe(III)-Pt(Il)/TiO, photocatalyst after 24-h
photocatalytic degradation of acetaldehyde. Fig. 2-16C and D show the Pt spectra of
the Fe(III)-Pt(II)/TiO; sample before and after the photocatalytic test. The XPS indicate
an increased in PtO concentration in the spent- Fe(II1)-Pt(II)/TiO> sample (from 65.3%
in the fresh sample to 77.8% in the spent sample). On the other hand, the concentrations
of Pt(II)-Cl and PtO> showed reductions in the spent sample. The Pt(II)-CI and PtO> in
the fresh Fe(II1)-Pt(I1)/TiO2 sample were 18.1% and 16.6%, respectively, while 15.3%
and 5.1% in the spent Fe(IIl)-Pt(I[)/TiO2 sample, respectively. The increased in PtO
concentration accompanied with concurrent reductions of Pt(II)-Cl and PtO,
concentrations in the spent Fe(III)-Pt(II)/TiO> sample indicate some of the PtO, were
photoreduced to PtO while some of the Pt(II)-Cl were also converted to PtO during the
photocatalytic degradation of acetaldehyde. It is energetically feasible for the CI-

ligands to form free Cl- radicals during the photocatalytic oxidation reactions.[¢: 63 6]
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Fig. 2-19 CO: concentrations generated from the photocatalytic degradation of

acetaldehyde under visible light using Fe (III) /TiO,.

2.3.8 Direct Visualization of Electron Transfer in Fe/Pt-sensitized TiO; Nanorods

under Visible Light Irradiation using in situ DB-PAS

In order to elucidate the electron transfer mechanisms of Fe/Pt-sensitized TiO; leading
to the obtained activities, the behaviors of injected electrons in pure brookite TiO2 and
Fe/Pt-sensitized TiO; were investigated by in situ DB-PAS. Fig. 2-20A shows the time-
course curves of PA intensity under visible light irradiation in the presence of air and
2-PrOH vapor for pure brookite TiO», Fe(Il1)/TiO2, Pt(I1)/TiO2 and Fe(III)-Pt(I1I)/TiO>.
The PA intensity increased upon visible light irradiation because Ti(IV) was reduced
to Ti(III) by the injected electrons from the loaded metal cations into TiO>. However,
the number of electrons accumulated in the TiO by visible light irradiation was much
smaller, compared to the maximum capacity of electron accumulation in the TiO,. The
steady-state values of PA intensity show dependence on the kind of metal oxide

sensitizer(s) loaded onto TiO> in the order of Fe(Ill)-Pt(II)/TiO, > Pt(I1)/TiO, >
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Fe(IIT)/TiO2 > TiO,. Because these measurements were carried out in the presence of
an electron acceptor such as Oz, the PA intensity is related to the difference between
the amount of injected electrons and electrons consumed on TiO». Previous studies
show some metal oxide compounds function as not only visible light sensitizers but
also electron acceptor.[”] Therefore, it is difficult to estimate the amount of electron
injection only from PA intensity measured in the presence of O2. However, the almost
same increases in PA intensity for Fe(III)-Pt(II)/TiO; and Pt(II)/TiO> under visible light
irradiation indicate that electron consumption was hardly changed by the co-loading of
Fe(IIT) oxides on Pt(I)/TiO,. Overall, the PA intensities indicate Pt(Il) oxide works as
a more efficient visible light sensitizer than Fe(III) oxide sensitizer, in good agreement
with the UV-Vis light absorption spectra (Fig. 2-11A). By contrast, the Fe(III)/TiO:
showed a lower PA intensity than the Pt(II)/TiO> or the Fe(III)-Pt(II)/TiO> because the
amount of injected electrons from the Fe(Ill)/TiO2 was much smaller due to the lower

photoabsorption of the Fe(IIl)/TiOx.
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Fig. 2-20 (A) The time-course curves of the PA intensity under intermittent visible light
irradiation in the presence of air and 2-PrOH vapor for pure brookite TiO, Fe(III)/TiO-,
Pt(IT)/TiO2 and Fe(II)-Pt(II)/TiO, samples and (B) the time-course curves of the PA
intensity under continuous visible light irradiation in the presence of air for Pt(II)/TiO:

and Fe(III)-Pt(I1)/TiO> samples.
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Fig. 2-20B shows time-course curves of PA intensity for Fe(IIl)-Pt(Il)/TiO; and
Pt(IT)/TiO; under visible light irradiation in artificial air only. The PA intensity for both
samples increased under visible light irradiation even in the absence of electron donor,
i.e., 2-PrOH vapor. However, the PA intensity of Pt(II)/TiO, decreased after prolonged
light irradiation, indicating the efficiency of electron injection was decreased in the
absence of 2-PrOH electron donor. The decrease in PA intensity is likely to be due to
the self-oxidation of Pt(Il) to Pt(IV), as indicated by XPS results (Fig. 2-16) and UV-
Vis spectra (Fig. 2-17 and 2-18). In contrast, the PA intensity for Fe(III)-Pt(I1)/TiO2
increased under prolonged light irradiation even in the absence of 2-PrOH electron
donor. This observation is presumably because the co-loaded Fe(Ill) oxide sensitizer
retards the self-oxidation of Pt(Il) oxide sensitizer and the rate of electron injection

from Pt(II) stabilized by Fe(III) is continuously faster than that of electron consumption.

2.3.9 Proposed Mechanisms of Photocatalytic Acetaldehyde Degradation over
Pt(I1)/TiO: and Fe(III)-Pt(II)/TiO2 under Visible Light

The proposed mechanisms for acetaldehyde degradation over Pt(I1)/TiO> and Fe(III)-
Pt(I1)/TiOz photocatalyts under visible light is presented in Fig. 2-21A. For Pt(I1)/TiOx,
upon visible light photoexcitation of the Pt(I) oxide sensitizer, photoexcited electrons
are transferred from the Pt(II) oxide sensitizer to the conduction band of TiO> and O,
is reduced to superoxide radicals (O27) at the TiO, surface active sites. Simultaneously,
the photoexcited holes oxidize acetaldehyde to CO; at the Pt(II) oxide sensitizer
photocatalytic sites. However, the oxygen in the air can also extract electrons from the
Pt(IT) oxide sensitizer and directly oxidize Pt(I[) to Pt(IV). The decrease in the
concentration of the Pt(Il) oxide sensitizer in the Pt(I[)/TiO, sample with time reduces
both the light absorption ability and photocatalytic activity of the Pt(II)/TiO>

photocatalyst.

In the case of the Fe(IIl)-Pt(II)/TiO2 photocatalyst, upon photoexcitation of both
Fe(IlT) and Pt(Il) oxide sensitizers with visible light, photocatalytic degradation of
acetaldehyde occurs on both the Fe(IlI) and Pt(Il) oxide sensitizers. The Fe(III) oxide
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sensitizer protective layer around the Pt(II)/TiO2 nanorods can protect the Pt(II) oxide
sensitizer from oxidation by continuously injecting its photoexcited electrons into the
Pt(IT) oxide sensitizer, as evidenced by the in situ DB-PAS, leading to enhanced

photocatalytic activity and sustained stability.

In addition, the electron injected into the conduction band of TiO; is expected to
reduce O; to superoxide anions (¢ O3 ), which is further reduced into hydrogen peroxide
(H202) and hydroxyl (OH) radicals by subsequent second and third electron transfer,
respectively, [2* 3691 a5 shown in Fig. 2-21A. As the H,O, and OH radicals have high

oxidizing powers,[%! they will be consumed in the oxidation reaction of acetaldehyde.
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Fig. 2-21 (A) Proposed mechanisms for acetaldehyde degradation over Pt(I1)/TiO; and
Fe(IIT)-Pt(I1)/TiO> photocatalyts under visible light and (B) electron density
distribution maps of PtO and brookite TiO, (left) and Fe.O3 and PtO heterojunction
interfaces (right), color of spheres: red = O, dark blue = Pt, light blue = Ti and purple =

Fe, yellow and green areas represent higher and lower electron density.

Besides the direct experimental evidence from in situ DB-PAS, the first principle
DFT calculations also support the proposed charge transfer mechanisms. Since PtO and

Fe»0; are the dominant components of Pt(II) and Fe(III) oxide sensitizers, we modeled
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the heterojunction interface of PtO and Fe>Os and that of PtO and brookite TiO2. The
obtained electron density distribution maps are presented in Fig. 2-21B. The electron
density distribution map of the Fe-O; and PtO heterojunction interface indicates
electrons are accumulating at the PtO sites, suggesting that electrons are spontaneously
transferring from Fe;Os3 to PtO. On the other hand, at the heterojunction interface of
PtO and TiOg, electrons are accumulating at the TiO; sites, suggesting that electrons
are migrating spontaneously from PtO to TiO,. Taken together, the favorable tri-
component interfaces of Fe2O3/PtO/Ti0O; allow rapid transfer of photoexcited electrons
from Fe>O3 to PtO and then to TiO,, where the electrons are eventually scavenged by
ambient O at the TiO; surface. The rapid removal of photoexcited electrons from Fe,O3
and PtO also extends the lifetime of photoexcited holes at the Fe,O3 and PtO surfaces,
which in turn enhances the hole oxidation reaction of acetaldehyde to CO- at the Fe(III)

and Pt(IT) oxide photocatalytic sites.

2.4 Conclusions

In summary, single-crystalline brookite TiO2 nanorods with well-defined {210} and
{111} facets were successfully fabricated by a hydrothermal process using TALH as a
shaping agent. Among the Pt sensitizers of different oxidation states, Pt(Il) oxide-
sensitized TiO» shows the highest photocatalytic activity for degradation of
acetaldehyde under visible light. However, the stability of Pt(II) oxide is compromised
by its self-oxidation to Pt(IV) during the photocatalytic reaction with acetaldehyde.
Surface coating of a Fe(Ill) oxide sensitizer thin film layer around the Pt(II)/TiO>
nanorods can prevent the self-oxidation of Pt(II) oxide sensitizer through electron
injection, enabling enhanced stability and enhanced activity. The energetically
favorable tri-component interfaces of Fe2O3/PtO/Ti0O; allow photoexcited electrons to
migrate rapidly from the outermost Fe(IlI) oxide sensitizer to the mid-zone Pt(II) oxide
sensitizer and then to TiO,. The enhanced separation of electrons and holes promotes
the hole oxidation reaction of acetaldehyde at the Fe(III) and Pt(II) oxide photocatalytic

sites. The Fe(III)-Pt(II)/TiO; photocatalyst exhibited an AQE of 0.84% under 420 nm
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monochromatic light irradiation for acetaldehyde degradation, which is significantly

higher than that of pure brookite TiO2 (0.14%).
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Section 3. H2 and CH4 production from Acetic acid reforming

over metal loaded brookite TiO: in Ar atmosphere
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Abstract

Brookite TiO» was reported to have stronger ability for organic compounds degradation
than anatase and rutile, which may cause by stronger O adsorption for brookite.
Furthermore, brookite TiO; is easy for acetic acid and acetone adsorption than anatase.
Pt, thought to be able to promote the charge separation, was used as the co-catalyst. The
photocatalytic activity of acetic acid reforming was evaluated by detecting the
production rate of CHs and H». Some other normal metals (Ag, Au, Ni, Cu) were loaded
on the surface of TiO; as well. The Pt modification was the most suitable elements for
acetic acid reforming. Furthermore, the optimal amount of loaded Pt is 0.4wt% (:
mTiOy). The influence of different valence state of Pt modification was researched as
well. The Pt0 was estimated to be the best valence state for CH4 and H> production from
acetic acid reforming. The XPS indicated Pt>* and Pt** will gradually be reduced to Pt0.
And Pt0-loaded TiO: shows the good stability. The PtO/brookite TiO2 showed much
better photocatalytic activity for acetic acid reforming. At the time, rutile TiO> has no

efficiency for acetic acid reforming.

Key words

Metal modification, brookite TiO», photo-Kolbe reaction

3.1 Introduction

It was reported that only 2.5% of water in the world is fresh water. And only 0.007%
fresh water is available and can be used directedly.l!l Industrial, agricultural production
and people's daily life consume massive water resources and discharge wastewater.[?!

According to reports, there are still 1.1 billion people in the world who do not have
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access to clean drinking water.)] Among these discharged wastewaters, organic
pollutants are one of the important components. These pollutants are closely related to
many diseases such as cancer.[*%I Therefore, the removal of organic pollutants in waste
water is an important topic. At present, common methods to remove organic substances
in wastewater such as adsorption, membrane separation, electrochemical oxidation, etc,
have been maturely used in daily life.’° These methods still exist the problems of
production of secondary pollution, high post-processing costs and so on.
Photocatalysis, which utilizes solar energy (a clean and recyclable energy) as the
energy source, iS a promising way to remove the organic compounds. Bernhard
Kraeutler et al researched a photoelectric system with using the rutile TiO> as the
electrode and succeeded converts a variety of organic acids to methane, ethane, vinyl

10-13] This reaction, which can reform organic acids to alkanes and COa, is

and so on.[
name as photo-Kolbe reaction and is a very valuable reaction for recycling organic
matter in wastewater.!!4]

Many materials have been developed for photo-Kolbe reaction. Ailin et al. A. Ana
developed a crystal-surface controlled anatase TiO, loaded with Cu in-situ. A stronger
photocatalytic activity for photo-Kolbe reaction than commercial P25 sample was
found by this material.'! Fe was modified on P25 by the method of calcination by M.
Sylwia and used for acetic acid reforming. Except CHs and Hz, many other alkanes
were also produced during the reaction. [!81 The researchers, H. Saher et al and A. Ana,
respectively synthesized and compared the different kinds of metal loaded P25 TiO- for
acetic acid reforming, and detected the yield and composition of products. They found
the large value of the work function of the employed co-catalyst was found to favor H»
evolution. And a low value of the work function promoted alkane evolution.!'”- 18] Choi
et al researched the pH influence for acetic acid reforming upon a Pt loaded P25
sample.["] Currently the main photo-Kolbe reactions are based on anatase, rutile and
P25. The researches of photo-Kolbe reaction upon brookite phase still rare.

TiO, consists of 3 kinds of phases: rutile, anatase and brookite.?°! Limited by high

difficulty of preparing high purity of brookite TiO., brookite phase is studied relatively
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less than other two phases.[?! However, it was reported that brookite TiO, has suitable
electron trapping level compared with anatase and rutile phase, which can effectively
promote electron and hole pair separation.[*’] Besides, brookite TiO> has similar
capability for O> adsorption as anatase phase and stronger photocatalytic activity for
organic compounds degradation to CO,.1** 2*) Compared with anatase-type TiO>,
brookite-type TiO2 can better adsorb acetic acid (weaker than rutile-type), suggesting
higher photocatalytic activity of acetic acid reforming.[?]

In this research, the photocatalytic activity of rutile, anatase and brookite (loaded
with Pt0) was estimated and compared by evaluating the production of CH4 and H>
from acetic acid reforming. The photocatalytic activity of brookite TiO> (loaded with
Pt) is much higher anatase and rutile. Different kinds of metals were loaded on the
surface of brookite TiO,. The Pt was proved to be the most suitable elements for both
CH4 and H:> production. We compared photocatalytic activity of the different valence

state of Pt, the Pt0 was proved to be the best state. Finally, a 0.4%Pt0/ brookite TiO- is

proved to be better for promoting acetic acid reforming and production of CH4 and Ho.

3.2 Experiment

3.2.1 Preparation of metal loaded TiO:

Metal loaded brookite TiO> was prepared by the method of photo-deposition. 0.3g
of Commercial brookite TiO2 powder (KOJUNDO CHEMICAL LABORATORY CO),
metal ions (chloroplatinic acid (10mmM, Wako), silver nitrate (Wako, super pure),
hydrogen tetrachloroaurate (III) tetrahydrate (Wako), copper chloride (Wako, super
pure), Nickel nitrate (Wako, super pure)), 80mL of Mill-q water and 20mL ethanol
(Wako, Extra Pure, 95%) was mixed in a flask. After N> bubbling for 1h, the mixture
solution was irradiated under a mercury lamp for 6h. The light intensity was 100 mW
cm, After photoirradiation, the resultant powder was gotten by filtration and washed

by ultrapure water until conductivity below than 10 uS cm!.
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3.2.2 Characterization

The crystal structure of the produced materials was analyzed by X-ray diffraction
(Rigaku, MiniFlex IT). Transmission electron microsocopy (TEM) was conducted using
a Hitachi H-9000NAR at an accelerating voltage of 200 kV. Specific surface areas of
the samples were determined by Quantachrome Nova 4200e surface area measurement.
Inductively coupled plasma optical emission spectroscopy (ICP-OES; Shimadzu,
ICPS-8000) was used to determine the concentrations of Pt loaded on TiO,. UV-Vis
diffuse reflectance spectra were obtained by a UV-2500PC (Shimadzu) equipped with
an integrating sphere unit. X-ray photoelectron spectra (XPS) of as-prepared samples
were obtained by a Thermo ESCALAB 250Xi system at room temperature using Al Ka.
with monochromatic radiation. PL (Photoluminescence spectroscopy) spectra of
different amount of Pt-loaded TiO, was analyzed by wusing a fluorescence

spectrophotometer (Jasco. Inc, FP-8500) with excitation light of 420nm.

3.2.3 Photocatalytic activity tests

The photocatalytic activity test was estimated by evaluating CH4 and H> production
from acetic acid reforming. First, 40mg photocatalyst powder, 20 pL (0.1vol%,
1.75 x 10~2mol/L) acetic acid was mixed together in a quartz container. Then ultrapure
water was added to adjust the volume of the mixed solution to 20mL. After Ar gas
bubbling for 30min, the mixed solution was irradiated under Xenon lamp for 3h. Micro-
GC (Agilent Technologies 490 Micro GC with column: 10m MS5A) was used to
detected the concentration of produced gas, for example H>, CHs, C2Hs and et al. The
components of acetic acid water solution were evaluated by the liquid chromatography

before and after experiment.

3.3 Results and Discussion

3.3.1 Surface and Structure properties
XRD spectra of pure brookite and metallic Pt loaded brookite TiO, (Pt0/TiO») are

shown in the Fig. 3-1. According to diffraction peaks of standard brookite TiO> (JCPDS
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NO. 29-1360), no peak of rutile and anatase phase was found, indicating high purity of
brookite TiO,.1?6] Metallic Pt modification on brookite TiO> did not result in the peak
shift or formation of new diffraction peak belonging to metallic Pt. This result suggests
that metallic Pt modification is not embed into the bulk of TiO> but loaded on the

surface of brookite TiO».

JCPDS No0.21-1272
I standard anatase

JCPDS No 29- 1360
standard brookite

I\ N 0.4Pt0/TiO,
h H 0.2Pt0/TiO,

,\ n 0.1PtO/TiO,

‘h L pure TiO,
- M—-ﬁ—-&-ﬁﬁ—-ﬁﬁ-ﬂ-ﬂ-‘ﬂ-—r--—-—

10 80
Degree / 20

Fig. 3-1 XRD patterns of pure brookite TiO2 and Pt(0)/TiOz photocatalysts.

Intensity / arb. unit

Fig. 3-2 shows the high-resolution transmission electron microscopy (HRTEM)
images of pure brookite TiO2. The Fig. 3-2(A) shows a brookite TiO> nanoparticle
contain a square crystal shape with pointed top head and smooth surface. The length
and the width for one brookite nanorod is about 70nm and 30nm respectively.
According to lattice plane imaging shown in the Fig.3-2 (B), the lattice width on the
body surface of brookite nanorods of is 0.351nm, indicating the {210} facets.[*”- 2811t
also suggests that the top head belongs to {111} facets. Besides, the uniform lattice

fringe surface indicates that the brookite TiO; contains a single-crystal structure.
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(A)

Fig. 3-2 HRTEM images of pure brookite TiO2 sample.

For Pt-loaded brookite, the actual amount of loaded Pt is shown in the Table 3-1. The
actual amount of loaded platinum was gotten by calculating the difference between the
adding amount of Pt and the Pt ion in the filtrate. From the Table 3-1, all of the added
Pt was loaded on the surface of TiO», indicating the good loading efficiency by photo-
deposition. The EDX mapping images of Pt0/TiO» are shown in the Fig. 3-3. The TEM
mapping pictures also show that Pt is successfully loaded onto the surface of TiO». The
loaded Pt aggregates together and takes on a spherical shape. The average diameter of
a Pt nanoparticle is about Snm.

Table 3-1. Actual amounts of Pt0 deposited on the surfaces of brookite TiO> nanorods.

Sample name Nominal loading amount  Actual loading amount
0.1%Pt0/TiO» 0.1wt% 0.1wt%
0.2%Pt0/TiO» 0.2wt% 0.2wt%
0.4%Pt0/TiO» 0.4wt% 0.4wt%
0.6%Pt0/TiO> 0.6wt% 0.6wt%
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Fig. 3-3 HRTEM images of (A) Pt0-loaded brookite TiO2 nanorods and the associated
EDX elemental mapping of PtO-loaded brookite TiO> nanorods (B) O, (C) Ti, (D) Pt.

3.3.2 Optical properties

Fig. 3-4 shows the UV-vis spectra of pure brookite TiO; and as-prepared Pt0/TiO».
The absorbance spectra of pure brookite and all Pt0/TiO; samples exhibits an obvious
decrease between ~370 and 380nm. The similar absorbance edges of all samples,
380nm, correspond to the band gap of about 3.3eV, indicating that metallic Pt
modification don not change the valence band of photocatalyst compared with pure
TiOz. The light absorbance of different amount of Pt loaded TiO; increasing from 400nn
to 800nm could be because of LEPR effect of Pt nanoparticles. The Fig. 3-5 shows the
photostimulated luminescence (PL) spectra of pure TiO> and Pt0/TiO; for an excitation
of 420nm. In semiconductors, photoexcited electron-hole pair recombination produces
PL emission. PL spectroscopy is used to study the efficiency of charge carrier capture,
migration, transfer and separation. From the Fig. 3-5, the weakening of the PL intensity
represents the prolongation of the electron-hole recombination time, indicating that the
carrier separation efficiency increases with the increase of the Pt concentration. In this

experiment, the prolongation of electron-hole lifetime means that electrons and holes
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have more time to participate in the oxidation reaction of acetic acid and the reduction
reaction of protons, which is one of the ways to effectively improve the photocatalytic

efficiency. (2]

1.6

1 — pure TiO,
1 ——0.1%Pt0/TiO,
1.2+ —— 0.2%Pt0/TiO,
1.0- —— 0.4%Pt0/TiO,

—— 0.6%Pt0/TiO,

Absorbance / Abs.%
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Fig. 3-4 UV-Vis diffuse absorption spectra of pure brookite TiO» and metallic Pt loaded TiO.
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Fig. 3-5 Photostimulated luminescence (PL) spectra of pure TiO2 and metallic Pt loaded TiO..

3.3.3 The importance and optimal amount of Pt modification
In this experiment, 0.1vol% acetic acid (1.75 X 10~2mol/L) was used as the raw

material. Metallic Pt loaded brookite TiO, was used as the photocatalyst. The
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photocatalytic activity of as-prepared photocatalyst samples was estimated by
evaluation of production rate of produced gas. As can be seen the Fig. 3-6, putting the
acetic acid solution under xenon lamp photoirradiation for 3h without photocatalyst
participation, no gas products were detected, indicating that CH4 production is not from
thermal decomposition of acetic acid spontaneously. Furthermore, without
photoirradiation, no gas or liquid products were detected as well. To sum up, the

generation of acetic acid-reforming products is based on the photocatalytic reaction.

- Dark place - No photocatalyst
Bl pure TiO, B 0.4%Pt0/TiO,
= 500- e i,
=l
E
£ 400-
P
= 300-
=
o=
T 2004
=
=~
=
2 1004 0 o
@ 0 o0
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S ] it
H, CH,

Fig. 3-6 CH4 and H: production rate from 0.1vol% acetic acid reforming in dark
condition, without photocatalyst and 0.1vol% acetic acid reforming over pure TiO> and

0.4%Pt0/TiOx.

In this experiment, under xenon lamp photoirradiation, except H> and CH4, no other
kinds of gas products, such as CO, C>Hg and so on, were detected by using Micro-GC.
As can be seen in the Fig. 3-7, after photoirradiation for 3h, no other liquid products
except acetic acid was detected, indicating high selectivity for acetic acid by using Pt -
loaded brookite TiO,. BET results of pure brookite TiO, and as-prepared Pt0/TiO:
samples are summarized in the Table 3-2. The specific surface area of pure brookite

TiO, is 40.55 m?/g. After metallic Pt0 modification, the BET of 0.1%Pt0/TiO>,
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0.2%Pt0/TiO>, 0.4%Pt/TiO> and 0.6%Pt0/TiO; is 49.08 m?/g, 49.01 m?/g, 46.95 m?/g,

and 46.39 m?/g, respectively. No obvious change of specific surface area was found,

indicating that the BET change is not the impact factor for the difference of

photocatalytic activity. Fig. 3-8 shows the production rate of CH4 from 0.1vol% acetic

acid reforming over different amount of Pt loaded TiO2 in Ar atmosphere. With

increasing the loaded Pt, the production rate of CH4 increases. When the loaded Pt is

0.4wt% (: TiO2), the production rate of CHs is 189.6 pmol g'h™! and faster than that

produced over other amount of Pt loaded TiO».
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Fig. 3-7 The liquid chromatogram of (A)0.1vol% acetic acid, (B) 0.1vol% formic acid,

(C) 0.1vol% acetic acid degraded over 0.4%Pt0/TiO, in Ar atmosphere after

photoirradiation for 3h and (D) 0.1vol% acetic acid degraded over 0.4%Pt0/TiO> in

CO; atmosphere after photoirradiation for 3h.
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Fig. 3-8 CH4 production rate from 0.1vol% acetic acid transformation over brookite
TiO2 loaded with different amount of metallic Pt.

Table 3-2. BET of pure brookite TiO2 and Pt0/TiO2

Sample name BET (m?/ g)

Pure brookite 44.55
0.1%Pt0/brookite TiO2 49.08
0.2%Pt0/brookite TiO2 49.01
0.4%Pt0/brookite TiO2 46.95
0.6%Pt0/brookite TiO2 46.39
0.4%Pt0/anatase TiO: 56.97
0.4%Pt0/anatase TiO: 32.43

The comparison of CHs and H» production rate between pure brookite TiO, and
0.4%Pt0/TiOz is shown in the Fig. 3-6. After photoirradiation for 3h, The average rate
of CH4 and H» production over pure brookite is about 9.7 pmol g''h™! and 10.7 pmol g
'h'!, respectively. The average rate of CHs and H» production over 0.4%Pt0/TiO is

189.6 umol g'h™' and 485.0 umol g'h'!, respectively. The production rate of CHs and
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H: over 0.4%Pt0/TiOz is much faster than pure brookite TiO-. It is well known that Pt
can act as a kind of co-catalyst to capture the electrons and promote electron-hole pairs
separation, which is proved by PL spectra and shown in the Fig. 3-5.

We also compared the different valence states of Pt. As can be seen in the Fig. 3-9,
the Pt0 loaded TiO2 shows the highest photocatalytic activity for H> and CH4 production
produced from 0.1vol% acetic acid reforming.*% As the valence of platinum ions
increases, the production of hydrogen and methane also decreases gradually. It could
be because the Pt* (or Pt**) ions capture the electrons and are reduced to Pt0. The CHs4
and H; production reaction by photocatalytic acetic acid reforming is shown in the

following equation:

Photocatalyst n h* + e 4))

h* + H,0 -« OH + H* ?2)

« OH + CH3COO~ -+ CH3 + OH™ + CO, A3)

H*+e” —>eH @)
«CH; ++H - CH, )
cH+eH > H, (6)

Under photoirradiation, photogenerated holes and electrons are excited and assemble

at the valence band and conduction band, respectively. Photogenerated holes react with

water to form OH radical. The *OH radical then oxidizes the acetic acid to form e
CHj radical and COs». Proton (H") gets one electron to form «H radical. A «CHj3 radical
and an <H radical react with each other to form a CH4 molecule. At the same time, two

*CH3 radicals can also react with each other to produce C2Hg. And the two <H radicals

react with each other to produce H,.

The Fig. 3-10 shows the XPS spectra of Pt0/TiO., Pt**/TiO> and Pt*/TiO, before and
after photoirradiation in aqueous acetic acid solution. From Fig. 3-10 A, the existence
of +2 and +4 of Pt could be caused by incomplete reduction in the preparation process.
After photoirradiation, the +4 of Pt disappeared and continue to be reduced. In general,

the composition of Pt0 and Pt>* does not change much, showing a certain stability. As
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can be seen in the Fig. 3-10C, before photoirradiation, the XPS spectra of Pt4f of Pt**-
loaded TiO, mainly consists of +2. From Fig. 3-10E, the valence state of Pt in Pt**-
loaded TiO: is mainly consists of +4. No other elements were detected. From Fig.3 D,
after photoirradiation for 3h, the part of Pt in Pt**/TiO> was reduced to Pt0. For
Pt**/TiO, after photoirradiation for 3h, Pt4+ was reduced to be both +2 and 0 of Pt.[3!-
331 The reduction of Pt>* (and Pt*" ion) will capture and consume the electrons, which
will compete with proton reduction for electrons. This could be the reason why the
production of H> and CHs over Pt>* and Pt** ion loaded TiO; is much less than that over

Pt0-loaded TiOs.
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Fig. 3-9 CH4 and Hz production rate from 0.1vol% acetic acid reforming over brookite

TiO; loaded with 0.4wt% Pt** ion, 0.4wt% Pt** ion and 0.4wt% Pt0.
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Fig. 3-10 XPS spectra of Pt4f of 0.4%Pt0/TiO2: (A) before photoirradiation and (B)
after photoirradiation. 0.4%Pt>*/TiO,: (C) before photoirradiation and (D) after
photoirradiation, 0.4%Pt*/TiO,: (E) before photoirradiation and (F) after
photoirradiation.

The other kinds of metal on the surface of brookite TiO>. The photocatalytic activity
was evaluated by detecting the production rate of CH4 and H> from 0.1vol% reforming

in Ar atmosphere. As can be seen in the Fig. 3-11, the Au-loaded TiO> shows the higher

selectivity of Hz production, which could be because of the promotion of ¢OH radical
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production and +CHj radical oxidation.[*¥] Even though the production of CH4 over

Cu-loaded TiO2 is lower than Pt-loaded TiO>, the Cu-loaded TiO; shows the high

selectivity of CH4 production. The Cu was reported to be the active sites of *«CHj3

radical and H" reduction for CO> reduction reaction, which could be the reason for high
selectivity of CH4 production from acetic acid reforming over Cu-loaded brookite
Ti0,.1*3] The photocatalytic activity of Ag and Ni loaded TiO; is pretty low and almost
has no efficiency for acetic acid reforming. Compared with other metal loaded TiO»,
Pt0-loaded TiO2 shows much faster rate for the production of CH4 and Ha, indicating

the better photocatalytic activity for acetic acid reforming.

B 0.4%Cw/TiO, [l 0.4%AwTiO, [l 0.4%Ag/TiO,
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Fig. 3-11. CH4 and H> production rate from 0.1vol% acetic acid transformation over
brookite TiO> respectively loaded with Cu, Au, Ag, Ni and Pt.

Furthermore, we also loaded 0.4wt% Pt on different phases of TiO» (rutile, anatase
and brookite), respectively. The BET of Pt0/TiO2 is shown in the Table. 3-2. The

specific surface area of Pt0-loaded anatase TiO» is 56.97 m?/g and bigger than Pt0-
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loaded brookite TiO2(46.95 m?/g). And specific surface area of Pt0-loaded rutile TiO>
is 32.43 m?/g and smaller than Pt0-loaded brookite TiO2 (46.95 m?/g). Fig. 3-12 shows
the production rate of CHs and H> over 0.4wt% Pt loaded rutile, anatase and brookite
TiO». The production rate of CHs and H» over anatase TiO> sample is 81.9 pmol g'h!
and 161.6 umol g'h™!, respectively. The production rate is much slower than that over
brookite TiO, sample. For PtO/rutile sample, no CH4 or H> was detected, indicating that
rutile TiO2 cannot promote the decomposition of acetic acid. Besides, unlike some
reference, only H> and CH4 was detected by 0.4Pt0/brookite TiO», suggesting high
selectivity.3-38 Fig. 3-13 shows the concentration of acetic acid after stirring with
different phases of TiO; for 24 hours. The remaining amount of acetic acid in anatase,
brookite and rutile TiO, mixed solution is 8.7%, 1.6% and 1.5%, respectively. The
relatively poor adsorption capacity for anatase TiO» could be reason for worse
performance of acetic acid reforming. For rutile TiO», the deeper electron capture layer

is not conducive to hot electrons participating in the reduction reaction of protons
(generating <H).[>21 As a result, no H> and CH4 was detected in this experiment.

500

I 0.4Pt0/Brookite TiO,
I 0.4Pt0/Anatase TiO,
I 0.4Pt0/Rutile TiO,

400 -
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200 -

Gas production rate / pmol g-th!

Fig. 3-12 Production rate of CH4 and H> from 0.1vol% acetic acid transformation over

0.4%Pt0-loading different kinds of TiO2 in Ar atmosphere.
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Fig. 3-13 Concentration of acetic acid after stirring with different phases of TiO; for 24

hours.

3.4 Conclusion

In conclusion, Pt is proved to be more suitable than some normal metal (Au, Ag,
Cu and Ni) for degrading acetic acid to CH4 and H> owing to its high efficiency of
promoting charge separation. In the 3 valence states of Pt, Pt0 was proved to be the best
valence state for the production of CH4 and Ha. Although brookite has a smaller specific
surface area than anatase (similar with rutile), brookite phase has higher activity for H>

and CH4 production and acetic acid reforming.
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Section 4. Higher efficiency of Acetic acid reforming over

Pt0/TiO; in the condition of CO32 cations

117



118



Abstract

CO%™ cations was reported to be able to react with +OH radical and generates a o CO3

radical with a lower oxidation potential. In this work, photo-Kolbe reaction was
researched over 0.4Pt0-laoded brookite-TiO, photocatalyst. Ar and CO> was used as

the shielding gas for preventing acetic acid being oxidized by O,. Compared with the
Ar atmosphere, the more CH4 and H> in CO> atmosphere was detected. More *CHj3

radical was produced in the CO> atmosphere and checked by ESR analysis. With
introducing CO3~(Na,CO ) into the solution, the yield of CHs was found to be
increased compared to no addition of CO%~ in the solution. It suggests that e CO3
radicals produced from CO%~ oxidation during photoirradiation, played an important

role in promoting the selective oxidation of acetic acid.

Keyword

Metallic Pt, brookite TiO», photo-Kolbe reaction, CO3™ cations

4.1 Introduction

In earth, 3% of earth water is fresh water. And only 0.07% of earth water is
available.[') Fresh water is a kind of importance and scarce source for human being.
With the development of industrial manufacture, agricultural production and society,
the problem of water pollution is becoming more and more serious. It was reported that
1 billion people all of the world live in the condition of unclean water.[?! The organic
compounds in the waste water are thought to correspond with many kinds of diseases,
such as cancer and so on.-8 Lots of effort was made to remove organic compounds in
waste water, for example adsorption, condensation, catalyst, electrochemical oxidation,
membrane separation, biodegradation and et al.l’-'2l However, the disadvantages of

these methods like high cost, high energy consumption, generation of secondary
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pollutants and et al, restrict the wide use.

Under photoirradiation, O in the air can get one electron to for superoxide ion and
then react with water to be *OH radical, which is thought to be a strong oxidizing

substance and can finally degrade organic compounds to CO, and water.l!3-13] This
process can efficiently remove the organic compounds in the waste water. However, the
acetic acid degradation in O, atmosphere also results in a waste of resources.['®
Different from complete degradation under oxygen conditions, under inert atmosphere
conditions, by the photo-Kolbe reaction, some organic compounds with complex
species in water that are difficult to separate and purify can be converted into single,
easily collected gaseous organic compounds. So as to realize the recycling of resources.
[17, 18]

Kazuhiro et al found the addition of CO3~ (or HCO3) cations could obviously
promote the water splitting and production of H> and O>. The CO%~ (or HCO3) cations
come from CO; dissolved in the water may affect the acetic acid reforming. Many
studies have confirmed that CO3~ (or HCO3) cations dissolved in water can be
oxidized by cavities to generate » CO3~ (or e HCOj3) radicals, which contribute to the
water splitting reaction.!!’]

Owing to the advantage of cheap, non-toxic, high stability and so on, TiO; has great
potential and broad application prospects in the field of photocatalysis. TiO has 3 kinds
of crystal structures: rutile, anatase and brookite. Limited by high difficulty preparation
of high purity sample, brookite TiO; is rarely studied compared with other 2 phases.")
However, it was reported that brookite TiO: has stronger photocatalytic activity for
organic compounds degradation and similar capability of CO adsorption with anatase
for CO, reduction (better than rutile phase).?! 221 And brookite TiO, has better
adsorption capability than anatase TiO,. Therefore, brookite TiO is worth continuing
to be studied.

In this study, high purity brookite TiO. was used as the photocatalyst. The

photocatalytic activity of photo-Kolbe reaction (acetic acid) was evaluated upon
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different phases of TiO, photocatalysts. Ar gas and CO, was used to remove the O,
respectively. Evaluation of photocatalytic activity was estimated by the production of
H>, CH4 and other gas from acetic acid transformation. Unlike in Ar atmosphere, a
significant increase in yield and stability of CH4 was observed in the condition of CO»
atmosphere, suggesting that CO> could promote the efficiency and stability of

photocatalytic activity of CH4 production.

4.2 Experiment

4.2.1 Preparation of metal loaded TiO:

Metal loaded brookite TiO> was prepared by the method of photo-deposition. 0.3g
of commercial brookite TiO2 powder (KOJUNDO CHEMICAL LABORATORY CO),
chloroplatinic acid (10mmM, Wako), 80mL of Mill-q water and 20mL ethanol (Wako,
Extra Pure, 95%) was mixed in a flask. After N> bubbling for 1h, the mixture solution
was irradiated under a mercury lamp for 6h. The light intensity was 100 mW cm. After
photoirradiation, the resultant powder was gotten by filtration and washed by ultrapure

water until conductivity below than 10 puS cm™.

4.2.2 Characterization

X-ray photoelectron spectra (XPS) of as-prepared samples were obtained by a Thermo
ESCALAB 250Xi system at room temperature using Al Ko with monochromatic
radiation. PL (Photoluminescence spectroscopy) spectra of different amount of Pt-
loaded TiO, was analyzed by using with excitation light of 420nm. The isotopic
analysis was performed by using GC-MS (GCMS-QP2010 ultra, SHIMAZU, column:
15m MSS5A, carrier gas:He). ESR was analyzed and recorded on a standard X-band
spectrometer (JOEL, JES-RE2X) in room temperature. Sample (0.4%Pt0/TiO2, 6g/L)
was put into a quartz capillary. DMPO (5,5-dimethyl-1-pyrroline N-oxide, Wako, Japan,
0.01M) was used as the radical trapping reagent. ESR spectra was measured in two

kinds of gas atmosphere after 30min photoirradiation (Xenon lamp, 100mW cm™).

121



4.2.3 Photocatalytic activity tests

The photocatalytic activity tests of photocatalyst were evaluated by CHs and H»
production from acetic acid reforming. First, 40mg TiO2, 20 upL (0.1vol%
(1.75 x 10~2mol/L), 1vol%, 10vol% and 25vol% (: H,0)) aqueous acetic acid was
mixed together in a quartz container. Then ultrapure water was added to adjust the
volume of the mixed solution to 20mL. After Ar or CO> gas bubbling for 30min, the
mixed solution was irradiated under Xenon lamp for 3h. Micro-GC (Agilent
Technologies 490 Micro GC with column: 10m MS5A) was used to detected the
concentration of produced gas, for example H>, CHs, C2Hg and et al. The components
and concentration of acetic acid water solution was evaluated by the liquid

chromatography before and after experiment.

4.3 Results and Discussion

4.3.1 Acetic acid reforming in Ar and CO; atmosphere

In this section, the acetic acid photocatalytic reforming is on the base of
0.4%Pt0/brookite TiO2, which has been discussed in the Section 3. The characteristic
of photocatalyst is shown in the Section 3.

To evaluate the influence of different kinds of gas, photocatalytic activity of
0.4Pt0/TiO2 was estimated in the condition of Ar and CO; bubbling. The result was
shown in the Fig. 4-1(A). In the condition of Ar bubbling, after photoirradiation for 3h,
the production rate of H» and CHy is 485.0 umol g'h! and 189.6 pmol g'h',
respectively. The average rate of CH4 production in the condition of CO; is almost 1.5
times faster than the CH4 production in the condition of Ar bubbling. At the same time,

the reason for the slightly lower production of Hz in the condition of CO> bubbling may
be that more <H radicals combine with «CHj3 to generate more CH4 than that in the

condition of Ar bubbling. The production rate of CH4 and H» production over different
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amount of Pt-loaded TiO; is shown in the Fig. 4-2. The production rate of CHs over
pure TiOz and all amount of the Pt-loaded TiO; in CO: atmosphere is more than that in
Ar atmosphere, indicating that this result is universal. The situation in different
concentration of acetic acid was also detected. From the Fig. 4-3, the production rate of
CH4 from 0.1vol%, 1vol%, 10vol% and 25vol% acetic acid over 0.4%Pt0/TiO> in CO»
atmosphere is 47%, 53%, 69% and 19% faster than that in Ar atmosphere. Furthermore,
in the Ar atmosphere, with the concentration of acetic acid increasing, the production
rate of H» will decrease, which could be due to the increasing of *CH3 concentration.
However, production rate of H, did not obviously decrease with increasing the
concentration of added acetic acid. It suggests that CO, atmosphere can promote acetic
acid reforming and produce more amount of *H radical. The concentration of acetic
acid in both Ar and CO> atmosphere after 24h photoirradiation was shown in the Fig.
4-4. In the CO» atmosphere, the concentration of acetic acid is 72% (C/Co) and lower
than that in the Ar atmosphere (76% (C/Co)), indicating faster reforming rate in CO»
atmosphere. The pH of 0.1vol%, 1vol% and 10vol% acetic acid solution in Ar and CO»
atmosphere before and after photoirradiation was shown in the Table 4-1. Nether Ar or
CO; bubbling did not change the pH of the solution. It could be because the acidity of
acetic acid is smaller than carbonate acid. Besides, the similar pH in both Ar and CO»
atmosphere means the production of CH4 and H> is not influenced by the difference of
pH of solution. From Fig. 4-1(A), in the condition of O, atmosphere, no CH4 or H, was
detected. It means that both Ar and CO; can act as shielding gas to prevent direct

oxidation of acetic acid.
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Fig. 4-1 (A) production rater of H> and CH4 over 0.4%Pt0/TiO: in the condition of Ar,
CO; and O atmosphere, (B) production rate of CH4 over pure brookite TiO» and
0.4%Pt0/TiO> in the condition of Ar bubbling, the amount of produced CH4 (C) and H»
(D) over 0.4%Pt0/TiO; in the condition of Ar and CO> bubbling and photoirradiation
for 3h.

The stability of photocatalytic activity of 0.4%Pt0/TiO; in CO; and Ar stmosphere
was estimated and shown in. Fig. 4-1(C) and (D). In the condition of Ar atmosphere,
the production rate of CH4 decrease gradually. Furthermore, a slight decrease of
production rate of Hz was found in the condition of Ar atmosphere. In the condition of
CO; atmosphere, the production rate of CHs and H» is almost same for per hour,
indicating good stability. The XPS spectra of Pt0/TiO2 photo-irradiated in Ar and CO»
atmosphere are shown in the Fig. 4-6 and 4-7, respectively. The XPS spectra of
0.4Pt0/TiO; before experiment is shown in the Fig. 4-5. The peak of O at 532.7eV,
531.6eV and 530.7eV belongs to Ti-O-C, Ti-O-H and Ti-O-Ti, respectively.!?* 24

According to Fig. S7(B), the element of Ti mainly consists of Ti**. Minute amount of
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Ti*" is from the oxygen vacancy of TiO,.1%°! Pt mainly consists of Pt0 and contains part

of Pt?* and Pt* ion component, which may cause by incomplete reduction during the

process of photodeposition.!?¢-28] Compared with Pt0/TiO: before photoirradiation, no

change was shown in the the XPS of Ti and O of Pt0/TiO; in the condition of Ar and

COz. However, in the condition of Ar atmosphere, the part of Pt was reduced to Pt0.

And in the condition of CO; atmosphere, the element of Pt show good stability, which

match the result of photocatalytic activity.
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Fig. 4-2 Production rate of CH4 and H> from 0.1vol% acetic acid transformation over

(A) pure TiO2, (B) 0.1%Pt/ TiOx, (C) 0.2%Pt/ TiO», (D) 0.4%Pt/ TiO2 and (E) 0.6%Pt/

TiOs.
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Fig. 4-4 Concentration of acetic acid in the solution after 24 h photoirradiation.

Table 4-1. Evaluation of pH after different kinds of gas bubbling

Sample name pH

0.1vol% acetic acid + Ar 3.29
0.1vol% acetic acid + Ar after

3h photoirradiation 333

0.1vol%acetic acid+CO> 3.33

0.1vol% acetic acid + CO; after 337

3h photoirradiation

126



Sample name pH
1 vol% acetic acid + Ar after 3h
2.75
photoirradiation
1 vol% acetic acid+CO» 2.67
1 vol% acetic acid + CO; after
2.70
3h photoirradiation
10 vol% acetic acid + Ar 2.13
10 vol% acetic acid + Ar after
2.15
3h photoirradiation
1 vol% acetic acid + Ar 2.73
10 vol% acetic acid+CO» 2.12
10 vol% acetic acid + CO; after
2.15
3h photoirradiation
10 vol% acetic acid + 0.1M
3.88
Na,COs;
10 vol% acetic acid + 0.2M
4.08
Na,COs;
10 vol% acetic acid + 0.5M
4.64

Na;COs
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4.3.2 Mechanism of acetic acid reforming in different gas atmosphere

The mechanism of Hz and CH4 produced from acetic acid photocatalytic reforming is
shown in the equation (1), (2) and Scheme 1A. Under photoirradiation, holes (h*) and
electrons (e~ ) were generated at the VB and CB of TiO; respectively. In the Ar
atmosphere, holes react with H,0 to form *OH radical, which is a kind of strong
oxidative species.[*’l Then the *OH radical oxidizes CH3;COO~ cation. A proton (H")
gets one electron and is reduced to a *H radical. Two *H radical combine with each

other to form a H,. Besides, one *H radical react with methyl radical (*CHj3) to get

CH,.[30-32]
hv
TiO, » h™ + e~ (D
h* + H,0 -« OH + H* 2)
« OH + CH3C00~ — « CH; + CO, + OH- 3)
H* +e” - eH 4)
«CH, ++ H > CH, (5)
eH+eH - H, (6)

Hole scavenger (EDTA) and electron scavenger (K.Cr.O7) was respectively used to
detect the factors influencing the reaction of acetic acid transformation to CHa. The
results are shown in the Fig. 4-8. In the presence of electron scavenger, the

photogenerated electrons will be consumed by electron scavenger. No H» (and CHy)
was detected. It suggests that the formation of «H radical from proton(H") in the water
reduction is one of the impact factors for H> and CH4 production. The production rate
of *H radical will influence the production of H> and CHa.In the presence of hole

scavenger, photogenerated holes will be consumed. Except Hz, no other gas was
detected. The formation of CH4 is from the combination of *CHj3 radical and *H radical.

It means that the process that the CH;COO™ is decomposed by oxidative species (like

holes, *«OH and so on) is necessary for production of CHa.
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Fig. 4-8 Production rate of H> and CH4 over Pt0/TiO> from acetic acid transformation

in the presence of (A) EDTA and (B) K2Cr20O7

Fig. 4-9 shows the gas chromatography- mass spectrometry (GC-MS) evaluation of
CH4 from acetic acid transformation. As can be seen in the Fig. 3(A), isotopic CO»
(3CO2) was used to replace the normal CO> ('>CO). And normal acetic acid
(>CH3COOH) was used as the source of acetic acid. Relative abundance of the nucleo
plasmic relation at 16 m/z is 100%, indicating that all of produced CHs was >*CHa. In
the Fig. 3(B), isotopic acetic acid (**CH3COOH) was replaced the normal acetic acid.
12CO, was used as the gas atmosphere. The nucleo plasmic relation from 13 to 17
belong to *C,13CH, *CHa,'*CH3 and *CHy, respectively. No peak was found at 12 m/z
and the relative abundance of nucleo plasmic relation at 17 m/z is 100%, indicating all
of produced CHy is isotopic CHy4 (1*CH4).B% 34 In conclusion, CHy is not produced from
CO; reduction in this experiment. According to the Fig. 4-9C, isotopic water (D>0O) was
used to replace normal water. The nucleo plasmic relation of 17 m/z corresponds to

CH3D, indicating the *H is also from H* of water rection.
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Fig. 4-9 Gas chromatography- mass spectrometry (GC-MS) evaluation of CH4 from
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The possible mechanism of CO; promoting the acetic acid reforming in the saturated
CO; atmosphere is shown in the equation (7) ~ (10) and Scheme 1B. CO; firstly
dissolved into the water and formed CO3~ (or HCO3) cations.’> The CO3~ (or
HCO3) cations then adsorb on the surface of TiO, and react with photogenerated holes

to be an oxidation state, ® CO3 (or ¢ HCO3). The ¢ CO; (or ¢ HCO;) radical, a kind
of oxidative species, then oxidized CH;COO~ to CO> and ¢CHj; radical. And the
e CO; (or e HCOj3) radical finally recover to CO3~ (or HCO3).?%*1 The H' get one
electron to be *H radical, which then combine with *CHs radical to form CHa. The

relative lower overpotential of e CO3 (1.77 V) than *OH radical (1.99 V) may be the

reason for higher efficiency of acetic acid reforming, (4!

H,0 + CO, — 2H* + CO%~ (7)
e OH + CO%™ —e CO3 + OH™ )
h* + CO%™ —e CO3 )

« CO3 4 CH;C00™ — CO%™ +e¢ CH; + CO, (10)

The <CH; radical produced from 10vol% acetic acid under Xenon lamp
photoirradiation was detected by ESR analysis. Fig. 4-10 shows the spectra performed
in the room temperature and different gas atmosphere. When DMPO was added into
the solution, the *CHj radical was trapped to be DMPO-CH3e.[4?] After photoirradiation
for 30min, an increasing of ESR signal for CO; atmosphere was found compared with
Ar atmosphere, indicating more *CHj3 radical produced in CO; atmosphere.

For further evaluating the importance of CO%~ cation, on the basis of 10 vol% acetic
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acid in Ar and CO2 atmosphere, NaxCO3 was added into the solution to detect the
importance of CO3~ cation for acetic acid reforming. As can be seen in the Fig. 4-11,
without adding Na,COs, the production rate of CH4 from 10vol% acetic acid reforming
in CO;, atmosphere is 1524.9 pmol g! h'l and 69% faster than that in Ar atmosphere.
With adding 0.1M and 0.2M Na»CO3, the production rate of CH4 in both Ar and CO»
atmosphere increases (0.1M: 1595.2 umol g! h'! (CO,) and 1225.9 umol g! h'! (Ar),
0.2M: 1766.5 umol g'! h'! (CO,) and 1389.1 umol g'! h'! (Ar)). Besides, when 0.1M and
0.2M sodium carbonate was added, the CHs generation rate difference in the Ar
atmosphere reduced to only 30% and 27% smaller than that in CO; atmosphere (before
the difference is 69.7%), respectively. The pH of the solution after adding 0.1M, 0.2M
and 0.5M NayCO; is shown in the Table. 4-1. When the amount of Na>xCO3 added
reaches 0.5M, the amount of CH4 production is greatly reduced. It could be because too
high pH caused by adding more Na,COs will affect the production of methane.*3] These
results proved that CO%~ (or HCO3) can promote acetic acid degraded to CHs. When
the concentration of Na,COs added was 0.2M, the production rate of H> increased,

which could be due to the promoting effect of Na,COj3 on water splitting.!*]

—— Ar atmosphere
—— CO, atmosphere

ESR signal / arb. unit

Magnetic field / mT

Fig. 4-10 ESR spectra obtained upon irradiation (Xenon lamp, light intensity: 100mW
cm’!, exposure: 15 min) in the presence of spin trapping agent (DMPO, 0.01M) from

10 vol% acetic acid reforming in the condition of (A) CO> and (B) Ar atmosphere.
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Fig. 4-11. Production rate of (A) CH4 and (B) Hz over 0.4%Pt0/TiO; from acetic acid

reforming in the presence of Na;COs.
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Scheme 1. Mechanism of transformation of acetic acid forming CH4 and H: in the

condition of (A) Ar atmosphere, (B) CO atmosphere.
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4.4 Conclusion

In conclusion, Compared with Ar atmosphere, CO; atmosphere can better promote
acetic acid reforming. The CO3~ (or HCO3) cations from CO; dissolved in the water,
have lower redox potential than *OH radical and can more easily promote the photo-

Kolbe reaction.
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Section 5. OQutlook for the future of work

In this experiment, we used the Pt as the co-catalyst. Pt has high-efficiency for
promoting the photocatalytic activity. However, as a precious metal, the high cost of Pt
will also be a limiting factor for widespread use. Therefore, the development of non-
precious metal cocatalyst-supported brookite TiO; is a future goal.

In the part of organic compounds removing in water, the photocatalytic reforming of
acetic acid is performed under full spectrum of light. According to the UV-vis spectra,
Pt0-loaded brookite TiO> cannot response to the visible light. In further, we need to
continue to develop the visible light-induced brookite TiO, photocatalysts.

For photo-Kolbe reaction (acetic acid reforming in water), we need to develop new

photocatalysts to promote the yield and selectivity of long chain alkanes.

141



Acknowledgements

Since my master’s period, I have lived and studied in Kyushu Institute of Technology
for more than 5 years. The research life is interesting and makes me feel very happy.
This is because my research focus on the focus on the current hot issues of
environmental pollution and energy shortage. However, my research life is also
monotonous, stressful and challenging. Luckily, I met a lot of people who helped me a
lot in my research. The person I am most grateful for is my supervisor, prof. Ohno, who
provide the financial support of JSPS (Grant-in-Aid for Scientific Research (B)
(20H02847)). Besides, it is also worth mentioning that prof. Ohno is always patient and
give the greatest help to me when my research is stagnant. At the same time, in daily
life, he is a positive person who often conveys an optimistic attitude to me. He also
often introduced Japanese culture to me, which I couldn't learn from books. Besides, I
also got lots of supporting from Dr. Zhang (Qitao Zhang) and Dr. LOU (SHI NEE LOU).
They gave me a lot of useful advice during my experiments and helped me review my
manuscript.

I also appreciate my parents who give me money and support my study. I stayed in
Japan for three years without going back to China due to this pandemic. My family
members always inspired me, when I was depressed. The most stressful period for me
was during the graduation defense. I really appreciate Miss. Wang (Shanshan Wang),
who always stay by my side and make me feel relaxed and happy. I hope our
relationship can last forever. My friends, Dejian Zhang, Yihang Jiao, Yankun Yu,
Xiaoyu Sun, Sicong Wang, Hengguang Xu, Rundong Zhang and so on, also, also give

me so much support in the period.

142



