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Types of Photocatalysts

Examples:

Metal oxides (TiO, ZnO, BIVO,, Fe,O; CeO,)

* Metal sulfides (CdS, SnS,, MoS,)

 Inorganic perovskite oxides (CaTiOg, SrTiO,, BIWOy )

* Inorganic perovskite halides (MAPDI;, CsPbl;, Cs,Snlg, Cs;Bi,lg)

- Metal-free 2D materials (g-C;N, GO/rGO, Mxene, Black phosphorus)
« Metal-organic frameworks (MOFs)

« Covalent-organic frameworks (COFSs)



Photocatalyst 1
TiO,



Different Phase Structures of TiO:2

Anatase Rutile Brookite
® O-2
© Titd Particle size effect on phase stability of TiO2.
Phase Conditions Particle size (nm) Techniques
Brookite — 11 to 35 Sol-gel
TiO, Anatase Room temperature Below 11 Sol-gel
Rutile Above 850°C Higher than 35 Sol-gel

Brookite phase is metastable and difficult to synthesize, so it is seldom studied.
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So V-gev Synthes Is of Rutile DHRS TiO,

Dandelion-like Hierarchical Rutile

De @ @ Non-hydrothermal low-T synthesis of
™ | % w,? TiO, nano-Spheres (DHRS)

1h.

S,

Particle sizes were controlled by the
volume ratios of the ED/H,O mixture:
(a) 5 % (ED5), diameter ~650 nm.

(b) 10 % (ED10), diameter ~550 nm.
(c) 15 % (ED15), diameter ~400 nm.
(d) 20 % (ED20), diameter ~300 nm.
(e) 25 % (ED25), diameter ~200 nm.

ED: 1,2-ethanediol (ethylene glycol)

Diau et al., RSC Adv. 2013, 3, 559-
565.




Morphology , Crystallinity and Uniformity

| Dandelion§(’si/~2%)

o

co-solvent/H,O/TiCl, = 10/90/5

Diau et al., RSC Adv. 2013, 3, 559-565.




Mechanism for Formation of DHRS

H,O,0°C ED/H,O, 25°C Aind
TiCly > [Ti(OH)p(H20)g.n]"" > [Ti(OH),(OCH2CH20),(H20)6.4-2ml "
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Zheng et al. J. Mater. Chem. 2001, 11, 1547.

Rutile TiO, '




Hydrothermal Synthesis of TiO, Nanoparticles (NP)

0.06 mol Acetic acid 100 ml H,O 0.03 mol HNO;

25°C,1h
>
0.06 mol TTIP TTIP/Acetic acid TTIP/Acetic acid
Titanium tetra-isopropoxide mixture aqueous solution
O LP
80°C,1h 230 °C,35 bar, 12 h
> e > NP
— sol

TTIP/Acetic acid/HNO;

sol Gratzel et al., Thin Solid Films, 2008, 516, 4613.




Formation of Octahedral TiO, Nanocrystals

0.02 mol DEA

0.2 mol TEOA 100 mL H,O 100 mL H,O
Triethanolamine

25 °C, 5 min
g

0.1 mol TTIP TTIP/TEOA TTIP/TEOA
Titanium tetra-isopropoxide mixture aqueous solution
230 °C, 40 bar, 2 h
e »  HDI
sol
288 250 °C, 45 bar, 12 h
- e )
sol
o o
100 °C, 24 h> o ~. 270 °C, 60 bar, 16 h> HD3
S sol
270 °C, 60 bar, 16 h HD4
1+ HD
TTIP/TEOA/DEA 70 02’ o 3 .
sol | Diethylamine 2 ar, -
sol + HD4 10

Diau et al., ACS Nano 2012, 6, 10862-10873.




Size and MorphoVogvcaV Control
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Diau et al., ACS Nano 2012, 6, 10862-10873. scale bar = 100 nm



Intensity /a.u.

Crystallinity: XRD and TEM

JCPDS No: 01-073-1764
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Diau et al., ACS Nano 2012, 6, 10862-10873.




The Role of Diethylamine (DEA
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Mechanism for Formation of HD1-HD5

—
O  TEOA,25°C H,0, 25 °C
0.,/ . 2 . 4-m-2n
Y NP » [Ti(OR2),(OR1), ] » [Ti(OH),,(OR2),(H;0)4.,.2,]
0)_ chelation hydrolysis

TTIP Titanium tetra-isopropoxide

condensation l 100 °C

g @ DEA, 230-270 °C @&(7% 100 °C
<g§> - - [Ti(OH),(H,0),]’
% @ crystal growth nucleation

[001] _ : e
DEA, 270 °C Triethanolamine 8

expanding
N
TEOA =
HO/\/ \\\OH
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>
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Diau et al., ACS Nano 2012, 6, 10862-10873.




Progress of TiO2 NP Development
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Synthesis of BTO using M-EDA

Fully spread
Hydrophobic Super-Hydrophilic
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Potential Applications of BTO

(a)

Energy
Consuming &
CO; release

* N, reduction to NH,

Haber-Bosch Approach: 500
bar, 500 °C, 10-20% yield

Green &
Sustainable

Pathogenic microbes

* Light-driven microbicidal process

« VOCs photo-degradaion (b)

* Energy storage system (d)

Load/Charger
Charge
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Photocatalyst 2
2D Bismuth Materrals



2D Bismuth-based Photocatalysts

(2) comtmum L 2015 2011
R Single unit-cell Ultrathin and uniform
R Bi,WO; in CO,-to- Bi,WO; for CO,

e B S e e ra e o .- CHOH, conversion conversion
2017
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Bi,WO; for CO,
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CH,OH conversion

2017
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2018
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2018 o
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The Band position of the Bismuth-based Photocatalyst
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BIiOX (X = Br, I) for CO,

reduction
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2D Bismuth-based Heterojunctions
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Photocatalyst 3
Perovskite




What is Perovskite? — History
dIntroduction
« The mineral discovered in the Ural Mountains of Russia by Gustav Rose in 1839.
 Named after the Russian nobleman and mineralogist Lev Alekseyevich Perovski.
» Perovskite's crystal structure was first described by Victor Goldschmidt in 1926.
» Historically, oxide-based perovskites have been mostly studied.
Ex: CaTiO,, BaTiO,, PbTiO3, SrTiO,, BiFeO,, etc.,.

Ex. Calcium titanate Gustav Rose Lev Alekseyevich Perovski
(CaTiOy) (German mineralogist)  (Russian mineralogist)

_______________________________



What is Perovskite? — Structure

8i¢s-0 @ A=MA FA Cs Rb
Z_‘ ! - L B= sz‘.
NN ® X=CI,Br, I



Oxide Perovskite Classification
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Cubic and Layered Perovskites

(a) Dion-Jacobson Phase (b) Ruddlesden-Popper Phase
A‘ [An-l BnOBnol] A'ZlAn'anoholl

Perovskite slab
| e layer thickness

L

" B0,

B: transition metals

(110) layered /
A.B,O, \ /
c /'/
Bt /

Dion Jacobson
A.AZBBO 10

‘ A': alkali metals

At alkaline-earths,
rare earths or main
group elements



Element Composition of ABO,
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Organic-Inorganic Hybrid Perovskite

1. Organic-Inorganic Hybrid Perovskite discovered by Diater Weber in 1978, by
replacing cesium in CsPbX; (X=ClI, Br or I) with methyl ammonium cations (MA).
2. MAPDI, is commonly used for high efficiency perovskite solar cells.

3. MAPDI; has band gap of 1.55 eV with absorption coefficient as high as10° cm-.

ABX,
D (snz,Pb..)

(CI-, Br-, I

(MA, FA, Cs, Rb)



Dimmensionality of Halide Perovskites

(a) Yo Charge Separation & Transportation pathway
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Photocatalyst 4
MOF and COF



Metal-Organic Framework (MOF)
Covalent-Organic Framework (COF)




What is Metal-Organic Framework (MOF)?

« Porous coordination polymers.

« Constructed from organic linkers and metal nodes (metal ions or clusters).

« Porous crystalline inorganic—organic hybrid materials.

* High surface area, uniform and tunable porous structure, and high-density
coordination-unsaturated metal sites.

« Easy facilitation of electrons between metal-ligands.

Q + | —

metal ion
ornodes  organic linker

metal-organic
framework

Building blocks and porous structure of a MOF.



Synthesis of MOF Mater'v'a Is

(C) Sealed container o
Ionic liquid or

Deep eutectic solvent

Vapour
diffusion

Electrochemical

Cathode

(b)

Temperature (d)
&

(a) Turbulence

Self-
assembly
Heating

/
Transfer of
reactive mixture (g)
S
/ mpepa tllre
As-synthesized Tim, &

Solvent heating Heat/ vacuum
and washing treatment

Solvothermal

Ultrasonic waves

Acoustic Cavitation (bubble)
generation and collapse

(+000 K,»1000 bar)
Teflon lining reactor

e Metal ion e Solvent A

»——= Organic linker pmws Solvent B
Metal-Organic Framework

SUUCUT e e
. Trends in Food Science & Technology 104 (2020) 102-116




Examples of Varied Types of MOF
X

p

MIL-53

UNLPF-10

Sn"’-Porphyrin
3D-MOF(Zn)

Xt

" b}

MiIL-68

UNLPF-12

Cu-TPA



Engineering MOF Materials

Mixed ligands Dye sensitization ’

Metal NPs decoration ’

- |:> i Carbon materials decoration

Mixed metal centers

Ligand functionalization

Metal ion immobilization | Semiconductors coupling |
| Ligands immobilization ‘ o MOF or COF coupling l
Photoactive MOFs

’ Hybrid modification strategies | | Carrier loading | | Magnetic materials adding ‘

MOF engineering techniques as effective photocatalysts to split H,O and reduce CO.,.



Applications of MOF Materials

Electrocatalysis A Ve

. Catalysis of
Organic Reactions | @

Photocatalysis

Product\

\Selectivity
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MOFs for CO, Reduction

H,COOH CH,0H
C

'
1
1
1
1
1
1
7
/‘ \

By < Re/(5,5-dcbpy)(CO),CI

co,

TCPP

CH,, HCOO"
CO, CH,OH

MOFs as photocatalysts

¥ ,‘ Photocatalytic coz
hv'| conversion over
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Synthesis of PeNC/MOF Heterojunctions

A% H,TCPP B% TCPP(Fe)
A% +B %=1 X =0~1

PCN-221(Fe)) Pbl,@PCN-221(Fe,) MAPDI;@PCN-221(Fe,)
X=0~1 X=0~1 X=0~1

_____________________________________________________



QD/MOF Heterojunctions

Porphyrin [Nig] Cluster

co,
€ - e e +e- Al
— UMO *\ .
*COOH*5»CcO .
+

I h*h* HOMO ;p ...... ~—»CH,

CO (531 pmol/g)
CH, (1028 pmol/g)







