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Why Halide Perovskites?
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Timeline for Development of Halide
Perovskites for CO2 Reduction
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Halide Perovskite Crystal
Structures



Crystal Structures of Halide Perovskites
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Unit Cells of 14 Bravais Lattices

A unit cell is the basic repeating structural unit of a crystalline solid.
There are 7 types of unit cells.
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Perovskite-Related Crystal Structures

(a) Pseudocubic 3D: FAPbX, (b) 0D: Cs,PbXg (c) Tetragonal 2D: (d) | Layered 2D: A,PbX,

Double perovskite: Cs,AgBiXg Triple perovskite, layered 2D:




Preparations of Halide
Perovskite Nanostructures



Preparation of Perovskite Nanocrystals
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Absorbance

Hot-Addition Metihod to Prepare PeNC
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Potential Energy Levels
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PeNC as Photocatalyst for
CO, Reduction



The First CO, Reduction using CsPbBr; PeNC

Using CsPbBr; Nanocrystal (PeNC) for CO, Reduction
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The First CsPbBr, PeNC/GO Heterojunction

Using CsPbBr; PeNC/GO
composite for CO, Reduction
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Solvent — ethyl acetate
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Figure 3. (a) Photocatalytic performance: yield of the CO, reduction
products after 12 h of photochemical reaction. (b) UV—vis absorption
spectra and the external quantum efficiency plots.

Table 1. Summary of the Photocatalytic CO, Reduction
Performances after 12 h of Constant Illumination

R(CO)/ R(CH,)/ R(H,)/ Ryiwe'/  select for
Sample  pmolg™' pmol g7' pmol g pmolg™ CO, red.”/%

CsPbBr, 49.5 229 1.07 284.7 99.3
QDs

CsPbBr, 58.7 29.6 1.58 357.4 99.1
QD/GO

“R.jectron 18 the rate of electron consumption for the reduced product;

Ryecron = 2R(CO) + 8R(CH,) + 2R(H,). "Selectivity for CO,

reduction = [2R(CO) + 8R(CH,)]/R oy X 100%.
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The First Double Perovskite Catalyst

Cs,AgBiBr; PeNC was used for CO, Reduction in liquid media
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Double Perovskite QD/SnS, Heterojunction

Cs,Snl; PeNC/SnS, nanosheet composite was used for CO, Reduction.
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The First PeNC/MOF Composite Catalyst
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Z-Scheme 0D/2D and 2D/2D Heterojunction
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PeNC QD/MXene or Metal Heterojunction
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Effect of Solvents as Media
for CO, Reduction



Photocatalytic Performance of CO, Reduction
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The Problem of Photodissociation in Gas-Liguid Phase

We used MAPDbBr; PeNC in ethyl
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Guideline Flowchart for Choosing an Appropriate Solvent

200 280 320 400 800
= nm
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ACN: Acetonitrile CH;CN

TEA: Triethyl amine (C,H;);N

TEOA: Triethanol amine (C,H,OH);N
EAA: Ethyl acetate CH;COOC,H;

Heat generation due to IR light should be considered

H,O is usually required for oxidation but
1. CO, has low solubility in water.
2. PeNC would be decomposed in water.




Photocatalytic CO,
Reduction at Gas-Solid
Interface



Triple Perovskites at the Gas-Solid Interface

Top-down, ultra-sonication approach
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Absorbance

Results of GC-Mass and FTIR
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Mechanism for CO, Reduction

(1) Monodentate Mechanism
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(2) Bidentate Mechanism
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Mechanism for CO, Reduction

(3) Formation of methane from formate
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Water-Free Self-Photocatalytic CO, Splitting

DIIID / .
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PbBr, + OLA + OA
Cs,..FA PbBr;

Reaction at gas-solid interface | . |
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Morphology and Crystallinity
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CsPbBr,

Intensity

CsPbBr,+ CO,

20 /Degree

Intensity

PeNC+CO, after irradiation for 12 h

Particle size: 8 nm — >15 nm

Original PeNC without irradiation

CS: Orthorhombic phase 62%
Cubic phase 38%

CF: Orthorhombic phase 93%
Cubic phase 7%

s,.JFA PbBr,;+CO,

20 /Degree

PeNC+CO, after irradiation for 12 h

CS: Orthorhombic phase 27%
Cubic phase 73%

CF: Orthorhombic phase 53%
Cubic phase 47%

________________________



World-Record CO Production Yield (Rate)

Without H,O
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Redox Potentials for CO, Reduction

Overall Reaction

C0, > CO+ -0,  AG®=257.2kJ mol™
EY=-1335V
Half Reactions in the presence of water

Reduction: CO, + 2H* +2¢e~ - CO+ H,0 E],, =-0.106V

Oxidation: H,0 - -0, + 2H* + 2e EO, =—1.229V

Half Reactions in the absence of water

Reduction: CO, + H* +2e~ - CO + OH~ E) =12127?
Oxidation: OH™— =0, + H* + 2e” E9, =777
H,0 - H* + OH™ H* + OH™ - H,0

Reduction: CO, + H,0 + 2e™ —» CO + 20H™ E)., =—0934V

1
Oxidation: 20H™ - EOZ + H,0 + 2e” EY. = —0.401V




DRIFT Spectra and Reaction Mechanism

Oxidation pathway
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Summary of CO, Reduction Results

1. The first example of self-
photocatalysis for CO, reduction.

2. The first CO,, splitting using PeNC
In the absence of water.

3. World record on CO production

yield at gas-solid interface.



Potential Application for
CO, Reduction to Form CO



Energy Storage Source: Syngas (CO + H,)

« Syngas is also called as Synthesis gas.

* Syngas is a fuel gas mixture of H, + CO (carbon monoxide).

« Syngas Is combustible.

* Syngas Is an indispensable, critical C, feedstock for organic products.

« Demands of syngas is increasing for large scale chemicals.

Topsoe Improved Gasoline Synthesis (TIGAS)
Dimethyl ether (DME)

Methanat\o™ Methanol to Gasoline (MTG) Process
The syngas cycle. | Catalysis Today 71 (2002) 243-247. |




Production of Syngas

(1) Gasification of biomass/coal } - High energy consumption
(2) Methane steam reforming: * Energy intensive process

Forest residue

Co-gasification process w

-[Optlmizatlon by Aspen Plus
l‘ Software program

Wood charcoal

Downdraft Reactor




Syngas Conversion to Methanol

Methanol (CH;0OH)

1. Primary chemical product.

2. Directly used as a fuel or fuel supplement.

3. Important chemical feedstock for gasoline. ex., ExxonMobil
4. Syngas is major source to obtain methanol.

> :

2H,+ CO —» CH,;0H
3H,+ CO, -» CH;0H + H,0
CO +H,0 — CO, + H,

iR (highly exothermic
| reaction)

Image from
North Carolina State University



Fischer-Tropsch (F-T) Process

German inventors, Franz Fischer and Hans Tropsch -1920.
Converting syngas (CO and H,) into liquid hydrocarbons.
Commercial process.

Highly exothermic.

Important for liquefaction technology.

L I

End products controls by catalyst and reactor conditions such as feed,

composition, internal temperature and pressure.
(2n+l) H, + n CO =~
C.Hoaney + n HO

« Catalysts considered for Fischer-Tropsch synthesis are based on transition metals
of iron, cobalt, nickel and ruthenium.



H, Production from Formic Acid Cycle
+ @ + Base L Base « HCOOH L @ + + Base

b

Renewable H, fuel
energy # @ ________ @ # cell
- ~ . . ’ -

Discharge

Photocatalytic
CO, reduction
to produce FA

Photocatalytic
FA reduction
to produce H,

hv

CO, + 2H* +2e- - HCOOH (F
AA  FA






