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Outlines

* Introduction: 2D materials and Photocatalysis
» 2D van der Waals heterostructures

» MXene/BlueP

* MXene/TMDC
* Properties:
* Stability
* Electronic properties
* Optical properties
* Gibbs free energy
* Application of strain
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Photocatalysis

Photosynthesis by green plants and photocatalytic
water splitting as an artificial photosynthesis

#
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Sugar + 0,

. \ Sug
Chemical
energy
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Photosynthesis @
4 (Water splitting)

Photosynthesis

Energy

Chemical energy
G%=237kJ/mol

Energy

Chem. Soc. Rev. 2009, 38, 253-278

Potential applications:
* solar energy harnessing and

* elimination of pollutants

Photocatalysis Water splitting

> First experimental demonstration by

' Fujishima and Honda in 1972

=>Materials explored:
*TiO2, ZnO, SrTiO;
*Two-dimensional (2D) materials

(TMDCs, black phosphorene, MXene)
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Photocatalysis
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Light ! \ 2 .
— A ' o Photocatalysis Water
\:\L et spliting Challenges
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@, ", PSuitable band gap
o (>1.23 eV)

> Mobility and
Recombination Rate

=>Optical Properties

=>Reduction and oxidation
capabilities
The electrochemical redox potentials of water:

2 Low Gibbs free energy
En/Hz = -4.44 + (pH x 0.059) eV

Eos/H20 = -5.67 + (pH x 0.059) eV
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2D Materials

Properties

2 Unique Electronic Properties
2 Mechanical Strength
2 Thermal Conductivity

2 Optical Properties

2 Energy Storage

e e T s, Graphene
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Mxenes: Newest and most important family of 2D
transition metal carbides, carbonitrides and nitrides
Mn+1X|‘|

Functionalized Mxenes: M+ 1X.Tx

M = Transition Metal
X=CorN T=0,F OH
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2D Materials
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Different types of photocatalyst
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Z-Scheme
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MXene and Blue phosphorene
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ACS Appl. Electron. Mater. 2024, 6, 8039-8058

Band structure and
Density of States
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Heterostructures (MXene/blueP)
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ACS Appl. Electron. Mater. 2024, 6, 8039-8058
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Heterostructures (MXene/blueP)

Typel Typell Typelll
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Heterostructures (MXene/blueP)
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Stability

Dynamic and Thermal Stability
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Materials

Phonon band structure:
Absence of imaginary frequencies in the
phonon spectra

Thermal stability at 300 K:
Convergence of temperature at the end of
the simulation steps

ACS Appl. Electron. Mater. 2024, 6, 8039-8058

Elastic constants and Young’s modulus:
Meet the mechanical stability criteria
(C'” >0andCi > |C-:2U
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Effect of external strain

Biaxial strain Uniaxial strain Normal compressive strain
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Effect of external strain

Heterostructure | Biaxial Strain Armchair Zigzag N-C Strain
Hf,CO JblueP S-M (-7%,14%) S-M(-10%) S-M (9%,-10%) type I-type 11(8%)
type I-type Il (-5%, | type I-type Il type I-type I
2%) (2%,-7%) (1%,-6%)
Zr,CO,/blueP S-M (-7%,18%) S-M (-10%) S-M(10%.-9%) type I-type 11(7%)
type I-type I Type I-type |l Type I-type |l
(5%, 2%) (6%,-9%) (4%,-7%)
Sc,CO /blueP S-M (-9%,6%) S-M(12%,-16%) Nill
type lI-type 1(-7%) | S-M(10%,-16%) Indirect-direct(6%0)
Indirect-direct(6%o)

Why type Il is important?

type Il hetrostructure shows promising potential for photocatalytic water splitting

ACS Appl. Electron. Mater. 2024, 6, 8039-8058
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Electrostatic potential Sc2CO; and blueP mololayers

Sc2CO; blueP

N e A

0 =D). e 0
% ﬁ % ®=6.09eV vac
~ T TT=7 N E ~ rF--=-=-== e - i
= Fl| = EF
oyt . p—
E E 1)
O L |
bt <10 R
o O 15
¥ A JU

. 20
20 30 1]

Z(A)

7 (A)

Direction of Built in Electric Field ——> S¢,C0O, to blueP

I —
BITS Pilani K K Birla Goa Campus



Charge seperation and Effective Potential

Sc,CO./blueP heterostructure
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Energy (eV)

Oxidation and Reduction Capabilities

and effect of strain

Band Edge with respect to redox potential
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Type-ll or Z-scheme?

type-ll Z-Scheme
Reduction
Reduction
e f -
CBM 4 ‘:
Oxidation : i
E ; Oxidation
H VBM :
Sc,CO- r VBM
SCzCOz
blueP blueP

Charge Transfer Mechanism Identification

* Built-in electric field direction:
The build in electric field indicates a Z-scheme charge transfer pathway.

* Thermodynamic confirmation:
Gibbs free energy analysis is required to confirm the mechanism
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Gibbs Free Energy

AG=AE+AE(ZPE)-TAS-neU

AE — Total energy difference from DFT TAS — Entropic contribution

AE(ZPE) — Zero-point energy correction n — electrons transferred
U — applied potential

Reaction mechanism for OER and HER

HyO+ % - OH*" +H" + e~ H  +e +% > H*

OH" —» O" + H" +e H* + H* — H, + 2%
O +H,O - OOH* + H + ¢~

OOH~ —}*+02+(3_
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Gibbs Free Energy (Z-Scheme)

HER OER
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Gibbs Free Energy (Type-ll)

OER
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-2

Over potential was found to be 0.50 V (Without strain)

Reaction Coordinates

Gibbs Free Energy (eV)

I U=0 v, £=0%
............ U=0V, e=-4%
cennnnnnns U=0.47 V, £=0%
v =0, 72 U, E=-4%

* H* o{1.~~‘2]H2
Reaction Coordinates

Over potential was found to be 0.37 V (With strain -4%)
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Optical properties
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Water Stability
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Eads = EHZD@S:ZI:DZFqueP = Esczcozmiver = Enzo

The most stable adsorption occurred when the water molecule was positioned below the SczCO:
layer at the Sc; site with an adsorption energy of -0.506 eV. A negative adsorption energy indicates
an exothermic process, signifying a stronger interaction between the H.O molecule and the
photocatalyst surface.
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Sc,CO./TMDC heterostructures

— .
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Sc,CO./TMDC heterostructures
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Electrostatic Potential
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Type-ll Mechanism
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Energy (eV)

Oxidation and Reduction Capabilities
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Gibbs Free Energy

Gibbs Free Energy (eV)
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Optical properties
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Water Stability

Eads -
-0.607 eV for Sc;CO./MoTe-
-0.656 eV for Sc.CO./WTe-

A negative Eass indicates an exothermic
(thermodynamically favorable) adsorption.
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Summary

Mxene/Blue Phosphorene heterostructures:
»Hf,CO,/blueP and Zr,CO./blueP exhibit type-l band alignment
»Sc,CO./blueP exhibit type-1l band alignment, favorable for charge separation.

» External strain induces type-l — type-Il transitions, demonstrating tunable electronic

properties.

» Gibbs free energy analysis of Sc,CO./blueP indicates thermodynamically favorable

HER/OER behavior within the type-Il framework.

» Biaxial strain (-4%) reduces the overpotential for OER from 0.50 eV to 0.37 eV,

enhancing catalytic efficiency.

»For HER, the Gibbs free energy change decreases from 1.62 eV to 0.72 eV under
strain and Ue = 0.72 V.
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Summary

MXene/TMDC heterostructures:

»Sc,C0O./MoTe; heterostructure demonstrates strong type-ll photocatalytic

characteristics

»Low overpotential of ~0.17 eV for OER

* \Water adsorption is thermodynamically stable on all investigated heterostructures,

indicating strong surface interaction and suitability for photocatalytic water splitting.

¢ QOverall, MXene-based heterostructures provide a strain-tunable platform for efficient

photocatalytic water splitting.
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