Swapan K Pati

Theoretical Sciences Unit
School of Advanced Materials ( SAMat )
JNCASR, Bangalore 560054

http://www.jncasr.ac.in/pati/



Outline of this Talk:

(1) Introduction to Heterogeneous Electrocatalysts
and Thermoelectricity

(2) HER and OER from Water in Metal -doped Fullerene
Electrocatalysts

(20) Mo d el Temagine Hdsddl COmIn acidic media
(3) Thermoelectricity in PGEC, AgGeSnSbTe,

(30) Ther mal CoAgluct i vity 1 n

(4) OER and ORR in two-atoms doped N -graphite
Nanostructure Electrocatalysts



Outline of this Talk:

(1) Introduction to Heterogeneous Electrocatalysts
and Thermoelectricity



Designing a Catalyst

Inexpensive too!!!



Modeling Catalytic Materials: Computational Steps

Consider Various Materials including Nanomaterials for OER, ORR, HER
Zn- air battery (OER, ORR) or to split water (OER & HER) as fuel .
Computational Steps:

Find the active surface (if not known, quite time consuming)!

OER, ORR (Acidic/Basic medium): Write the four Electrochemical Reactions. HER
has one step or multi -steps (depending on acidic/basic/neutral).

Compute nG for each steps. Analyze the thermodynamic and Kinetic routes. Find
the Rate/Potential Determining Step (RDS/PDS). Obtain Over  -Potential value(s).

For experimental systems, we try to understand the microscopic reasons behind
their results .

Substitute atoms/ions with similar radii & find RDS & over -potential. Do ML based
prediction with a few simple parameters.



Thermoelectric Technology




Factors affecting ZT ‘
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Their contradictory requirements hampered the
progress towards a higher ZT for many years, Many new advancements now.
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Light hole band Heavy hole bands

m* C 2" derivative of E -K:
Band curvature is important .

Steep band: Small m*
Shallow band: Large m*

Band curvatures and scattering
amplitudes should be accurate.

We have used our in-house WBTE
Codes with all Scattering terms



Phonon scatterings (QHA):

a) Phonon scattering due to deformation potential: d) Boundary scattering :

Depends on elastic constant 6 and
deformation potential constant

(6 ) x Griineisen parameter). It measures the
degree of anharmonicity in the lattice.

b) Normal three -phonon scattering :

e) Umklapp scattering :
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Outline of this Talk:

(2) HER and OER from Water in Metal -doped Fullerene
Electrocatalysts



HER (Cathode/R): 4H*(aq)+ 4 e ¥ @HE=0V
OER (Anode/O): 2H,0(l)Y O, (g)+4H*(aq) +4e' E=1.23V

Overall: 2H,O ()Y ©(g)+2H,(g) E=1.23V
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Hydrogen Evolution Reaction
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BEST SYSTEMS: The Overpotential Values are 0.02V for  Ir -Fullerene
and 0.11V for Pt -Fullerene



Oxygen
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Conclusions

V Ir and Pt, from fifth row of TMs C efficient HER catalysts

V Ruand Pd, from fourth row of TMs C optimum & efficient OER catalysts

V Exploring other transition metals may reveal more efficient electrocatalysts
for water splitting .

V The positive charge on TMs across each row & band centers positions A HER
and OER

V The OP Values are better (0.02V/0.11V for Ir -Ful/Pt-Ful) than the (Pt/C: -
0.09V) in the literature for HER.

V The OP values are similar (0.48V/0.51V for RuFul/Pd-Ful) with the standard
used (RuO, & IrO ,: 0.42V & 0.56V) in the literature for OER.

S. Saha, S. K Pati, Phys. Chem. Chem. Phys27, 12024 (2025)
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Motivation

x Hydrogen is an alternative
hydrocarbon fuels.

x High energy density and
environmental friendliness.

X Requirement of Cost -
effective and earth -
abundant catalysts.

x Covalent Organic

Frameworks (COF) : large
surface area, diverse
functionalities, easily

tunable molecular structure.

x With help of DFT, started
with tetrazine based COF.

Volmer-Tafel yrovsky : Volmer-Tafel
mechanism h
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Hydrogen

© Nitrogen
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’ZCI):

0.98 eV

Then P,F codoped :
,AO'87 eV \

The wavefunction corresponding to valence band
maximum (VBM) and conduction band minimum

— (CBM) are localized.

Carbon
Hydrogen
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Phosphorous | -3.83 eV/atom

O Fluorine [
IR trazine COF

V The structure is
thermodynamically stable.




Adsorption Site

Adsorption Energy (eV)

(a) Tetrazine N2-site -0.72
(b) Tetrazine N3-site -1.26
(c) Tetrazine N4-site -0.82
(d) Si-site -1.65
(e) P-site -0.69

(f) Tetrazine  NS5-site

------ (transformed into e)

(g) Tetrazine  N6-site

(h) Tetrazine N7-site -0.48
(1) Tetrazine N8-site -0.94
(j) Tetrazine N9 -site -0.91
(k) Tetrazine N10-site -0.45
(I) Tetrazine N11 -site -0.46
(m) Tetrazine N12-site -0.49

Electnacaialdyticic behaviaurr

Si-site
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Conclusitnss
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Y

30 30 "¢Y
3Y 3Y

Ineering

Entropy eng

404444444404
04400400044
08048440404
(YT Y IYIIeY )
00004008044
04 000404004
4890044 J004
o0, 20000 0044
(11%]

.”.3_..32.(.
1900092919094
40460000444
00000000044

999949499944
494444444444
999949494944
444044444444
299949494444
449440404444
$44444 440444
444444444444
999949449944
0060660060066
1006660060666
400440444044
1006060006664
404040400444
$460444 444444

Increasing entropy
Entropy engineering is an useful way to reduce [ & enhance: 4

i
N

ﬂ ﬂ ﬁhm y
= O
L 00 n# i Hm.v:-_._._o?_.__v S R
o N 2 © © ¥ N O,
o o o 2 S S S
O 0 O w )
e o o0 7 Q
o o Q 7
g @
51 g
(]
2 5
© o o 8
o o o 4
o o o3 @
o o . ] w 1 5
._ _' ' o Tm » =]
o o ‘85 N .* <
e o o o g
o o0 o o
*—o—o b
g @
& mw v
A | G & &
< - 0
3> I8
L e IR
f‘ #4..’%1100000
] [ XElW |_|N....m>m|_|N
o
=4 O
(e 0]
o
-1 O
™~
o
—4 O
O
w <
= oo p =
V= = g
V2 2 Py 18
a92@ S i
OVl s £ M A
o S ° T S\ 38
E L e e bl o
PSSV O S
£ 23 8 = K =
DT YT
TOOVVULEY »
ARATRA =
mM
1 1 M 1 M 1 1 1
S 1w o 1! 9o n O
(221 (o] (o] — - (=
Lz



Entropy -stabilized quinary AgGeSnSbTe ,

' @ AgSnSbTe; —Q@— AgGeSnShTe, (Heating)
= 0.8 @ AgGeSnSbTey 1100+ —Q—AgGeSnSbTe4(CooIing)
|
Sb. Ag < 0.6 4 10001
O :° :
£ 3
Sn - Ge = 04, 0 900
~ %)
— 800+
O ¥ 0.21
700+
0.0 . : . . , , , , .
0 25 50 75 100 300 400 500 600 700
T (K) T (K)

Cubic structure with & fal space group
C AgSnSbTe ; demonstrates crystalline

thermal conductivity.

WY Y woe C But after Ge substitution,
AgGeSnShTe, exhibits glass -like
T '\(—i T—) pd YY thermal conductivity, which is a rare
(Medium entropy alloy) feature in crystalline solids.
C Electrical conductivity is metal -like.
What i s happening after Ge substitution?

Phonon glass-electron -crystal (PGEC)




Synchrotron X -PDF analysis

To understand the structure and structural origin of glass
AgGeSnShTe,, synchrotron X -PDF analysis has been performed across

1001500
X-PDF for local and

K

global structure
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R, = 0.046
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deconvoluting
into three peaks
at 500 K,
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three unresolved
bond lengths

structure fitting
improves with
the cationic
distortion model
along [011]
directions
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C Imaginary phonons indicate the crystal structure is

Phonon analysis
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not dynamically

stable : instead of oscillating, atoms are unstable against a distortion
along that phonon mode.

C Imaginary transverse optical (TO) modes are contributed by Ge atoms.

C Imaginary transverse acoustic (TA) modes are contributed by

Te atoms.



Off -centering of Ge

Potential energy

] WGl YT(UHqIT Ge projected
surface of Ge
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After Ge off -centering, imaginary phonon modes of Ge become stabile.



Off -centering of Ge and ferroelectric instability

lon

Radius

Ag

1.29v

Ge*

0.87v

Sre*

0.93v

S+

0.9v

Ferroelectricity?

Why Ge is off
centered

- A Smaller size

A Stereochemically active
lone pair

A Achieves favorable

\.,\e\hergy

C Ferroelectric materials exhibit a
spontaneous electric polarization.

C The soft mode leads to atomic
displacements that break the inversion
symmetry of the crystal, resulting in a

non-zero polarization.

C Lattice instability and local distortion
creates ferroelectricity in the material.
This is called ferroelectric instability
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Broken inversion

symmetry



Potenti al
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for Te atoms, confirmed from
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Anharmonicity

Phonon after applying f{emgeka

T T
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C Phonon frequencies are renormalized at 300 K
considering 3" and 4" order IFCs.

C The imaginary phonon frequencies can be mitigated
by considering anharmonic effects in the phonon
dispersion.

C TA imaginary modes vanish after applying
temperature or compressive strain

Higher the Grlneisen
parameter

Lower the phonon
lifetime

Lower lattice thermal
conductivity



Electronic structure

1.0 : 3.0
— Ag(s)Te(p) R
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C Electronic band structure shows semi

enhances the electrical conductivity.

Energy (eV)
-metallic nature, which

C The stereochemically active lone pair of Ge atoms create
antibonding states near E . in the valence band.

Met-&l ke
t her mal

el ectrical -to
conductivity

T@L
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Phonon glass-electron -
crystal (PGEC) system




Conclusion

U AgGeSnSbTe, is a phonon-glass electron -crystal (PGEC) system.
Maximum ZT is observed ~1.2 at 670 K.

U Imaginary phonon frequencies are observed due to Ge and Te atoms.

U Ge atoms reside in a double well potential alongy - and z-direction. Ge: After
off -centering, TO imaginary phonon modes are mitigated,

U Ge atoms are off -centered due to its smaller size and stereochemical active lone
pair. Off -centering of Ge atoms breaks the inversion symmetry  C Non-zero
electric polarization and ferroelectricity.

UTeat oms reside i n anharmonic potenti al
are highly anharmonic. Temperature or Strain  C The TA modes get stabilized .

U Local distortion and high anharmonicity C Suppress the phonon lifetime and k.

i Semimetallic C Metal -like electrical conductivity.

A. Bhui...S. Paul et.al, J. Am. Chem. Soc. 147, 29542 (2025)
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Introduction to TI ,Agl 4
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due to the octahedral
cavity.



Experimental atomic displacement parameter (ADP)

Atomic displacement parameter (ADP):

A crystallographic measure describing

the statistical distribution of an atom's electron density around its equilibrium
position, reflecting thermal vibrations.
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C ADP of Ag,; and Ag, is much higher along crystallographic x and y -directions

compared to z -direction, signifying their high thermal vibration along the x and y

direction.

Direct consequence of Pauling 3

d rule




AIMD simulation and anharmonicity

Trajectory of atoms fromdAlMD simulation

Grlineisen parameter
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Lattice thermal conductivity

One of the lowest | in halide

Experimental lattice thermal conductivity
system 0.17 W/ m.Kat 150 K

1.6-

145

X' 1.2-

CTl,Agl , C Both
crystalline and glass -
like behaviour at

20000000 different T regions.

0 100 200 300 400 500

T (K) C K, reaches ~0.17
W/ mK at 125K and
remains constant

thereatfter.

Sharp Umklapp peak atlow T A
Crystalline behaviour

Constant from 125 K A
Glass-like behaviour



Phonons
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High PR A Several atoms are involved in
the phonon mode, and the phonon mode is
propagative.

Low PRA Only a few atoms are involved
in the mode, which signifies phonon
localization.

C If same symm two phonon modes are close in E C They repel each other (Landau
quasi-degeneracy) C thisis avoided crossing .

C At avoided crossing, the acoustic phonon branch flattens (reduced slope = reduced

group velocity U

—). Thus, thermal conductivity reduces.



Phonon mean free path

Mean free path from WTE colournarae Pl AL
10 10 r A AL

contribution of that
particular mode in total

lattice thermal conductivity
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Underlying mechanism of the crossover

Crystalline region Disordered region
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Phonon

Particle-like propagation Locslisatlon Wave-like coherence
Iph > agy, Iph < ag,
Low T High T

C Tl,Agl ; is highly crystalline in low T region C mean free path is sufficiently long

C Due to high thermal vibration at elevated temperature, the compound act as a
disordered solid and phonons becomes localized. The localized phonons transfer
thermal energy via wave -like coherence due to mode coupling.




Thermal Conductivity Calculations

Unified theory of thermal transport (Wigner formalism):  Generalizes PeierlsBoltzmann transport theory for
crystalline solids and AllenFeldman theory for disordered solids
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Particle -to -wave
phonon crossover is
observed at 175 K




