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Designing a Catalyst

Activity

StabilitySelectivity

Inexpensive too!!!



Modeling Catalytic Materials: Computational Steps 

Consider Various Materials including Nanomaterials for OER, ORR, HER & CDR.

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 ɲG 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.

                                 

 



Advantages
I)Pollution-free

II)Compact & less weight

III) Noise free

IV) High reliability

V) Maintenance free

VI) Long life span

VII) Realized in zero gravity  

Applications
× Thermoelectric power generation

i) Power plant

ii) Radioisotope thermal generators

× Cooling & heating applications 

i) Refrigeration

ii) Air conditioning

Thermoelectric Technology
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Factors affecting ZT

Their contradictory requirements hampered the 

progress towards a higher ZT for many years,  Many new advancements now.

To increase value of S:

Large effective mass & small carrier concn

However, to enhance ů requires:

High carrier concentrations

High mobility

Smaller effective mass ə=əe+əl

m* Č 2nd 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:

b) Normal three -phonon scattering :

tƘƻƴƻƴ ŀƴƴƛƘƛƭŀǘƛƻƴ Phonon creation

c) Isotope/ defect scattering :

Normal process Umklapp process

e) Umklapp scattering :

d) Boundary scattering :

Depends on elastic constant ὅ  and 
deformation potential constant 
ὅ  ͯ Grüneisen parameter). It measures the 

degree of anharmonicity in the lattice.

Lattice momentum ╖ is added to conserve 
the phonon momentum ▓ in the 1st Brillouin 
zone.
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HER (Cathode/R): 4H+(aq)+4 eŸ2H2 (g) E= 0V  

OER (Anode/O):  2H2O(l)ŸO2 (g)+4H+(aq) +4eīE = 1.23 V              

Overall:  2H2O (l) Ÿ O2 (g) + 2H2 (g)     E = 1.23 V

TM-Ful

26Fe 27Co 28Ni

44Ru 45R
h

46Pd

76Os 77Ir 78Pt



H*         TM - Ful      OH*          O*          OOH*

HER OER

H

C

O

TM

H2O (l) + * Ÿ OH*  + ( H+ + e- ) 

OH* Ÿ O*  + ( H+ + e- ) 

O* + H 2O (l)  Ÿ OOH*  + ( H+ + e- )

OOH* Ÿ O2 (g) + * + ( H+ + e- )

* + H+ + eī Ÿ H* 

H* Ÿ H2 (g) + *
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Hydrogen Evolution Reaction

H*

H+ + e- 1/2H2

H*
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) Ir : 0.02 eV

Pt:  0.11 eV

BEST SYSTEMS: The Overpotential Values are 0.02V for Ir -Fullerene 
                                                                     and 0.11V for Pt -Fullerene 



Oxygen Evolution Reaction

H2O (l)  + *  Ÿ OH*  + ( H+ + e- ) 

OH*  Ÿ O*  + ( H+ + e-  ) 

O*  + H2O (l)  Ÿ OOH*  + ( H+ + e-  )

OOH*  Ÿ O2 (g) + *  + ( H+ + e-  )

æG1=G(OH*) ; æG2=G(O*) ī G(OH*)

æG3=G(OOH*)īG(O*);æG4=4.92 ī G(OOH*)

ḳ = max {æG1,  æG2,  æG3,  æG4}/e  ð 1.23

O
v
e
r
p
o
t
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n
t
i
a
l
 
(
Ẽ
)

ḳIdeal = 0

æG1 = æG2 = æG3 = æG4 =1.23



æGOH and æGOOH is linearly 
correlated. Therefore they act as 

dependent variables.  

æGOOH and æGO+æGOOH relates  to  an inverse  volcano-type  plots  with  overpotential  (Ru & 
Pd at  lower  points) . 
                                      The unexplored  regions suggest other  potential  TM candidates .



üLinear relationship with æGOOH, Č positive correlation. 
                 The Ru and Pd are above the line and with appreciable Ŵp-d

BEST SYSTEMS: The Overpotentials are 0.48V for Ru -Fullerene 
                                                        and 0.51V for Pd -Fullerene 



Conclusions

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

VRu and Pd, from  fourth  row of  TMs Č optimum & efficient  OER catalysts

VExploring  other  transition  metals  may reveal  more efficient  electrocatalysts  

for  water  splitting .

VThe positive  charge on TMs across each row & band centers  positions  Ą HER 

and OER

VThe OP Values are better  (0.02V/ 0.11V for  Ir -Ful/Pt -Ful) than  the  (Pt/C : -

0.09V) in the  literature  for  HER. 

VThe OP values are similar  (0.48V/ 0.51V for  Ru-Ful/Pd -Ful) with  the  standard  

used (RuO2 & IrO 2: 0.42V & 0.56V) in the  literature  for  OER. 

S. Saha, S. K Pati, Phys. Chem. Chem. Phys. 27 , 12024 (2025)
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Motivation

×Hydrogen is an alternative 
hydrocarbon fuels.

×High energy density and 
environmental friendliness.

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

×Covalent Organic 
Frameworks (COF) : large 
surface area, diverse 
functionalities, easily 
tunable  molecular structure.

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

 

мпΦтл ) 

1.24 
nm



CBM VBM

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

(CBM) are localized.

1.16 eV

Band gap reducing by 

doping:

Si doped (including 

2Cl): 

0.98 eV

Then P,F codoped :

 0.87 eV

╔█ ╔□▫▀▄■ ▼◐▼◄▄□
▪╒╔╒ ▪╗╔╗ ▪╝╔╝

▪╢░╔╢░ ▪╒■╔╒■ ▪╟╔╟ ▪╕╔╕
▪

 
  -3.83 eV/atom

!)-$ ÓÉÍÕÌÁÔÉÏÎ 
ÁÔ έΪΪ + ÆÏÒ άΪ ÐÓSiPF-tetrazine COF

VThe structure is 
thermodynamically stable.



Photocatalaytic  behaviour Electrocatalaytic  behaviour
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Adsorption order:

d> b> i> j> c> a> e> g> m> h> l> k
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Efficient potential
 catalyst for HER

ЎὋ  zis close to zero at 
25% and specially at 
33% hydrogen coverage 



Conclusions

ÇModelled SiPF-COF and absorption in visible region is 

improved after doping.

ÇЎὋ  zis close to zero at 25% and specially at 33% 

hydrogen coverage. 

ÇBoth electro and photocatalyst for HER.

S. Dutta,S. K Pati, Catal. Lett. 152, 3548 (2023).
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Entropy engineering
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Entropy engineering is an useful way to reduce ʆ & enhance :4.



Entropy -stabilized quinary AgGeSnSbTe 4

Ag

GeSn

Sb

Cubic structure with &ÍσÍ space group

ῳὛ Ὑ ὼὰὲὼ

τὙ ÌÎ ρȢσψ Ὑ 
(Medium entropy alloy)

ÇAgSnSbTe 3 demonstrates crystalline  
thermal conductivity. 
Ç But after Ge substitution, 

AgGeSnSbTe4 exhibits glass -like 
thermal conductivity, which is a rare 
feature in crystalline solids. 
ÇElectrical conductivity is metal - like.

Phonon-glass-electron -crystal (PGEC)

What is happening after Ge substitution?
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Synchrotron X -PDF analysis
To understand the structure and structural origin of glass -like ‖  in 
AgGeSnSbTe4, synchrotron X -PDF analysis has been performed across 
100ī500 K temperature range.
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X-PDF for local and global structure

ÇPoor fitting in the local structure 
(local distortion) 

The first peak is 
deconvoluting 
into three peaks 
at 500 K, 
signifying the 
presence of 
three unresolved 
bond lengths

The local 
structure fitting 
improves with 
the cationic 
distortion model 
along [011] 
directions

Ag/Ge/Sn/Sb

ÑĲ



Phonon analysis
Ge

TO

Te

TA

ÇImaginary phonons indicate the crystal structure is not dynamically 
stable  : instead of oscillating, atoms are unstable against a distortion 
along that phonon mode.

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

ÇImaginary transverse acoustic (TA) modes are contributed by Te atoms.



Potential energy 
surface of Ge

Local rhombohedral 
distortion of Ge 
atom along y and z-

direction

Before off -centering After off -centering  of Ge

Off -centering  of Ge 

0.22 ᴠ along y

0.17 ᴠ along z

After Ge off -centering, imaginary phonon modes of Ge become stabile. . 

Ge

Te

]ĲШƓƖŸŢĲĦƣĲĬ Ge projected



Off -centering  of Ge and ferroelectric instability 
Ion Radius

Ag+ 1.29 ᴠ

Ge2+ 0.87 ᴠ

Sn2+ 0.93 ᴠ

Sb3+ 0.9 ᴠ

Why Ge is off-
centered

Å Smaller size
Å Stereochemically active 

lone pair
Å Achieves favorable 

energy

Ferroelectricity?

ÇFerroelectric materials exhibit a 
spontaneous electric polarization.

ÇThe soft mode leads to atomic 
displacements that break the inversion 
symmetry of the crystal, resulting in a 
non-zero polarization.

ÇLattice instability and local distortion 
creates ferroelectricity in the material. 
This is called  ferroelectric instability .

ɝὶ

Broken inversion 
symmetry



Anharmonicity

Potential energy surface of Te

ὼ
ὼ

Grüneisen parameter projected phonon

Highly anharmonic phonon modes 
for Te atoms, confirmed from 
high Grüneisen parameter 

Anharmonic 
potential energy 

surface of Te 
atoms



Anharmonicity

-2%

Phonon after applying temperature and strain

ÇPhonon frequencies are renormalized at 300 K 
considering 3 rd  and 4th  order IFCs.
ÇThe imaginary phonon frequencies can be mitigated 

by considering anharmonic effects in the phonon 
dispersion.
ÇTA imaginary modes vanish after applying 

temperature or compressive strain .

Higher the Grüneisen 
parameter 

‖ ὧȟὺȟ†

Lower the phonon 
lifetime

Lower lattice thermal 
conductivity



Electronic structure

Ç Electronic band structure shows semi -metallic nature, which 
enhances the electrical conductivity.

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

Metal-like electrical conductivity + glass-like 
thermal conductivity

Phonon-glass-electron -
crystal (PGEC) system



A. Bhui...S. Paul et.al, J. Am. Chem. Soc. 147 , 29542 (2025)

Conclusion
üAgGeSnSbTe4 is a phonon-glass electron -crystal (PGEC) system. 
                                                           Maximum ZT is observed  ~1.2 at 670 K.

üImaginary phonon frequencies are observed due to Ge and Te atoms.

ü Ge atoms reside in a double well potential along y - and z-direction. Ge: After
off -centering, TO imaginary phonon modes are mitigated,  
                                             
üGe atoms are off -centered  due to its smaller size and stereochemical active lone 

pair. Off -centering of Ge atoms breaks the inversion symmetry Č Non-zero 
electric polarization and ferroelectricity.

üTe atoms reside in anharmonic potential well and itõs TA imaginary phonon modes 
are highly anharmonic. Temperature or Strain Č The TA modes get stabilized .

üLocal distortion and high anharmonicity ČSuppress the phonon lifetime and k.

üSemimetallic  Č Metal -like electrical conductivity.
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Introduction to Tl 2AgI 3

Spacegroup: 2σ (trigonal)

ό!ƎоLуύ
π

No direct bonding 
between two subunits

(Ag3I8)5-
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ÇAg(t) -I( te ) IFC is 
higher than Ag(t) -I(fs) 
due to Paulingõs 3rd  rule.

ÇAg(o)-I(fs) IFC is low 
due to the octahedral 
cavity.
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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.

Stronger Bond

²ŜŀƪŜǊ .ƻƴŘ

Ag(t)
Ag(o)

Ag(t)

I(te)
I(te)

I(fs)

ÇADP of Agtet  and Agoct  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 rd  rule
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AIMD simulation and anharmonicity

100 K 300 K
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Grüneisen parameterTrajectory of atoms from AIMD simulation

ÇHigher thermal vibration is for Ag atoms along x and y-direction (x & y 
crystallographically same here) from the AIMD trajectory plot.

ÇThe non-spherical trajectory also indicates anharmonicity in the lattice, 
confirmed from the high Gr¿neisen parameterЮ
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Lattice thermal conductivity

Experimental lattice thermal conductivity

Sharp Umklapp peak at low T Ą 
                       Crystalline behaviour

Constant from 125 K Ą 
                         Glass-like behaviour

ÇTl 2AgI 3 Č Both 
crystalline and glass -
like behaviour at 
different T regions.

Ç Klat  reaches ~0.17 
W/ mK at 125K and 
remains constant 
thereafter.

One of the lowest ‖ in halide 
system 0.17 W/ m.K at 150 K



Phonons
Participation ratio (PR):

Ὡ‫  phonon eigen vector of Ὥth atom 
with frequency and ‗ phonon mode ‫
ὓ  mass of Ὥth atom

High PR Ą Several atoms are involved in 
the phonon mode, and the phonon mode is 
propagative. 
Low PR Ą Only a few atoms are involved 
in the mode, which signifies phonon 
localization.Avoided crossing :

ÇIf same symm two phonon modes are close in E Č They repel each other (Landau 
quasi-degeneracy) Č this is avoided crossing .

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

group velocity ὺ ). Thus, thermal conductivity reduces.

ς



Phonon mean free path

50 K

85%
15%IRL

l p
h
(
Å

)

450 K

26%
74%IRL
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Colour bar, ╬
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Size of each marker:  
contribution of that 
particular mode in total 
lattice thermal conductivity
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Experimental mean free path

Mean free path from WTE

ÅPhonons cross Ioffe -Regel limit Č 
Localization ċ thermal vibration.

ÅThe localized phonons lead to 
coherence Č dominate in ‖  at 
high T



ÇTl 2AgI 3 is highly crystalline in low T region Č mean free path is sufficiently long 

ÇDue 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.

Underlying mechanism of the crossover



Thermal Conductivity Calculations

Without boundary 
scattering

With boundary 
scattering

Unified theory of thermal transport (Wigner formalism):  Generalizes Peierls-Boltzmann transport theory for 
crystalline solids and Allen-Feldman theory for disordered solids

‖= Thermal 
conductivity due 
to particle -like 
phonon 
propagation

‖ = Thermal 
conductivity due 
to wave-like 
phonon coherence
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Particle -to -wave 
phonon crossover is 
observed at 175 K


