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Dual-atom catalyst design for efficient hydrazine oxidation reaction: A density functional
theory study

As climate change accelerates due to the continued use of fos- . — -

Hydrazine Oxidation Reaction
sil fuels, hydrogen production technologies that offer both high
efficiency and environmental sustainability are urgently needed
for the global energy transition. However, conventional water
electrolysis is limited by the oxygen evolution reaction (OER),
which suffers from sluggish kinetics and high overpotentials,

significantly reducing overall energy efficiency. To address this

challenge, the hydrazine oxidation reaction (HzOR) has
emerged as a promising alternative, featuring more favorable
reaction kinetics and lower overpotentials. Despite its advantages, the practical implementation of HzOR
remains limited due to its reliance on noble metal-based catalysts, which are costly and scarce. In this
study, we propose a dual-atom catalyst (DAC) design strategy for efficient HzOR, using combinations of
noble and non-noble metals (NiCo, CoPt, and Nilr). Density functional theory (DFT) calculations were per-
formed to evaluate their structural stability, electronic structures, and catalytic performance. The results re-
veal that heterometallic DACs can enhance HzOR activity by optimizing intermediate adsorption and
lowering activation energy. Among the studied systems, NiCo Type-|I demonstrates the most favorable bal-
ance of catalytic efficiency and electronic conductivity. This work highlights the potential of DACs as cost-
effective and efficient HzOR catalysts and provides design insights for next-generation hydrogen production

technologies aligned with global decarbonization goals.
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QlArstn ZEE 4 EN(H BTSN )2 donor-acceptor A0 ZRts 5l outst 2610|F of|L{2|E constrained DFT2
|26l 3, 7|2 DFT/TD-DFT A&l A LIEHEE 4 QM= 28105 AE| A A 2HE 2AM6IQRSLIC [2023H 825, DOI:10.1002/

bkes.12711]

Constrained density functional theory calculations for estimation of forward and backward
intermolecular charge transfer energy

Charge transfer (CT) in donor—acceptor complexes can occur in two directions: from donor to acceptor
(forward CT, CTr) and from acceptor to donor (backward CT, CTg). For an ethylene and tetrafluoroethylene
model system, coupled cluster calculations predict that CTr is more stable than CTs. Meanwhile, density
functional theory (DFT) and time-dependent DFT (TDDFT) employing B3LYP functional show a different
CT state order depending on the Hartree—Fock exchange (HFX) contribution. The impact of basis sets as
a possible cause to induce such unreasonable CT state reverse along with the increase of HFX was in-
vestigated. The physical origin of CT state reversal is examined in terms of molecular orbital energy. We
analyzed two additional molecular pairs that feature CT state reversal along with the amount of HFX in
B3LYP functional. Despite the reduced gap, we suggest constrained DFT using M06-HF functional as an

effective approach to estimate two CT state energies on equal footing.
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Z20i3tD QEiS n40t MZTHS D 227401 W4 HELS Sr/7n BAE CazAlAss-type Zintl 4 ZHAME 4sta, DFT AL SOl
A2t 147t bandgap, p-type Bt R, effective mass ¥ FHET 0| 0|2 = YT st} SLICE [20254 1225, DOI:10.1002/
bkes.70075]

Tunable bandgap and ultra-low thermal conductivity of the Sr/Zn co-substituted CasAlAs:-type
Zintl phase

Nine new Zintl phase thermoelectric (TE) materials in the Cas-xSrxAli-vZnySbs (0<x=<1.55(4); 0<Y <
0.06(1)) system were successfully synthesized by arc-melting and the Pb-flux methods. All the title com-
pounds adopted the orthorhombic CasAlAss.type phase (space group Pnma, Pearson code oP28), where
three distinct cationic sites and one tetrahedral anionic site exhibited the mixed occupancies of Ca/Sr
and Al/Zn. Interestingly, the Sr-substituent preferred to fill the largest M2 site, then the M3 site, reaching
the M1 site only at higher overall loading, which was consistent with the ionic size-factor criterion. A series
of DFT calculations by the TB-LMTOASA method on the three model structures: CasAlSbs, Ca1.5Sr15AISbs,
and Ca1.5Sr1.5Alo.7sZno.2sSbs, indicated (1) the Sr substitution widened the small bandgap, (2) the Zn sub-
stitution pushed Er through the valence-band region yielding p-type character while maintaining a narrow
direct gap at I', and (3) the valence-band flattening between I and Z, and T and Y increased effective
mass. Optical reflectance study using the Kubelka—Munk function gave the bandgap of 0.28 and 0.30eV
for CasAlSbs and Caz.003)Sr1.00AISbs, respectively, which corroborated the calculated results. TE property
measurements showed an increase of electrical conductivity o with temperature and the positive Seebeck
coefficients S between 303 and 850 K. Atomic disordering through the Sr and Zn substitutions strongly
suppressed total thermal conductivity kit down to 0.46 W/mK at 873K for Caz.4s(2)Sros2AISbs. The maxi-
mum ZT value was obtained for the Zn-doped CasAlo.ss(1)Zno.04sSbs, and this enhanced result should be
attributed to the synergy of enhanced o, moderated S, and reduced Kot
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‘d 4 MREIL 2|5 HiE|2| MR A E 28 machine learning interatomic potential (MLIP)2 Z&0t= 12
Y3 YA HY2 BASAUS £20|M CHE £ U2 AIOFRSLICE [2026H 285, DOI:10.1002/

el
=

32|t

bkes.70105]

Machine learning interatomic potentials for lithium battery electrolyte design

Lithium-ion batteries have dominated the energy storage landscape for decades, driven by their high en
ergy density and operating voltage. However, increasing demands for wide operating temperature ranges
and fast charging push current technologies to their limits, requiring next-generation lithium batteries with
superior safety and extended cycle life. In this context, the rational design of electrolytes remains a major
challenge, as intricate bulk and interfacial mechanisms govern system viability. Specifically, solid-state
electrolytes struggle with low ionic conductivity, while liquid electrolytes are limited by complex chemical
interactions. Machine learning interatomic potentials (MLIPs) address these issues by combining first-prin-
ciples accuracy with computational efficiency. These models allow us to simulate atomistic interactions
and interfacial reactions that were previously impractical. We summarize recent advances in the application

of MLIPs, focusing on bulk and interfacial phenomena in solid-state and liquid electrolytes.

MLIP-Driven Electrolyte Insights

Liquid Electrolytes Solid Electrolytes
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D2CHStD 0| 8% W4Qt TEZ IS /AL ST 0|24 W4 ¢11El2 N-heterocyclic carbene(NHC)oll 213t nitric oxide(NO)
A

13 9 &= 1Y 2 o|EA|AH multivariate linear regression? 2 248t &LICL [2024H 5%, DOI:10.1002/bkes. 12837]

Theoretical analysis on the formation and nitric oxide release of N-heterocyclic carbene
nitric oxide radicals

The theoretical study on the fixation and release of nitric oxide (NO) by N-heterocyclic carbenes (NHCs)
is explored by utilizing a multivariate linear regression approach. We utilized data-driven tools to establish
correlations between molecular descriptors of NHC and reaction outputs of the formation and NO release
of NHC nitric oxide radicals (NHCNOs). A key electronic parameter, the singlet-triplet energy gap (AEST),
plays a pivotal role in the thermodynamics of NHCNO formation (AGr) and NO release (AG:). The activation
energy models highlight HOMO energy level (Enomo), C—N bond length (dc-~), and NBO charge on N atom
(gN®On) as crucial factors for the formation of NHCNO (AG#¥), while the activation energy for the NO release
(AG*) significantly correlates with free energy difference (AG:), resulting a strong AEst dependency. This
study provides valuable insights into the thermodynamics and kinetics of NHCNO processes, offering pre-
dictive capabilities to design NHCs tailored for NO release.

Formation and ® %V,
NO Release
0 AEsr ' Euomo
a5 + NO )i' e % i
——— c-A c-N
R-N"“N-R =—= R-y N-R e /pﬁ& e
\—/ - NO \_/ qNBOAA g, qumN
NHC [NHC-NOJ B _—
Theoretical analysis

to design NHCs suitable for NO delivery Molecular descriptors
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DGIST =8| 14 A1El2 hard-cation-soft—anion ionic liquid 47| #12|1E B9 2 PEDOT:PSS 4 1122t0| 24 g4 A
2k2 A|AIBIRELICE DFT A&kt molecular dynamics simulation2 S8 PEDOT/PSS morphology £3}
A&L|CE [20244 1125, DOI:10.1002/bkes.12908]
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Stretchable conducting polymer PEDOT:PSS treated with hard-cation-soft-anion ionic liquid
designed from molecular modeling

PEDOT:PSS, an ionic polymer mixture of positively-charged poly-3,4-ethylenedioxythiophene (PEDOT?)
and negatively-charged poly-styrenesulfonate (PSS-), is a water-processable and environmentally-benign
organic semiconductor and electrochemical transistor, which plays a key role in organic (bio)electronic
devices. However, pristine PEDOT:PSS films form 10-to-30-nm granular domains, where conducting-but-
hydrophobic PEDOT-rich cores are surrounded by hydrophilic-but-insulating PSS-rich shells. Such mor-
phology makes PEDOT:PSS water-soluble and thermally stable but very poor in conductivity. A
tremendous amount of effort has been made to enhance the conductivity of PEDOT:PSS by restoring the
extended conduction network of PEDOT. Recently, remarkable ~5000-fold improvements of conductivity
have been achieved by mixing PEDOT:PSS with proper ionic liquids (ILs). In a series of free energy esti-
mations using density functional theory calculation and molecular dynamics simulation, we have demon-
strated that the classic hard-soft acid—base (or cation-anion) principle of chemistry plays an important role
in such improvements. lon exchange between PEDOT":PSS™ and A*:X" ILs helps PEDOT" to decouple
from PSS™ and to grow into large-scale conducting domains of m-stacked PEDOT* decorated by IL anions
X". Thus, the most spontaneous decoupling between soft (hydrophobic) PEDOT* and hard (hydrophilic)
PSS™ would be induced by strong interaction with soft anions X~ and hard cations A*, respectively. Such
hard-cation-soft-anion principles have led us to design ILs containing extremely hydrophilic (i.e., protic)
cations and hydrophobic anions. Not only they indeed improve the conductivity of PEDOT:PSS but also
enhance its stretchability as well. In summary, our modeling offered molecular-level insights on the mor-
phological, electrical, and mechanical properties of PEDOT:PSS and a molecular-interaction-based en-

hancement strategy for intrinsically stretchable conductive polymers.

lonic liquid
TCB-
H<8Z \— BL B ‘

\_( N=
MIM+ I..l (

\Q Z hydrophilic cation
7‘\\ '/, hydrophobic anion
PEDOT*:PSS- PEDOT*:PSS-+A*:TCB-
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HEOsiD Zed W4 AFRE2 r-stacked organic mixed—valence systemOllAl DFT 7| &tdt 27| stsh/28 2M 2 ZA8sto

redox center At0|9| through-space electronic coupling2 & H|w 8 &LIC[2025H 385, DOI:10.1002/bkes.70007]

Through-space electronic coupling in n-stacked organic mixed-valence systems: A quanti-
tative comparison of cationic and anionic states

This work investigates the structural characteristics, redox behavior, intervalence charge transfer (IVCT)
transition, and electronic coupling of a mixed-valence (MV) system featuring quinoidal redox centers in
4’,4""-(naphthalene-1,8-diyl)bis(4-methyl-[1,1’-biphenyl]-2,5-dione) (2). The three-dimensional structures
of two conformers, [2_syn]*~ and [2_anti]*~, were determined using density functional theory calculations.
The centroid-to-centroid distances between the two redox centers were 3.69 A for [2_syn]*~ and 3.41 A for
[2_anti]*-, with a weighted average distance of 3.59 A. Electrochemical methods that include cyclic voltam-
metry and differential pulse voltammetry revealed two closely spaced reduction potentials (-1.04 and -
1.13V vs. Fc*/Fc). The electronic coupling between the redox centers was evaluated using two comple-
mentary approaches: the Mulliken—Hush analysis of the IVCT band obtained through the spectroelectro-
chemical method and partial charge resonance analysis derived from geometrical bond length variations.
The results demonstrate a significant disparity in electronic coupling, with the anion radical MV system
(2°7, 413cm-") exhibiting electronic coupling approximately one-third weaker than the previously reported
cation radical MV system (1°+, 2055 cm-'). Charge transfer rate constants (ker) between two redox centers,
calculated using parameters from spectroelectrochemical measurement, revealed that charge transfer in
2°7(5.8x 10" s is 180 times slower than in 1*+ (3.2x 10''s-"). These findings underscore the critical role
of electronic coupling in determining charge transfer rates and highlight the pronounced advantage of hole-
type charge carriers over electron-type carriers. The study provides valuable insights for the rational design

of advanced materials in organic electronics.
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AtCiStn H2|E W4 ¢EI2 W, Mo, Ta, Nb, V 24 7|2 2| ultrathin rutile-TiO2(110) 2f2to| S Hsto| w2 12 k-4, A
nction H3IE DFT AALC 2 2AMBISLICE [20255 425, DOI:10.1002/bkes.70014]
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Impact of film thickness on the geometric and electronic characteristics of ultrathin rutile-
TiO2(110) films supported by metal substrates

Titanium dioxide (TiOz) has received significant attention due to its importance in a wide range of applica-
tions, including photocatalysis, solar energy conversion, and chemical sensing. The physicochemical prop-
erties of TiOz2 can be finely tuned using a novel platform of ultrathin oxide films. In this study, a
computational study based on density functional theory (DFT) calculations is performed to investigate the
thickness-dependent geometric and electronic properties of ultrathin rutile-phase TiO2(110) films supported
by five body-centered cubic metal substrates: W, Mo, Ta, Nb, and V, oriented along the (100) plane. The
DFT calculations suggest that W and Mo may serve as optimal metal substrates for the formation of ultra-
thin TiOz films, in which lattice mismatch along the long axis plays a significant role. Furthermore, the in-
terfacial electronic structure of the TiOz2 film, primarily characterized by charge transfer from metal to the
TiO2 layer and the formation of metal-included gap states (MIGS), can be used to rationalize the thick-
ness-dependent variation in the work function of ultrathin TiO: films on metal substrates. Our results pro-
vide valuable insights into the effect of the film thickness on the geometric and electronic properties of

TiO: films grown on metal substrates.

Film thickness
as a controllable parameter

PDOS (arb. unit)

(2x1)-0@W(100)

Ultrathin rutile-TiO, film supported
by tungsten substrate
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Facilitating CO oxidation reactivity via potassium intercalation on a single-atom gold
catalyst supported by graphite

Heterogeneous single-atom catalysts (SACs) have gained significant attention due to their high catalytic
activity and tunable reactivity, which are strongly influenced by the choice of support material. In this study,
we employ density functional theory calculations to investigate CO oxidation on Au SACs adsorbed at sin-
gle-vacancy (SV) sites of various carbon-based materials, including graphene, graphite (Gr), and K-inter-
calated graphite (K@Gr). Our computational results reveal that K@Gr provides enhanced catalytic stability
and activity compared to other carbon-based support materials due to strong electrostatic interactions be-
tween intercalated K atoms and the carbon atoms surrounding the Au atom adsorbed at the SV site. The
CO oxidation mechanism follows a sequential pathway involving the Langmuir—Hinshelwood and Eley-
Rideal mechanisms, in which K@ Gr exhibits superior performance in stabilizing key reaction intermediates
and thereby provides a more favorable reaction energy profile along the entire reaction pathway. These
findings highlight the potential of Gr interaction compounds, such as K@Gr, as promising support materials
for SACs, offering both structural stabilization and enhanced catalytic performance through tunable elec-

trostatic interactions.

-

Adsorption
of Au -
lFormation ° %
R © of SV
C—00—=00—00—00—0
R ¢ Electrostatic interactions due to

intercalated K may contribute to
enhancing catalytic reactivity of Au SAC.

K-intercalated graphite (KCg) 2
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Defining chemical problems for artificial intelligence models

Artificial intelligence has become an increasingly important tool in chemistry, yet its impact is often con-
strained by how chemical problems are defined for machine learning. In this Personal Account, | argue
that dataset construction plays a central role in Al-driven chemistry, not merely as a preparatory step but
as a means of formalizing new chemical learning problems. | summarize recent efforts to build machine-
learning-ready datasets in three domains: molecular property prediction, property-conditioned molecular
design, and reaction mechanism prediction. Experimentally measured optical property datasets were cu-
rated to explicitly incorporate environmental context, enabling models to learn structure—environment—
property relationships that reflect real experimental conditions and to support inverse design of functional
chromophores. For chemical reactivity, large-scale mechanistic datasets were constructed through rule-
based imputation of elementary steps, transforming overall reactions into supervised learning problems
for mechanism prediction. Limitations of sequence-based reaction models motivated the development of
FlowER, which represents reactions as electron redistribution processes using bond—electron matrices
and enforces mass conservation by construction, allowing direct integration with quantum chemical vali-
dation. Together, these studies illustrate a unifying perspective in which datasets, representations, models,
and downstream workflows are designed jointly, guided by chemical intuition. By framing dataset construc-
tion as an act of problem definition, this Account highlights how chemists can shape the scope and direction

of artificial intelligence as a tool for chemical discovery.

Molecules Understanding

0N
d

Database Modeling
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DNA/RNA Amplification
- PCR, RT-PCR, gPCR

DNA/RNA Preparation
- Spin Column, Magnetic Bead

Protein Synthesis & Purification
- Synthesis, Purification
- Protein Service
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E-mail : sales@bioneer.co.kr
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Instruments & Devices

- Conventional PCR

- Real-time PCR

- Protein Synthesis and Purification
- DNA/RNA Preparation

- Electrophoresis

- Microbial Culture

- Vortexing & Spin-down

BiONEER

Innovation « Value « Discovery

BIONEER Clobal Ce&nter

Custom Services

- Oligonucleotide (DNA/RNA)
- Gene Synthesis

- Gene Expression Analysis

- Yeast Genome-wide
Functional Analysis

- Cloning

( @ bioneer_lifescience
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Tel : 031-628-0500

E-mail : sales@bioneer.co.kr
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Pride in Quality, 130 Years of Excellence in Reagent Manufacturing
— TCI. Recognized by researchers worldwide for its superior quality,
TClis a specialized reagent brand that has focused exclusively on
reagent manufacturing for over 130 years.

OUR FIELDS

Chemistry / Life Science / Materials Science / Analytical Chemistry

02-2655-2480 | www.sejinci.co.kkr | TClsales@sejinci.co.kr




