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Green Hydrogen: Water-splitting Electrocatalysts-
from Nanoscale to Atomic Scale

A ki
Jing-Fang Huang

Rzd g g g%
Department of Chemistry
National Chung Hsing University, Taiwan (R.O.C)
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OER Electrocatalysts- Mass Activity and n,,
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Nano-materials for several applications

s “nano”

¢ Highly surfacel/volume ratio
gy enough?

¢ “Functionability”
e Favorable electronic and thermal

¢ Electrocatalytic effect Sustainability

Nanostructure :

Robust
Microstructure

increase

Reliable
identification

Catalytic and sensing
performance improvement

Downing the active sites to atomic or sub-nano size

Single Atom Catalysts (SACs)

(D Each alom is accessible for catalytic
reaction, achieving 100% atomic efficiency.

Strong metal-support interaction by ligand
linker anhances the charge transter
botween the meotal and support

(3 Unsaturated coordination unlike metallic
cluslor, affecting the interaction with
reactant and lowering activation energy.

N Motslatom Y 5-cooranated metalstom

‘l."‘- Py
B Supported-SACs i

Heterogeneous Catalysts A

Pros: Easy recovery Pros: 100% atomic efficiency
High stability Tunable coordination
Cons: Low atemic officiency Cons: Difficult 1o recover

Homogeneous Catalysts

-

€

Preparation of atomic or sub-nano sized active sites

1 A e Sapoumea (ALDY ) MaSs Sasecaed 4o eatng

L

Key strategies to
synthesize SACs

1. Disperse metal
precursors
2. Modify support
to provide anchor sites
3. Break up nanoparticles

ACS EST Eng. 2021, 1, 2, 167

1000 cubs
Surface area=1x 1 x6=6cm®  Surface area

-ach 0.1 cm on a side
= 1000 x 0.1 x 0.1 x 6 = 60 em?

Increase in surface area per unit mass with decrease in particle size.




Tools for Characterization of Catalytic Materials

« Composition
« Size
« surface morphology

ICP-MS: Evaluation of Pt content

Key Challenges in Fuel Cells

+ Electrocatalysts durability
» The cost of catalyst materials
* Green hydrogen

Hydrogen Oxidation
Reaction (HOR) e-T
Anode

H, & 2H* +2e°

Cathode
O, + 4H" + 4e & H,0

Oxygen Reduction
Reaction (ORR)

Hydrogen

Pt size:
4~6 nm

%1 10jonpuo) uojoid

T
Pt catalysts

Pt clusters
(<1nm)

/t

F: Faraday constant
X _ 5 r: Nanoparticles’ average radius
3T Ppt N: Number of particles

S=xmr?xN

Q=4x Y XF XN 4. Density of platinum
pt Mp,: Atomic mass of Pt
3Mp; y Q '
r=———X-— A
1.9Fpp; S it

National Chung Hsing University

Electrodissolution of Pt Argwandts|
in the 25-75%
ZnClL,-EMIC lonic Liquid

Recycling Plstinom e
Ectyochomiss duaonion of st 1 31
horkc g

0 20000 40000 60000 80000

S t(s) —_—

R (VX =T | -F Huang® et al., Angew. Chem. Int. Ed, 2012, 51, 1684.
efficiency 8 27 E AN

National Chung Hsing University 16

Electrodissolution of Pt nanoparticle
through 4e- pathway

This results make Pt
Size and Content

3- . .
Pt Ioa)ding Tracing in Pt-
(ng
01 000 4 SACS is possib e
—_ 008
< -31 017 E :
= 024 g L
.
-6+ 034 ! u{' g’
042 § ,
Y n,o
02 04 06
Ptluadmg 1;Lg)
-12 T T T ‘
16 1.4 12 1.0 08 06

E(Vvs. RHE)

E,)\T,ﬁ, .

National Chung Haing University {7

Electrochemical determination of supported Pt
nanoparticle electrocatalysts

504

40

5 Particle size distribution (PSD)

40 ,v"‘-

Number of Particles

30 il

20

Number of Particles

4 6 8
Diameter of Pt (nm)

J.-F Huang" and F.-W. Yang, Anal. Chem. 2016, 64, 6403. & 22 AN

National Chung Hsing University 18




Mechanisms for HER

-

Tafel Heyrovsky
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Tafel Slope vs. Mechanisms for HER

Volmer-Tafel (V-T) Tafel slope

23RT
Tafel 2H' S H, +2* = 30 mVdec!
THH e S H
Volmer . x T * . 23RT -
Heyrovsky ~ +H' * @ +H' 2 H, + e 40 mVdec™

Volmer-Heyrovsky (V-H)

* denotes an active site on the Pt surface

Jing-Fang Huang,* W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504-275210

Reduction of Pt Loading Changes HER
Mechanism

- Pt 7. Tafel —

120
Pt loading/mg cm” Pt loading tlosding (mg em™) 20% Pt/C
30 2 decreasing @z
; e » 1004 @
@ 0=
—_— —05 025
o~ @ 0125
£ 20|02 — 80
£ 201 o > |
< = 60
= o
g M
h ° M
ol W
20% PY/C 20
0.2 0.1 00 -01 -0.2 03 04 05 06 0.7 20.8 0.9
E (Vvs.RHE) log (j/mA cm™)

Jing-Fang Huang,” W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504-27510

TEM images in Pt Loading Reduction

Jing-Fang Huang,” W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504-275]0

Edge-to-edge distance between two
adjacent Pt active sites- D

e
e Tafel Step
395 2MH,g — 2M + Hyq)

Dee T~

High Pt/C concentration
(High Pt loading)

Low PUC concentration
(Low Pt loading)

Jing-Fang Huang,* W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504—275210

Downing the active sites to atomic or sub-nano size

Single Atom Catalysts (SACs)

downing the
size of active

Heterogeneous Catalysts
Pros: Easy recovery

High stability
Cons: Low atomic efficiency

ros: 100% atomic efficiency
Tunable coordination
Cons: Difficult 1o recover

i ®




:-H-bmding Thermostable carbon-supported
PIPYQ subnanometer-sized (< 1 nm) Pt
o‘)o‘)‘)lr_“:m) clusters for HE
QQOQQ
5-§.§n pm *P@@‘?“? . .
WJ ] High-density=>

Shorten D,

g

Unstable
Aggregation
< |

588838
QOVOQ  y5000

Tannic acid |

250 °C
= | 5% Hin Ar L~ 48

3%
4 \
Yool i )
Sy PICl? \G
- 0
Outer layer of Inner layer of Gallic /

Gallic acid units acid unils

Uing-Fang Huang*, R.-H. Zeng and J.-L. Chen, J. Mater. Chem. A 2021, 9, 21972
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HR-TEM images

HAADF images

Pt L3-edge XANES spectra of Pt ,(T)/C, Pt foil, and PtO,
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The FT-EXAFS fitting in R-space for Pt foil,
Pt.(250)/C and PtO,
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CVs of the HER

} The Pt loading
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Electrochemical determination of Pt content in
Sub-nano Size

Pt + 6CI— PtCI > + 4e" y ]0-1 mAcm?|  The Pt loading
.:.\:\‘
, Pt,/C/GCE
Pt,,/C ) => 4.3 ygcm?
— Pt (250)/C/GCE
=> 0.6 pg cm??

Pt,(250)/C

06 08 10 12

E (V vs. RHE)

Uing-Fang Huang*, R.-H. Zeng and J.-L. Chen, J. Mater. Chem. A 2021, 9, 21972
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04 08
E (V vs. RHE)

1.2

Pt particle size distribution

Tafel Analysis

50 15 60 @ 20% Pt/C
Pt.(250)/C Pt on the naked C Pt,,/C @ Pt (200)C
40! 1 12 Pt.(220)/C
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10 . 3 s g e S
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Pt Particle Diameter (nm) 0.0 0.3 06 0.9 12
H -2
lUing-Fang Huang*, R.-H. Zeng and J.-L. Chen, J. Mater. Chem. A 2021, 9, 21972 2 Iog (’/mA Gm ) w
Evaluation of D, (edge to edge distance between each Pt;) HER performance vs. Dee
'DEQ
Dq 180
N ! 125
— \J/ Dy, for Pt,/C
&
o 120 +— 120 €
£ c
< 115=
o 60/ o
BET surface area, Ager E 10 O
D, (center to center distance between each Pt,) = (Ag/Np,)*? 7N 'mPt for‘ PtZO/ c 15
D.. (edge to edge distance between each Pt)) = D .-Dp,. 01 Ko —"

=(Ager/N Ptc)O'S'DPm

(Note: Np,, is the number of Pt, and A is BET surface area of Carbon Substrate)

200

300 400 500

Temperature (°C)




Tafel step : Intra-Particle vs. Inter-Particle

Tafel Step
2MHad —> 2M + Hz(g)

HH

Intra-Particle Inter-Particle

Janus Ru/RuO, Nano-Boomerangs on Carbon as pH-Universal
Electrocatalysts with Bifunctional Activity toward HER and OER

oE==zp O

TA-OH TA-O RuCl3 ‘XHZan

0:0- 04,4 Ogo
S mm” 2065

TAm”C TAJ/C
m o e L +
A VR Ru(OH),
bty
i LY i
J.-L. Chen, S. -Y. Feng, C.-J. Luc and Jing-Fang Huang*, Chem. Eng. J., 2023, 468, 143761. o
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RU/RUO ,,/C

Intensity (a.u.)

490 480 470 460

Binding Energy (eV)
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RU/RUO ,,¢/C

0O 1s

Intensity (a.u.)

540 535 530 525

Binding Energy (eV)
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45
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XANES and EXAFS were
}performed at the TPS 44A
beamline at the NSRRC, Taiwan

Ru K-edge XANES spectra for RuO,\g/C

Ru K-edge Ru02
T(°C)
— RT
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Photon Energy (eV)

22160




FT-EXAFS oscillations for RuO,x/C

Magnitude of FT(A™)

o 1 2 3 4 .5
Radial Distance (A)
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Charge Polarization between Oxide and Carbon Make
the Spontaneous Formation of the High Density of Pt,s
(HD-Pt;s)

20
——Ru0,+C(Pt")

154| -~ Ru0+C
S RuO,(Pt")
'e 104 RUO,
© —C(Pt)
< 54) . C
E
=0

-5

20% PY/C
08 06 04 02 00 -02
E (V vs.RHE)
Wing-Fang Huang,* W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504-27510

53

No Change
Ru 02 Ru 02
Pt incubation RUOZ C
Activating HER performance
Hothange.

Jing-Fang Huang,* W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504—275510




Pt L3-edge XANES spectra and FT-EXAFS

oscillations
Only Pt single atoms

= 30
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Jing-Fang Huang,* W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504-275;;0

HR-TEM image of one Pt,/RuO,\r

Jing-Fang Huang,* W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504-275510

HR-TEM and HAADF images of one Pt,/RuO,r

Jing-Fang Huang,” W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504-27510

e

okal PtLal
Jing-Fang Huang,” W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 2750427510
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Jing-Fang Huang,* W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504—2755]30

H-upd occurs on Pt single atoms on RuO, nanorod
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TOF is 280-fold higher than that of
commercial Pt/C

600 =7
i (A Mg,
522.7 8.4 \_!TOF(S')
I!;Ji 400 60 mV 400
] = m L
E n 6'
< -
& «»
~F 200+ £200 %
| 1919 |,
aPYRUO,,o/CPt,/C

81

Shortening D, remains inter-Pt Tafel in ultra-
low Pt usage

25
1= alog{{imA emy+b
Ptioading  a b
?) WV dac V)
201 U5 o Tafel Step
a1 308 A7 = -
Py 028 306 68 2MH,g — 2M + Hy
> 154 0.43 309
] * *
: 10 ,?ﬁ' H H H* H*
o P .
5 ;;ljia Dee
. .

04 05 06 07 08 Intra-Particle Inter-Particle

Log (/mA cm'z)

Jing-Fang Huang,* W.-J. Hsieh, J.-L. Chen, ACS Appl. Mater. Interfaces 2024, 16, 27504-275610
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Spontaneous Deposition of High-Density Pt Single
Atoms on Oxides via Charge Polarization between
Oxides and Carbon (as the Outside Front Cover

d [ 4+ 4

Pt,loxide/C

Jing-Fang Huang,* et al, Journal of Materials Chemistry A, 2025, DOI: 10.1039/D5TA00614G o

Journal of

Matgriglﬁ ‘Chemistry A




Pt,/TiO, Pt,/CeO,

Pt,/SiO, Pti/Al,04

Jing-Fang Huang,* et al, Journal of Materials Chemistry A, 2025, DOI: 10.1039/D5TA00614G o
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Hydrogen evolution in IS seawater via
superaerophobicity and surface acidity

Alkaline poiscning suppression Superaerophobicity
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Oxidle e H, Oxlde

Hydrophobic FHYAraphilich
Zone Zone

Jing-Fang Huang,* et al, J. Mater. Chem. A, 2026, 14, 2136-2142
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Conclusion

Thermostable carbon-supported subnanometer-sized (< 1
nm) Pt clusters with significantly enhanced activity and
durability toward the HER.

Janus Ru/RuO, Nano-Boomerangs on Carbon as pH-
Universal Electrocatalysts with Bifunctional Activity toward the
Hydrogen/Oxygen Evolution Reaction

Carbon-Promoted Pt-Single Atoms Anchored on RuO,
Nanorods to Boost Electrochemical Hydrogen Evolution

Spontaneous Deposition of High-Density Pt Single Atoms on
Oxides via Charge Polarization between Oxides and Carbon

74
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The rapid rise of plastics
A world without plastics seems unimaginable
today, yet their large-scale production and use
only dates back to around 1950.
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T8 5181 A 7L, {81 (Emulsifier)
P A (1) depolymerization o
&% HO ™" (3) modification | o~ Ot~ ARI<]

_7_,.,"’ n
O>_©_<O (2) esterification (‘)>_®/0
o T o, Ho’é\/o‘)n/\OH

pE Sk 1 IR B IR

Waterborne Coating

Solid Epoxy 38-42

Emulsifier 1417
*Solvent 18-21

Water 44-46
Total 100

* Removed after emulsion.

ITRI Allnex
Solid content 55wt%  53wt%
Particle Size 320nm  530nm

Stability (in 50°C) >7day  >7day

TEEE

Acoustic

Diaphragm
N 5
g .
Waterproof
Breathable Elastic
Textiles Fabric
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Research Interests

B Simulation: A computational approach that employs mathematical/physical models to
describe, analyze, and predict the structural, physicochemical, and dynamic behaviors of
materials across multiple length and time scales.

A
Top-down
—~
1 & LN
Continuum theory
FEM

102
. Multiphysics,
% Phase field
510° Coarse-Grained
g MD, MC
= Classical

1072 MD

ReaxFF ;
MD W™ Bottom-up
1012 ¥ Ab initio
DFT
Atomic scale Nanoscale Mesoscale Macroscale o
10-10 10-° 10-¢ 103 1
Lengthscale (m)




Research Interests

) \ g ;’
Top-down 2
—— S
Continuum theory
1073
O Atomic scale
O
s 10-6 Quantum mechanics
g
= 4 B Core concept: Schrédinger
A0° equation
I/ B Applications: Reaction mechanism
I ~ Electronic structure
|
\ 10-12| ¥ T Ab initio 1 B Gaussian * Orca * VASP
7
k. DFT Y
\ //
“~ ] Atomic scalg#” Nanoscale Mesoscale Macroscale -
“70-10 100 10-6 103 1
Lengthscale (m)

Research Interests
: Screening of Lithium Metal Surface Additives for High-Energy-Density Lithium
: Batteries: Combining DFT Simulations and Machine Learning
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Research Interests
: Screening of Lithium Metal Surface Additives for High-Energy-Density Lithium
: Batteries: Combining DFT Simulations and Machine Learning
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Archer et al. Adv. Electron. Mater. 2016, 2, 1500246

: Screening of Lithium Metal Surface Additives for High-Energy-Density Lithium
: Batteries: Combining DFT Simulations and Machine Learning

Conclusion

1. A DFT + machine learning workflow was established, narrowing down 6000 -
600 - 1 fluorinated additives through geometric and electronic criteria.

2. Electrochemical stability: Additives with low HOMO (anti-oxidation) and low
LUMO (preferential reduction) can form stable SEI layers on Li metal.

3. Simulation—experiment agreement:

Predicted additives led to smooth Li deposition and longer cycling stability in
experiments, validating the DFT-based design strategy.

B Accelerate materials screening/discovery via simulation-based design
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Theoretical Calculations on the Oxidation of CO on Auss, Ag;3AU,,,
Au,;Ag,,, and Agss Clusters of Nanometer Size

B Environmental Protection: Oxidizes toxic CO into less harmful CO,.
B Automobile Emission Control: Key reaction in three-way catalysts (TWC).
B Energy & Industry: Prevent catalyst poisoning.

1. Electronic effect
2. Synergy Effect

Augs Aug3Ag,, Agss

J. Phys. Chem. C, 2012, 116, 13196.

Research Interests
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S ’@3 Electron localization function (ELF)
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< @ O
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Research Interests

! Theoretical Calculations on the Oxidation of CO on Auss, Ag;3AU,,, |
i Auy3Ag,, and Agss Clusters of Nanometer Size l

Conclusion

1. Core-shell structures can significantly alter the electronic properties of
nanoclusters, thereby tuning the adsorption energies of CO and O,.

2. For the OCOO intermediate in CO oxidation, the core—shell structure facilitates
0O-0 bond cleavage.

3. Overall, core—shell structures regulate catalytic activity through electronic
redistribution. DFT simulations provide deeper insight into how different
metals influence electron distribution, making core—shell design a key
strategy for developing highly efficient catalysts.

Guide experimental strategies using computational insights
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In Operando X-ray Spectroscopic and DFT Studies Revealing Improved H,
Evolution by Metal Sulfite in the Alkaline Condition

Metal Sulfite (pyrite): NiS, ~ CoS, ~ Ni, :Co, :S,
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11
ACS Appl. Mater. Interfaces 2024, 16, 27329.
Advanced Science 2025, 12, 2411622.
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|
I In Operando X-ray Spectroscopic and DFT Studies Revealing Improved H,
: Evolution by Metal Sulfite in the Alkaline Condition
Conclusion
1. The calculated free energy profiles show that Nio.sC00.5S, lowers the barriers
for both H-OH dissociation (Volmer step) and H, formation (Heyrovsky/Tafel

step), consistent with the experimental observation.

2. For CoS,, the surface segregation of metallic Co strengthens H adsorption,
leading to surface poisoning.

Explain experimental observations through simulations
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Using microkinetic analysis to search for novel anhydrous formaldehyde
production catalysts

Production of formaldehyde (CH20) attract considerable interests:
® raw material for production of plastics, resins, explosives, etc.
® Annual production of 2~3 x 107 tons

Oxidative dehydrogenation
CH3OH + %2 O2== CH:20 + H20

» produces H20 = removes H,0O costly
= azeotrope

Non-oxidative dehydrogenation

CH3OH == CH20 + H2

v’ produces anhydrous

CH20
Surface. Science. 2015, 641, 105.
Research Interests
Microkinetic Modeling
(1) CcO(g) + * = co* (adsorption) 1 = k1,;Peo(1 — 8co — 60) — k1,0c0
(2) Oy(g) +2* =20* (dissociative adsorption) o = ks 1 Po,(1 — Oco — 60)° — ka,,.05
(3) CO*+0O* = COz(g) + 2% (Surface reaction) rs = k;;}fgcog() — k:},TPCOg(l — BC() — 90)2

ki = A @ 3 i
where -
« A;: pre-exponential factor kT ast /
h

e FE,;:activation energy

From DFT calculation

» K;: equilibrium constant

Site Balance & Steady-State Approximation

0.+ 0co+0p=1

dbco o dbo
dt 7 dt

=0
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Non-oxidative dehydrogenation

CHsOH == CH20 + H2

v’ produces anhydrous
CH20

13 elementary steps
CH;OH +2* & CH;0" +H"
CH;OH +2* CH,OH" +H"
CH;0" +* < CH,0" +H"
CH,OH" + * > CHOH +H"
CH,OH" + * &> CH,0" +H"
CH,0" +* & CHO +H'
CHOH' +* - COH" +H"
CHOH" +* & CHO +H'
CHO +* - CO" +H"

COH +* - CO +H

CH,0" <> CH,0 +*
22 MY
CO > CO(g) + *

2H" o Hygy + 2%
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Conclusion

1. DFT simulations bridge theory and experiment:

@ revealing reaction mechanisms and electronic properties
@ guiding molecular design

@ rationalizing experimental observation

@ reducing experimental trial and error

2. Interdisciplinary Bridging Chemistry, Chemical Engineering, Materials Science,
and Industrial Applications.
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