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— Conductive layer (SnO,) ca. 250 nm
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Morphologies and optical properties of NiO, by wet+PE-ALD

Wet: 0.5 mol Ni(OCOCHj), 1.0 T T Thicknesses, refractive indices
08' ALD cycles | at632.8 nm estimated by thin-
ALD < ] —0 7] film simulation
B 06 —870 | Thickness n k

0 —1740—

b ] (nm)
0.4+ ___ notconverged 197 0.05
0.2 1 47 241 0.11
0.0 : ; ; - 68 243 0.01

200 400 600 800 1000

Wavelength (nm)
Wet 1.0 mol Ni(OCOCHj,),

1.0 - . : . : , ;
0.8 A | 66 2.00 0.01
ALD c —0 — ' '
1740 cycles '*§ 954 1 83 221 0.04
fo
X 4. |- 100 243 0.01
0_2_- | deposition rate on flat
surface: 15 nm per 870 cycles
0.0 —
200 400 600 800 1000
_ _ _ Wavelength (nm) .
v Volume of interparticle voids was reduced by ALD deposition. Chem. Eur. J. 2025
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Comparison of structural properties among fabrication procedures of NiO,,

XRD> ,
. * : substrate_ S .,
r' e 8
» * 5
- — zZ
> S5 wet-wet-NiO,
Z s
> > -
D = wet-ALD-NiO,
3 5
= ’ = ALD-NiO,
‘ __________ wet-NiO,
3 40 45 50 | 55 g0 42 43 44 45
26 (deg.) 26 (deg.)
Density obtained by XRR

1 6.53

wet-NiO,/Sn0,/Si0,  wet-ALD-NiO,/Sn0O,/SiO, ALD-NiO,/Sn0,/Si0,  wet-wet-NiO,/SnO,/SiO.

Chem. Eur. J. 2025
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Photoelectrochemical properties of NiO,

Ot

\J

0g. ~1-0Vvs. Ag/AgCl,
| in 0.1 mol dm Na,SO,

NiO,

AN

A =350 nm
0.1 mol dm Na,SO, acj_ Pt

Red "? CBM ool . | .

Ag/AgCl

o
o)}

IPCE@350 nm (%)

hv = wet-NiO, ALD-NiO,
% 3437 eV wet-ALD-NiO,  wet-wet-NiO,
E. SEI v Charge separation efficiency of wet-ALD-NiO,
KQV% was larger than those of wet-NiO, and ALD-NiO,
To counter electrode v/ Crystallinity and boundary void affect the
NiO, photoelectrochemical properties of NiO,
cathode.

Chem. Eur. J. 2025
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Electrochemical impedance spectra of NiO,,

—®0

v ‘|4OO .
1 . Sample Rsub1 (Q) Rsub2
()
x wet- 302 -
‘/\f\/\/—) ng Ag/AgCl NiOX
A =350 nm o wet- 157 838
0.1 mol dm Na,SO0, acj_ Pt ALD-
NiO,
wet-wet- 229 209
NiO,
ALD- 11100 -
PEsub‘I CPEsuh NIOX
| —
w E— ] v Two-step coatings contain the two

impedance (NiO,) components.

v Secondary NiO, support the hole
migration between primary NiO,
particles.

Z..(Q)

real (

Chem. Eur. J. 2025
2025/8/6 ARIMEF-BFITU7IFEEEIF— 8



R T2 XE - EREIRSIOBADE—FESHY—F

substance>
(]
reduction A k\. K
Al i ] bht
NiO Eel [ __ k
| b ke "
Pt m I i” counter
i electrode
A VB
VEEISRAEVETFERAIRZED -
g metal pP-semiconductor
FE—FRLERE e B
L E SRR - h— )L SE ASHE 4 electron-hole relaxation in Au

K.»: hole injection
v EIREOpE HEABELTNIO, k.. : back hole transfer

¥ FH k... electron-hole recombination in NiO
SEMEICEDEASNIR—LD Ko DOlE migration
BIENZEDR £
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Localized surface plasmon resonance (LSPR)

photon particle plasmon electron-hole pair
scattering absorption -
intraband =
radiative —excitation ?> =
decay AN—" \_interband Ey ® '%
. > >
Ao Near-field eXxcitation | 183
d-band|| ©

J. Feldmann, P. Mulvaney et al., Phys. Rev. Lett., (2002).

>
@ 15 Solar energy spectrum
L Eqp ,
£
€ EO05
35 20.0 : 4
® 400 600 800 1000 1200
© wavelength (nm)
3
Q. -
@ B
8
g
§
v Spatial and temporal confinement of light E — Sl
: . T T NeM Iy
v Arbitral control of resonant wavelength by size and 400 600 800 1000 e
shape of nanostructure Wavelength (nm)

P. \éang etal., J. Am. Chem. Soc. 124, 14316 (2002).
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Plasmonic photoanode and photocathode

Hot-electron injection

S~—VBM

Metal n-semiconductor

Photoanode

G. Zhao et al. Thin Solid Films 1996, 277, 147-154.

Y. Tian et al. J. Am. Chem. Soc. 2005, 127, 7632-7637.

A. Furube et al. J. Am. Chem. Soc. 2007, 129, 14852-14853.
D. B. Ingram et al, J. Am. Chem. Soc. 2011,133, 5202-5205.
S. Mubeen et al. Nat. Nanotechnol. 2013, 8, 247-251.

C. Clavero et al. Nat. Photonics 2014, 8, 95-103.

K. Wu et al. Science 2015, 349, 632-635.

CBM : Conduction band minimum

VBM : Valence band maximum

Er : Fermilevel
2025/8/6

Energy
m ((
O
o
=

Hot-hole injection

m ~— CBM

Reductionffill e

Metal p-semiconductor

Photocathode

H. Robatjazi et al. Nano Lett. 2015, 15, 6155-6161.

L. Zhang et al. ACS Appl. Nano Mater. 2019, 2, 3654-3661.
D. Sato et al. Chem. Lett. 2020, 49, 806-808.

G. Tagliabue et al. Nat. Mater. 2020, 19, 1312-1318.

K. Song et al. ACS Energy Lett. 2021, 1333-1339.

R. Lietal. ACS Energy Lett. 2021, 6, 1849-1856.

Y. Tajiri et al., J. Phys. Chem. C 2024, 128, 12339-12345.
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Essential hole transport pathways in plasmonic photocathode

substance k.. electron-hole relaxation in Au
AX K.»: hole injection
. i n-
reduction L 1 Kont k. : back hole transfer
Eel L L .k k.. electron-hole recombination in NiC
m/w K, ounter Knm hole migration
electrode

metal pP-semiconductor

To improve the whole hole transport efficiency, we employ
v’ Hole injection

— Modal coupling (later mention)

v Hole migration

— Improvement of hole transport layer

2025/8/6 ARIME F - BF 2TV 7 LHEEEIF— 12



Modal strong coupling

I Au

:E’E | Ti02 E hybrideodes
. E:-:.;- SiO LSPR _ gy FP nanocavity )
B AUNPS/TIO, Coupling

A P. strength:

y, h(DLSP h cavity zg =0 g

Ti02 l OLsp Ocavity
: Au-film ;F N
d . ..Fabry—Péro

SO, (FP) nanocavity

AuNPs/TiO,/Au film (ATA)—Strong coupling

1.6

-
o

_ P P_ ATA 1.4+
o e Sy 3IPCE: incident photon
= 0.6 < Y g
%04 AUNPS/TIO, 5 os! -to-current efﬁmencyﬁ |
04 L g AUNPS/TiO, (external quantum efficiency)
< 0.2 0.4+
O.2-—->l"/!_\’—
0.0+ T T T r 0.0+ T T T T
500 600 700 800 900 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

v Absorption wavelengths were broadened.

v Absorption efficiencies were >85% at 550-750 nm.

X. Shi, K. Ueno, T. Oshikiri, Q. Sun, K. Sasaki, H. Misawa, Nat. Nanotechnol. 2018, 13, 953-958.

Y. Suganami, T. Oshikiri, X. Shi, H. Misawa, Angew. Chem. Int. Ed. 2021, 60, 18438-18442.
2025/8/6 ARIMEF-BFITUT7ILMEEEIF— 13



Modal strong coupling

<optical resonator>
LSPR FP nanocavity

:(D
LSP ODcavity

<coupled harmonic oscillator : hybridized states>

: in-phase ;

2025/8/6

anti-phase

OO S >

ARIMEF-BEFITIT7ILEEEIF—

hQ=2g
g: coupling strength

strong coupling condition:

2 2
'}/ .
RO > \/VLSP_I_ cavity

2 2

Nsp » Yeavity- fUll width at half
maximum of LSPR and cavity
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Quantum coherence under modal strong coupling can improve

_internal quantum efficiency

e D)
Photon incidence 10-

Strong-damping Au-ND w strong coupling
'

¥
:

o

AQE (Norm.)
ym

T

|
§8 7,

Pud

w/o strong coupling

T s 1

0

0 30 60 80 120 150
PND (disks/um?
AQE = AODmax/n/A
n: the number of incident photons,
A: the absorption at the pump wavelength

AOD,,.,: Amount of injected electron in TiO,

v Internal quantum efficiencies of the hot-electron injection increase as
increase of particle number density (PND) of Au-ND.
v Inside a coherence area, the more gateways would be available for the

excited hot electrons to pass through and be injected into TiO,.
Y.-E. Liu, X. Shi, T. Yokoyama, S. Inoue, Y. Sunaba, T. Oshikiri, Q. Sun, M. Tamura, H. Ishihara, K. Sasaki, H.
Misawa, ACS Nano 2023, 17, 8315-8323.
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Absorption spectra of Au-NPs/wet-wet-NiO,/Pt

w/ Au-NPs

wo/ Au-NPs

0.2 1

D ﬂ T 1 T 1 ¥ Ll ¥ L] ﬂ - U ¥ T T T T T T n
700 BOO 400 500 800 700 800

400 500 600
Wavelength (nm) Wavelength (nm}

v As the NiOx thickness increased, the resonance peak of the FP

nanocavity exhibited a red shift.
v After Au-NP loading, the absorption intensity increased, and the
spectral bandwidth broadened.
Chem. Eur. J. 2025
17
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Photoelectrochemlcal reactlon using photocathode under modal

NiO(wet-wet)

t
Sio,

Au
NiO(wet-wet)

i
Sio,

2025/8/6

400 500 600 700 500

Wavelength (nm)

Wavelength (nm)

In 0.1 mol dm- Na,SO, aqueous solution
-0.6 V vs Ag/AgCl

ARIMEF-BFITI7T

Au
NiO (PLD)
Pt
YSZ

Au-NPs/NiO(PLD)/Pt film

T -
700 800

T T T
400 500 600

Wavelength (nm)

In 0.1 mol dm KCIO, aqueous solution
-0.2 'V vs Ag/AgCl

v/ Strong coupling dramatically
enhanced photoelectrochemical
performance based on hot-hole
injection and reduction on the
photocathode.

VAR S — 18

Chem. Eur. J. 2025



Conclusion
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