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The constraints in charge dynamical optimization and long-term stability of catalytic materials, that
are expensive, fragile, and rigid compared to conventional noble-metal plasmonic materials, have been
known long enough. In order to break these limitations, we have suggested a new design of photocatalytic
architectures: core-shell hybrids which make use of non-noble plasmonic binary or ternary alloy cores with-
in the context of semiconductor shells designed to control charge transport to allow the selective control of
localized surface plasmon resonance in the visible spectrum. Semiconductor shell (layers of an atom) of a
semi-conductor is deposited with an error margin of about 1-5 nm that enables efficient charge transfer
and least recombination occurs. Among the characteristics of the design is the inclusion of ultrathin dielec-
tric inter-layer, which improves hot-carrier tunnelling and avoids core degradation that in turn reduces
operational stability. The resulting designed hybrid architecture has a great photocatalytic efficiency when
using visible-light irradiation, due to increased charge separation, and an improved re-action rate. All in
all, the system has high costs, tunability, and stability compared to noble-metal-based photocatalysts. A
sustainable and scalable future of plasmonic alloy non-nobles hybridized with accurate shell control and
working layers can offer high-performance materials to hydrogen production, pollutant decontamination,

’

and the overall state of the environment.
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1. INTRODUCTION

Photocatalysis in the visible light has become one of
the promising ways to solve the global issue energy and
environmental, applications include water splitting as
well as other applications pollutant degradation. Wide-
spread use has been made of such noble metals like
gold and silver as plasmonic components of photocata-
Iytic systems because of their high localized surface. In
the visible spectrum, plasmon resonance (LSPR) is
found. However, their high cost and the lack of scalabil-
ity on a practical basis. New literature has addressed
nonnoble metal alloys, such as Cu-Zn and Fe-Ni, can be
used as a viable alternative, and they exhibit tunable.

Combination of plasmonic and also core-shell struc-
tures have attracted attention due to their capability to
combine both plasmonic and core-shell architectures.
Efficient charge separation and light absorption is
facilitated by semiconductor properties [1]. Although
other studies have used noble metal cores, non-noble
incorporation has not been investigated plasmonic
alloys is not well explored. One of the most important
problems is the optimization of the interface.

The plasmonic core and semiconductor shell to
guarantee efficient charge transfer between them and
yet being structurally stable. Atomic layer deposition
(ALD) is a solution that has to offer diminishing the
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shell thickness and crystallinity, allowing thin shell-
thickness and crystallinity to control the tuning LSPR
and charge dynamics [2].

Our design is a unique design combining non-noble
plasmonic alloy cores with semiconductor shells, add-
ing to them a dielectric interlayer to improve stability
and charge transfer efficiency. The interlayer which is
made of Al203 or SiOz is an interlayer barrier against
oxidation and hot electron injection facilitation. The
energy band localized alignment at the interface is
determined with the help of X-ray photoelectron spec-
troscopy (XPS), metabolism [3] ensuring optimal in-
jection of charges. Through a systematic variation in
the core size and shell thickness, the LSPR is adjust-
able to wavelengths in the visible light, maximizing
photocatalytic activity.

The key contribution of this work lies in the inte-
gration of non-noble plasmonic alloys with ALD-
engineered semiconductor shells and dielectric inter-
layers, giving us a cost-effective and tunable alterna-
tive to noble-metal-based systems.

2. RELATED WORK

The last developments in plasmonic photocatalysis
made the use of non-noble materials as an alternative
to the traditional noble-metal-based ones possible.
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Alloys based on copper, especially the tetra-metallic
anions such as Cu-Zn and the tetra-metallic anions of
Cu-Ni have become a promising candidate as they pos-
sess tunable LSPR properties in the visible spectrum
[4]. These alloys have similar plasmonic enhancements
as gold or silver but have a huge cost benefit. As an
example, the stoichiometric ratios of Cu-Zn alloys
(0.2<x<0.8) were demonstrated to reach peaks of
LSPR between 450-650 nm thus being applicable in
reactions driven by visible light [5].

The combination of plasmonic metals and semiconduc-
tors has been a long-standing field of research, although
the cores of most studies have been based on noble metals,
e.g. Au or Ag. Non-noble plasmonic alloys, however, have
their own problems, such as the interfacial charge recom-
bination and oxidation. The recent research has solved
these problems using core-shell designs, which involves
protection of the semiconductor shell around the plas-
monic core, but provides charge transfer [6]. As an illus-
tration, hybrids of Cu/TiO2 have been shown to evolve
hydrogen better under visible light but their operation is
still restricted by interfacial defects [7].

Other solutions involve bimetallic alloys (e.g., Fe-
Ni) and doped semiconductors as methods of enhance-
ment of stability and light uptake. The composition and
morphology of such alloys can be further optimised to
give better plasmonic responses such as in Fe-Ni nano-
tubes with intense LSPRs. However, it is still a key
issue to have an exact control of the interface between
the plasmonic core and semiconductor shell, since the
defects or mismatch in the lattice can considerably
decrease the efficiency of charge separation [8].

The proposed architecture has three main innova-
tions compared to existing works: (1) ternary or binary
non-noble alloy with adjustable LSPR properties, (2)
ALD precise semiconductor shells to obtain a maximum
of charge transfer, and (3) an engineered dielectric
interlayer to stabilize and produce hot carrier injection.
This combination brings together the shortcomings of
existing systems by offering a low cost, stable and high-
ly tuneable photocatalytic platform in the visible light.

3. PROPOSED METHODOLOGY

The new core shell architecture involves the combi-
nation of non-noble plasmonic alloy cores with super
accurately fabricated semiconductor shells by atomic
layer deposition (ALD). This section describes the prin-
ciples of fabrication methodology and interfacial design
that makes it possible fast charge transfer and absorp-
tion in the visible light.

3.1 ALD-Based Construction of Non-Noble Plas-
monic Alloy Cores and Semiconductor Shells

Synthesis Ternary alloy nanoparticles (e.g. Cu-Zn or
Fe-Ni) are colloidally prepared by a modified polyol
reduction process [9]. The control of the alloy composi-
tion is achieved by a fine-tuning of the ratio of precur-
sors, the wavelength of LSPR is determined by the
dielectric function eaoy(w) and core radius R based on
the Mie theory (Eq.1). The nanoparticles are size-
selected precipitated to achieve uniformity followed by
shell deposition [10].
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Re[e(w)] = —2&p, @

Where & w) — complex dielectric function of the alloy
core, &m — dielectric constant of the surrounding medi-
um. The resonance frequency w.ser gives the visible-
light plasmon peak.

3.2 Insertion of Dielectric Interlayer in ALD
Process

A critical innovation is the introduction of a sub-
nanometer dielectric interlayer (AloOs or SiO2) between
the core and shell. This interlayer serves dual functions:

1. Oxidation Barrier: The interlayer prevents oxi-
dative degradation of the alloy core during shell deposi-
tion and photocatalytic operation.

2. Charge Tunnelling Mediator: Hot electrons
generated in the plasmonic core tunnel through the
interlayer via Fowler-Nordheim kinetics [11], with the
tunnelling probability given by:

Ptun X exp (_ W) (2)

where tin is the interlayer thickness (0.5-2 nm), m* the
effective electron mass, and ¢s the barrier height. The
interlayer is deposited by ALD using trimethylalumi-
num (TMA) or tetraethyl orthosilicate (TEOS) precur-
sors, with thickness controlled at atomic precision.

3.3 Plasma-Enhanced ALD for Semiconductor
Shell Formation

Plasma enhanced ALD (PE-ALD) is used to increase
crystallinity of the semiconductor shell at low tempera-
tures (< 200°C). The core actant step is carried out using
oxygen or nitrogen plasma, and facilitates more densely
and stoichiometrically grown shells relative to thermal
ALD. The enhanced crystallinity decreases defect-
mediated recombination, thereby enhancing charge
separation efficiency and photocatalytic reaction rates.

3.4 XPS-Guided Fermi Level Alignment

X-ray photoelectron spectroscopy (XPS) is used to
validate the energy alignment between the plasmonic
core and semiconductor shell. Core-level and valence
band spectra are analysed to determine the Fermi
level offset AEF:

AEF = EF, core — ECB, shell (3)

where EF core 1s the core's Fermi level and Eca, shei the
shell's conduction band minimum. Optimal charge
injection requires AEr < 0.3 eV, achieved by tuning the
shell's doping concentration and thickness [12].
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Fig. 1 — Architecture of core-shell non-noble plasmonic hybrid

The light absorption and charge transfer pathways
are presented in Fig. 1 that shows a layered structure
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of the hybrid which consists of alloy core, a dielectric
interlayer, and a semiconductor shell. This design al-
lows the visible-light to be efficiently harvested and be
stable under corrosion.

4. RESULT ANALYSIS

We carried out a systematic study of the photocata-
Iytic activity of the proposed core-shell hybrids under
visible-light irradiation (4>420 nm) by using meth-
ylene blue (MB) degradation and hydrogen evolution as
benchmark reactions. This was compared to the per-
formance of the conventional noble-metal-based sys-
tems (e.g., Au/TiO2) and bare semiconductor controls.

4.1 Visible-Light-Driven Photocatalytic Activity

Methylene Blue Degradation: Cu-Zn/N-ZnO hy-
brids demonstrated a 92 % MB degradation efficiency in
120 minutes which was better than the Au/TiOz2 (85 %)
and pure N-ZnO (45 %). The pseudo first-order rate con-
stant, calculated as kap, was 1.8 x 10-2 min—1in the hy-
brid and 1.2 x 10-2 min-?! in Au/TiO2 [13]. The increased
activity is explained by a combination of the synergistic
effects of LSPR induced hot carriers and efficient charge
separation at the alloy-semiconductor interface.

Hydrogen Evolution: The Fe-Ni/CdS hybrids ob-
tained a hydrogen production rate of 12.8 mmol g-1h-1,
which is higher than Pt/CdS (9.5 mmol. g-! h-1) under
AM 1.5G simulated sunlight and bare CdS (2. 1 mmol.
g-1h-1!) under AM 1.5G simulated sunlight. The quan-
tum efficiency of 450 nm was up to 8.3 %, which is evi-
dence of efficient use of visible light.

4.2 Spectroscopic Characterization of Charge
Dynamics

Transient Absorption Spectroscopy (TAS): TAS
indicated the presence of the long-lived charge-
separated state (> 500 ps) in Cu-Zn/N-ZnO, unlike the
short-lived charge-separated state (<200 ps) in
Au/TiO2, and indicated lower recombination losses
because of the dielectric interlayer [14]. The efficiency
of ejection of hot electrons 7i»j was measured as:

Ming = =2 )
T g T
where es and zrec are the charge separation and recom-
bination lifetimes, respectively. The hybrid exhibited
7inj = 78 %, significantly higher than Au/TiOz (62 %).
Electrochemical Impedance Spectroscopy
(EIS): A smaller radius was observed in the semicircle
of the hybrids than that of Au/TiO2, meaning that the
hybrid had lower charge-transfer resistance (R = 85 Q)
than Au/AuwTiOz2 (R = 120 Q) [15]. This is explained by
the improved conductivity of the shell as a result of the
Fermi-level alignment and defects-free ALD growth.

4.3 LSPR Tuning and Stability Assessment

Composition-Dependent LSPR: The Cu-Zn alloy
LSPR peak changed to 620 nm (Zn-rich) instead of
480 nm (Cu-rich), and allowed extensive coverage of the
visible light (Fig. 2). The absorption cross-section ocups
at 550 nm was 3.2 x 10~ 1% cm?2 (similar to Au nanopar-
ticles 3.5 x 10 -1 cm?).
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Fig. 2 — Stoichiometry-dependent LSPR peak positions of
Cu-Zn alloys

Long-Term Stability: Stability After 50 reaction
cycles, the hybrid still had 95 % of its original activity,
whereas Au/TiO:z lost its activity to 70 %. The post-
testing of XPS proved that there was no Cu oxidation,
and it was possible to confirm the protective power of
the Al20s3 interlayer.

4.4 Comparative Performance Metrics

Table 1 gives a summary of key performance pa-
rameters showing that the nonnoble hybrids are supe-
rior in terms of cost-normalized activity (activity per $
material cost).

Table 1 — Photocatalytic performance comparison

System MB Degradation | H, Evolution Rate | Cost
Rate min-1) (mmol-g-1h-1) ($/2)

Cu-Zn/N- 1.8 x 10-2 12.8 0.15

Zn0O

Au/TiO2 1.2 x 10-2 9.5 65.00

N-ZnO 0.45 x 10-2 - 0.05

The findings show that the proposed architecture
can perform as well as noble metals and will have seri-
ous cost and stability benefits.

5. CONCLUSION

A transformative solution to visible-light photocataly-
sis by a new core-shell design of non-noble plasmonic alloy
semiconductor hybrids is proposed, overcoming important
constraints of the traditional systems based on noble met-
als. This design combines both tunable ternary or binary
alloy cores with the very thin dielectric interlayers and
with ultra clean semiconductor shells in order to achieve
an efficient separation of charge, as well as stability as
well as a broad visible-light absorption profile. The ALD-
processed fabrication guarantees atomic control of the
properties of the interface maximizing the hot carrier
injection and avoiding core degradation.

In the degradation of pollutants and the production
of hydrogen, experimental validation shows a high level
of photocatalysis and the reaction rates are higher in
comparison with those associated with noble-metals.
Prolonged charge-separated states as well as mini-
mized recombination losses are confirmed as a result of
spectroscopic analyses which demonstrates the efficacy
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with which dielectric interlayer as well as band align-
ment engineering has been achieved. The efficiency
factor of these hybrids is further underscored by the
fact that these hybrids are cost normalized and this
aspect has enhanced their scalable implementation in
clean energy and environmental matters.

Subsequent studies must aim at streamlining large
scale fabrication processes and addressing other types of
semiconductor materials in order to address the environ-
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OOMeskeHHS B ONTHMI3AIlll JUHAMIKH 3apsay Ta JOBIOCTPOKOBIM CTa0lILHOCTI KaTAJITHYHUX MaTepia-
JIB, SIK1 € JIOPOTHMM, KPUXKUMU Ta KOPCTKUMU IIOPIBHSHO 31 3BUYANHMMMY IUIA3MOHHHMU MaTeplajiamu 3
6JIarOPOTHUX MeTaJTIB, Bimoml ocuth gaBHo. 1106 momosaTy 11l 0OMeskeHHs, MA 3aIIPOIIOHYBAIN HOBUH JTH-
3aifH (POTOKATANITHYHUX apXITEKTyp: TiOpUIN siApO-000JIOHKA, SKI BHKOPHCTOBYIOTH HeOJIArOpomHi Ias-
MOHHI O6iHapHI a00 IOTPIiHI sApa CIUIABIB y KOHTEKCTI HAIIBIPOBIIHUKOBUX OOOJIOHOK, IIPH3HAYEHUX IS
KOHTPOJII0 TIEPEHOCY 3apsifly, 1100 J03BOJIUTH CEJIEKTUBHE KEePYBaHHsS JIOKAJII30BAHUM IOBEPXHEBUM ILJIA3-
MOHHUM PE30HAHCOM y BHAMMOMY crekTpl. HamiBrposigarkoBa 0000HKA (ITapu aToMa) HAIIBIPOBLTHUKA
HAHOCUTHCS 3 TOXUOK0I0 OJTU3BKO 1-5 HM, 110 3abeameuye ed)eKTHBHUN IIEPEHOC 3apsay Ta HAUMEHIILY PeKo-
moOiHamio. Cepen XapaKTepUCTHK KOHCTPYKIN € BKJIIOYEHHS HAATOHKOTO JieJIEKTPHYHOIO IPOMIsKHOTO IIa-
Py, AKUI IOKpAIIlye TYHEJIOBAHHS rapAvrX HOCIIB Ta 3amobirae merpagaiii sapa, 1o, y CBOIO 4epry, SHILKYE
eKCILTyaTaliitny crabiapuicTh. OTprMana po3pobiieHa ribpuaHA apXITEKTYypa Mae BUCOKY (DOTOKATAIITUYHY
ePeKTUBHICTh IIPM BUKOPUCTAHHI OIPOMIHEHHS BHUIUMMM CBITJIOM 3aBIAKH 30LILIICHOMY PO3IIJICHHIO 3a-
PAOIB Ta MOKPAIIEHIN IIBUIKOCTI PEaKIrii. 3arajioM, CUCTeMa Ma€e BUCOKY BapTICTh, HACTPOIOBAHICTD TA CTAa-
OLIBHICTH TOPIBHSHO 3 oTOKaTaII3aTOpaMu Ha OCHOBI Osiaropomuunx merasie. Cranuit Ta MaciTaboBaHUI
MaiOyTHIN IIA3MOHHAM CILJIAB HA OCHOBI HEOJIATOPOSHMX METAJNB, MOPHAM3OBAHMHA 3 TOYHUM KOHTPOJIEM
000JIOHKH Ta pOOOUMMH IIIapaMH, MOKe 3aIPOIIOHYBATH BUCOKOE(EKTUBHI MaTepiasiu JIJisi BUPOOHUIITBA BO-
JIHIO, OUMIIEHHS B/l 3a0py/IHIOIOYNX PEYOBUH Ta 3araIbHOTO CTAHY HABKOJIMIIHBOIO CEPEIOBHIIA.

Krouosi cimoa: @ororarasma y Bugumomy cBitii, ['16pumu sampo-obosmonka, Hebmaropommi criasu, LSPR, Pos-

JTUJTEHHST 3aPSiTiB.
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