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ABSTRACT: Nanocomposites comprising plasmon active metal | ZnO+MoS/Ag NPs
nanostructures and semiconductors have been used to control the = |
charge states in the metal to support catalytic activity. In this PATP
context dichalcogenides when combined with metal oxides offer
the potential to control charge states in plasmonic nanomaterials.
Using a model plasmonic mediated oxidation reaction p-amino i c gl ¢ Zn0/ Ag NPs
thiophenol <« p-nitrophenol, we show that through the ¢
introduction of transition metal dichalcogenide nanomaterial,
reaction outcomes can be influenced, achieved through controlling
the occurrence of the reaction intermediate dimercaptoazobenzene
by opening new electron transfer routes in a semiconductor-plasmonic system. This study demonstrates the ability to control
plasmonic reactions by carefully controlling the choice of semiconductors.

M052+ ZnO/ Ag\NPs

MoSz/ Ag NPs

B INTRODUCTION emerging as a unique material with a range of optical and
electrical properties. It demonstrates a layer-dependent band
gap and excitons in both the visible and infrared regions of the
electromagnetic spectrum. Among the unique characteristics of
MoS,"*7** is that photogenerated excitons remain stable at

Advanced materials and new techniques offer significant
opportunities to advance control over surface catalytic
S : . .
reactions.  Such surface reactions can be potentially applied
in a wide range of areas such as chemical production or for the

removal of contaminants. Currently, used catalysts have well- room temperature because of their high binding energy. In
known limitations regarding reactivity, selectivity, and/or contrast, devices made completely of MoS, have a significant
stability.” """ For example, for many current industrial catalytic limitation because of their limited capacity to absorb light.
processes, catalysts reciluire high temperatures and/or pressures MoS,-based heterostructures formed by combining MoS, with
to operate efficiently. "> The use of plasmon resonances in materials such as zinc oxide (ZnO) offer the potential to
metal nanostructures to control the rate and selectivity of enhance the optical qualities of the TMDC. ZnO possesses a
photocatalytic reactions offers significant potential.">~'" The wide direct bandgap of 3.37 eV at room temperature and a
localized surface plasmon resonance (LSPR) excitation of work function of 5.2 eV.**** In addition, ZnO is low-cost and
metal nanostructures produces enhanced light-matter inter- exhibits high resistance to defects, high stability, environ-
action, resulting in a strongly enhanced plasmonic electro- mentally friendly characteristics, and biosafety.”>>® When
magnetic field on the surface of a plasmon active these plasmonic nanoparticles attach to semiconductors such
nanostructure." > The oscillation of free electrons quickly as ZnO, a Schottky barrier will form at the interface between
decays via the excitation of energetic electron—hole pairs.” "’ the metal and the semiconductor. The formation of this
These initially excited electrons rapidly thermalize and metal—semiconductor heterojunction is an effective way to
equilibrate via electron—electron scattering, creating a “hot” enhance charge carrier separation and improve photocatalytic

Fermi—Dirac distribution.” ® Then the hot distribution cools
via the coupling between the “hot electrons” and the phonons
of the metal lattice. These generation “hot” electrons are seen
as essential in catalysis through their interaction with the target
chemical. However, hot electrons possess short subpicosecond -
lifetimes which presents a significant challenge for eflicient Received: October 1, 2022
surface plasmon-induced hot electron transfer catalytic Accepted:  February 3, 2023
reactions. !~ 14 Published: February 13, 2023
The development of transition metal dichalcogenide
(TMDC) materials has opened up new opportunities in
optoelectronics applications. Molybdenum disulfide (MoS,) is

efficiency.”” Combining TMDCs nanostructures with ZnO/
plasmonic metal nanomaterials offers a potential route to
control surface catalytic reactions. It has been demonstrated
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Figure 1. (a) Optical absorption spectra (UV—vis) of ZnO NWs (red) MoS, (black) ZnO:MoS, (blue). Insert: fluorescence spectra of ZnO NWs,
MoS,, and ZnO:MoS, also fluorescence spectra of ZnO:MoS, at different concentrations. (b) Tauc plots of ZnO NWs and ZnO:MoS, to
determine the value of the band gap. (c) Raman spectra of ZnO NWs (black), MoS, (red) and ZnO:MoS, (blue). (d) FTIR spectra of the of ZnO
NWs (black) MoS, (red) ZnO:MoS, (blue) (e) SEM: (i) ZnO NWs, (ii) MoS, and (iii) ZnO:MoS,.

that the addition of MoS, to ZnO concentrates charge onto
MoS, through photoabsorption-based processes.’””" This can
potentially enhance plasmonic catalysis rates through a
strengthened exciton—plasmon interaction between silver
nanoparticles (AgNPs) and MoS,, creating a stronger electric
field at the AgNP/MoS, interface resulting in longer-lived hot
electrons resulting in enhanced plasmonic catalysis properties.
Additionally, MoS, can protect plasmonic metals, for example,
by preventing the oxidation of Ag. MoS, can bind strongly to
plasmonic metals such as Ag due to the favorable bonding
between S (sulfide atom) and the Ag metal atoms. Simulations
of AgNPs when attached to MoS, showed that strong
excitation-plasmon coupling of the silver lattice with MoS,
layers can occur,””*’ resulting in the altering of the density of
states (DOS) and increasing the hot electrons’ lifetimes which
can potentially improve plasmonic catalysis reaction rates.””**
Moreover, ZnO and MoS§, have lattice constants that are very
well matched, which makes them ideal for interfacial carrier
transfer in ZnO/MoS, heterostructures.*®

Here we study the effect of combining TMDCs and metal
oxides on a model plasmonic catalysis reaction. We undertake
this study using the oxidation of p-amino thiophenol (PATP)
to p-nitrophenol (PNTP). We show that in a model oxidation
reaction PATP < PNTP, the reaction is controlled by the
introduction of the TMDC nanomaterial MoS, to a ZnO/
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AgNP system by opening up new electron transfer routes. This
study demonstrates the ability to control plasmonic reactions
by carefully controlling the choice of semiconductor used to
support the plasmon active nanomaterial.

B RESULTS AND DISCUSSION

Photoluminescence (PL) emission spectra of ZnO and MoS,/
ZnO mix (Figure 1a) revealed the predicted wide peak located
at around 750 nm. When ZnO is introduced to MoS,, a
significant quenching effect is noticed. This reduced PL
intensity suggests that the rate of electron—hole recombination
has decreased. This indicates that the TMDC and semi-
conductor have a strong interaction. Compared to MoS, or
ZnO alone, the optical characteristics of ZnO coupled with
MoS, exhibit no variation in absorption peak. As shown in
Figure la, MoS, exhibits an absorption peak at ca. 600 nm
(arising from exciton A and B transitions), while for ZnO, the
absorption peaks are found at 450 nm. After mixing the
composite, we found that the MOS,/ZnO mix exhibits
stronger absorption ability than pristine MoS,, suggesting
that the heterostructure has more intensive light-matter
interaction.’”*%*%%% In Figure 1b, a graph depicting the
relationship between the photon energy hv (eV) and (v*hv)
1/n was plotted, where n is a constant that relates to various
electronic transition types (n 3 for indirect forbidden
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Figure 2. (a) Normalized Raman spectra for PATP or PNTP on a dielectric substrate. (b) Normalized SERS spectra, PATP recorded on AgNPs
only (black), ZnO/AgNPs (blue), MoS,/AgNPs (red) and the composite of ZnO:MoS, /AgNPs (Pink). (c) Normalized SERS spectra of PNTP
deposited on ZnO/AgNPs, MoS,/AgNPs and ZnO/MoS, /AgNPs (d) Schematic of the oxidation reaction of PATP showing the formation of

DMAB and PNTP.

transitions, n = 2 for indirect allowed, n = 3/2 for direct
forbidden, and n = 1/2 for direct allowed).

AG)
T (1)

where « stands for the absorbance coefficient, A represents the
absorbance, and T represents the sample’s thickness.”***™** A
linear fit to this data reveals that the absorption band edge
shifts to the red shift by about 0.2 eV from 3.1 eV for ZnO to
2.9 eV for ZnO/MoS,. This redshift possibly occurs from an
increase in AgNPs electron density which changes the
reflective index of the nanoparticles. Studies of MOS,/ZnO
using Fourier transform infrared (FTIR) spectroscopy were
conducted (Figure 1c). The characteristic stretching mode of
the ZnO bond is assigned a large vibration band in the FTIR
spectra ranging from 400 to SSO cm™'. The presence of
hydroxyl is shown by a broad peak at 3430 cm™' stretching
mode and 1330 cm™! to 1670 cm™' bending mode.””* In
addition, a band at 490 cm™" is observed corresponding to a
Mo—S vibration. Raman spectra of ZnO in (Figure 1d)
showed the strongest peak at 440 cm™" which is attributed to
the phonon mode wurtzite hexagonal phase E, of ZnO. In
addition, two peaks are seen at 330 and 380 cm™!, which are
allocated to the multiphoton process 2E, and A1-TO modes,

a(l) = 2.303log
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respectively. In addition to the Raman spectra of MoS, excited
at 532 nm, we noted the two main phonon peaks located at
370 cm ™" arising from the Elzg in-plane and 410 cm™" assigned
to Ay, out-of-plane.”*” The Raman spectra for MoS, and ZnO
combined showed spectral features arising from combining the
Raman spectral features from each component. Scanning
electron microscopy (SEM) images of the pure MoS,, ZnO
and MoS,/ZnO combined are shown in (Figure le)
respectively. The pristine MoS, nanoparticles have a size
range between 50 and 1000 nm and are clustered. MoS,:ZnO
nanocomposites, the MoS, layers whose crystalline sizes are ca.
300 nm, are self-restacked and form thick layers. The small
panels of ZnO are decorated on the surface, and edge of the
large, in a small number of layered MoS,.

An investigation into the effect that MoS,/ZnO had on the
plasmonic catalytic conversion of PATP to PNTP was
undertaken. The Raman spectra of PATP and PNTP powder
were first acquired using a dielectric substrate (Figure 2a). The
Raman spectra shows A; modes with peaks at 1080 and 1595
cm™ in agreement with literature values.””*~'* The SERS
spectrum of PATP on AgNPs (Figure 2b) reveals strong A,
1077, 1190, and 1600 cm™" in addition to b, modes at 1142
ascribed to C—H bend vibration, 1391 and 1440 cm™! ascribed
to the stretching vibration, and 1550 cm™! for both frequency

https://doi.org/10.1021/acsomega.2c06337
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location and relative intensities.*”'* It has been determined
that a photocatalytic process takes place on the metal substrate,
which is responsible for this difference in spectra when
comparing PATP on a dielectric substrate to AgNPs. This
photocatalytic process may result from the hot electrons
formed when the Raman excitation laser excites the localized
surface plasmon resonance (LSPR) of AgNPs.lf‘?”gf14 There
are two possible mechanisms for this plasmon-driven oxidation
of PATP to p,p’-dimercaptoazobenzene (DMAB). First, the
hot electrons that are produced as a result of plasmon decay
are transferred to adsorbed singlet oxygen molecules from the
surrounding air. This produces reactive triplet *O,, which is
then engaged in the oxidation of PATP to DMAB. The second
mechanism is that plasmonic hot electrons leap off the surface
of the metal, and the hot holes that are left behind on the metal
oxidize PATP to DMAB. It has been found that if a sufficiently
enough external stimulus was introduced into the system,
PATP would be oxidized to PNTP rather than oxidized to
DMAB.>>*~'* PATP on AgNPs/ZnO (Figure 2b) produces a
Raman spectrum that replicates for PATP on only AgNPs with
the spectrum assigned to DMAB. In contrast, when PATP is
present on AgNPs/MoS,, the substrate prevents the formation
of DMAB. The SERS spectrum possesses a peak at 1350 cm™
arising from the presence of PNTP formed from the oxidation
of PATP. When PATP is added to AgNPs/MoS,/ZnO, the
spectra show features arising from a combination of DMAB
and PNTP in comparison to when AgNPs/ZnO is studied
where DMAB only is observed. Examining placing PNTP on
the semiconductor-plasmonic substrate was then undertaken to
assess how adding MoS, to ZnO/AgNPs affects this molecule.
For PNTP on AgNP/ZnO, the Raman spectra of PNTP is
preserved, with the Raman spectra (Figure 2c) showing the
same features as recorded for PNTP (Figure 2a). In contrast,
when MoS, is added forming ZnO/MoS,/AgNP, PNTP
partially converts to DMAB with the Raman spectra showing
peaks assigned to PNTP and DMAB.”'***

A band diagram (Figure 3a) shows a band diagram of ZnO
and MoS,. The semiconductor ZnO has an electron affinity

Charge transfer

\

Evac

EVaC
eV
E. ] eV
F oM o
€
E - !
Mos,

VBM

Zn0

(BM

VBM

HOMO

(a) Before contact (b) Formation of MoS,/ZnO Heterojunction

Figure 3. An energy band diagram showing the electronic transition
between ZnO:MoS, and AgNPs and the PATP analyte molecule. (a)
MoS,/Zn0O before contact and (b) formation of MoS,/ZnO
heterojunction.

(x) = 3.87 eV, work function (¢) = 5.28 eV, and bandgap (E,)
=3.26¢eV.”” s34 While, MoS, has an estimated E, = 1.4 eV, ¢
=5.15 eV, and y = 4.3 eV.”>**>> When adding AgNPs to MoS,
and ZnO, a heterojunction is formed (Figure 3b). Following
the application of the Raman excitation wavelength (532 nm)
electron—hole pairs are formed in MoS,. Electrons from MoS,
conduction band can transfer the Ag Fermi level. As
mentioned earlier, the transfer of electrons from MoS,
conduction band to the Ag Fermi level will suppress PL
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(Figure la), as the Schottky contact will reduce the rate of
radiative recombination. When ZnO is introduced, this
semiconductor forms a ZnO/MoS,/AgNP system. Photo-
generated electrons from MoS, could transfer to ZnO, and as
the conduction band edge potential of ZnO is lower in energy
than MoS,, the electrons in the conduction band of MoS,
could transfer into the conduction band of ZnQ.*??%31935%56
This results in reduced efficiency of forming PNTP from
PATP for ZnO/MoS, /AgNPs relative to MoS,/AgNPs (as
observed in Figure 2).

Overall, we demonstrate that dichalcogenides when
combined with metal oxides offer the potential to control
charge states in plasmonic nanomaterials. This is demonstrated
in a model oxidation reaction PATP <> PNTP.”” The use of
molybdenum disulfide influences the reaction of intermediate
dimercaptoazobenzene by introducing a new electron transfer
pathway thereby affecting reaction selectivity. The use of
heterostructures potentially offers a route for the regulation of
the reaction pathway and reduction of consecutive reactions
which may be used to reduce overoxidation.

B MATERIALS AND METHODS

Substrates and Chemicals. Transition metal dichalcoge-
nides (TMDCs) molybdenum disulfide suspension (MoS, lot
# MKCHS329) liquid, S mg/mL in H,0, 50—1000 nm
thickness, 3 layers, (Aldrich 902012-25 ML) 2D single layered
nanomaterials were used. Zinc oxide nanowires (ZnO NWs)
(Aldrich: SKU: 774006—500MG, CAS: 1314-13-2, MW:
81.39), with a length of 4—5 m, were placed into distilled
water at a concentration of 10~! M and sonicated for 30 min
with an ultrasonic cleaning bath to make sure the wires were
spread out evenly in the water. The solution was then casted
over a coverslip or silicon substrate to produce zinc oxide
nanowire substrates. Nanocomposite ZnO-NWs/MoS,/
AgNPs substrates were produced by combining ZnO, MoS,
AgNPs (Aldrich: SKU 730807-25 ML; nanoparticles, 40 nm
particle size (TEM), 0.02 mg/mL in an aqueous buffer)
solutions in a 1:1:1 ratio after depositing the mixture on a
coverslip or a silicon substrate.

Preparing Solutions of Probe Molecules. A solution of
4-aminothiophenol (4-ABT) in methanol at a concentration of
1072 M was produced. The solution was then diluted to a final
concentration of 107> M using deionized water. Then, 30 L of
the liquid probe molecule was drop cast onto the substrates
prior to the Raman observations. 1:1:1 ratio (semiconduc-
tors:metals:molecule).

Raman Spectroscopy. SERS spectra are collected using a
monochromatic light green laser (HeNe, ThorLabs). Ex-
citation wavelength is 532 (nm). Laser power and energy
meter: a microscopy slide power meter sensor head (SN:
09113026, S121 C, 400—1100 (nm), 500 (mW), LMR1/M,
Thorlabs) and energy meter are used to measure the incident
laser power. The energy of the laser power is focused by an
attenuator at S mW to control the laser power at a distance of
ca. 2 cm for the entire experiment. Briefly, the beam passes
through an interference filter and is directed by a mirror to
angle prism, which drives the beam at 90 towered the sample.
Then, it passes through a lens, which can be focused onto the
samples to obtain the best signals. Here, the sample is excited
and scatters light, which is collected by the lens and passes
through a notch filter. This lowers the impact from the laser
line before it enters the spectrograph. Raman spectra are
collected with an exposure time of 1 s and 10 accumulation
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modes. Calibration of the Raman spectrographic windows is
conducted by acquiring a Raman spectrum from the toluene
and using it as a standard spectrum. The mean and standard
deviation of 10 measurements is recorded.

Optical Spectroscopy UV-vis Absorption. Optical
absorbance (UV—vis) measurements were accomplished with
the use of an absorbance spectrometer (V-650, JASCO, Inc.),
with the following settings: 1 nm step size, UV—vis bandwidth
of 2 nm, and 200 nm/min scan speed across a range of 200—
800 nm. For the purpose of performing out the measurements,
a coverslip substrate was used.

Fourier Transform Infrared Spectroscopy. Setup for
Fourier transform infrared spectroscopy (FTIR) measurement
parameters included a resolution of 4 cm™, a sample scan time
of 8 scans, a measurement period of more than 10 s, data
stored between 400 and 4000 cm™', result spectrum trans-
mission mode, and accessory ATR platinum diamond. As a
solid state, we recorded the FTIR spectra of both ZnO and
MoS, as well as the composite of ZnO and MoS,. The Alpha
Platinum Bruker system was used in order to acquire data from
the FTIR instrument.

Transmission Electron Microscopy. TEM is used to
examine the thin sample ultrastructure (limited by the
penetration of electron beam). The transmission electron
microscope utilizes an electromagnetic lens to concentrate
electrons into a very tiny beam. The electrons then either
scatter or strike a fluorescent screen at the bottom of the
microscope after passing through a very thin object. An picture
of the specimen with its many components shown in various
hues based on its density shows on the screen. This picture
may then be examined or photographed immediately inside the
TEM.

B ASSOCIATED CONTENT
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within the article.

B AUTHOR INFORMATION

Corresponding Authors
James H. Rice — School of Physics, University College Dublin,
4 Dublin, Ireland; © orcid.org/0000-0002-1035-5708;
Email: james.rice@ucd.ie
Ahmed T. Alanazi — School of Physics, University College
Dublin, 4 Dublin, Ireland; © orcid.org/0000-0002-8381-
1815; Email: ahmed.alanazi@ucdconnect.ie

Authors
Aeshah Alotaibi — School of Physics, University College
Dublin, 4 Dublin, Ireland
Mahdi Alqahtani — King Abdulaziz City for Science and
Technology (KACST), Riyadh 12371, Saudi Arabia

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c06337

Author Contributions

AT.A. and J H.R. constructed the experiments and established
the experimental process. A.T.A. performed the sample
preparation, TEM, Raman, and fluorescence measurements.
ATA, AA, and M.A. performed the UV—vis and FTIR
measurements. A T.A,, M.A,, J.H.R. evaluated data, reviewed
results, and wrote the manuscript. All authors have given
approval to final version of the manuscript.

6322

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge the Saudi Arabian government scholarship
program for supporting this work, the Ministry of Education—
Kingdom of Saudi Arabia (MOE, ref. no. IR18131), and the
Saudi Arabian Cultural Mission (SACM, grant no. 01102019).
The authors also acknowledge Gareth Redmond for access to
UV—vis spectroscopy, Aaron Martin and Hans Eckhardt for
access to FTIR spectroscopy, Dimitri Scholz and Tiina O’Neill
for TEM imaging.

B REFERENCES

(1) Lordan, F.; Rice, J. H,; Jose, B.; Forster, R. J.; Keyes, T. E. Site
Selective Surface Enhanced Raman on nanostructured cavities. Appl.
Phys. Lett. 2011, 99 (3), 033104

(2) Damm, S.; Lordan, F.; Murphy, A,; McMillen, M.; Pollard, R;;
Rice, J. H. Application of AAO matrix in aligned gold nanorod array
substrates for surface-enhanced fluorescence and Raman scattering.
Plasmonics 2014, 9 (6), 1371—1376.

(3) Al-Alttar, N.; Kennedy, E.; Kopf, I; Giordani, S.; Rice, J. H.
Withdrawn: Surface-enhanced Raman scattering from small numbers
of single-walled carbon nanotubes and oxidised single-walled carbon
nanotubes. Chem. Phys. Lett. 2012, DOI: 10.1016/
j.cplett.2012.02.052.

(4) Almohammed, S.; Tade Barwich, S.; Mitchell, A. K; Rodriguez,
B. J; Rice, J. H. Enhanced photocatalysis and biomolecular sensing
with field-activated nanotube-nanoparticle templates. Nat. Commun.
2019, 10 (1), 2496 DOI: 10.1038/s41467-019-10393-9.

(5) Fularz, A.; Almohammed, S.; Rice, J. H. Oxygen incorporation-
induced SERS enhancement in silver nanoparticle-decorated zno
nanowires. ACS Appl. Nano Mater. 2020, 3 (2), 1666—1673.

(6) Fularz, A; Almohammed, S.; Rice, J. H. Controlling plasmon-
induced photocatalytic redox reactions on wo3 nanowire/agnps
substrates via defect engineering. J. Phys. Chem. C 2020, 124 (46),
25351—25360.

(7) Almohammed, S.; Fularz, A.; Zhang, F.; Alvarez-Ruiz, D.; Bello,
F.; O’'Regan, D. D.; Rodriguez, B. J.; Rice, ]. H. Flexing piezoelectric
Diphenylalanine—plasmonic metal nanocomposites to increase SERS
signal strength. ACS Appl. Mater. Interfaces 2020, 12 (43), 48874—
48881.

(8) McNamara, D.; Alveen, P.; Damm, S.; Carolan, D.; Rice, J. H.;
Murphy, N.; Ivankovi¢, A. A Raman spectroscopy investigation into
the influence of thermal treatments on the residual stress of
polycrystalline diamond. Int. J. Refract. Met. Hard Mater. 2018, 52,
114—-122.

(9) Almohammed, S.; Zhang, F.; Rodriguez, B. J.; Rice, J. H. Electric
field-induced chemical surface-enhanced Raman spectroscopy en-
hancement from aligned peptide nanotube—graphene oxide templates
for universal trace detection of biomolecules. J. Phys. Chem. Lett.
2019, 10 (8), 1878—1887.

(10) Almohammed, S.; Fedele, S.; Rodriguez, B. J; Rice, J. H.
Aligned diphenylalanine nanotube-silver nanoparticle templates for
high-sensitivity surface-enhanced Raman scattering. J. Raman
Spectrosc. 2017, 48 (12), 1799—1807.

(11) Alanazi, A. T.,; Rice, J. H. Hybrid composite based on
conducting polymers and plasmonic nanomaterials applied to catalysis
and sensing. Mater. Res. Express. 2022, 9 (7), 075002.

(12) Alanazi, A. T.; Almohammed, S.; Rice, J. H. Plasmonic Photo-
catalysis using a CDS—silver nanowire composite. AIP Adv. 2022, 12
(2), 025223.

(13) Alattar, N.; Daud, H.; Al-Majmaie, R;; Zeulla, D.; Al-Rubeai,
M, Rice, J. H. Surface-enhanced Raman scattering for rapid
hematopoietic stem cell differentiation analysis. Appl. Opt. 2018, 57
(22), E184.

https://doi.org/10.1021/acsomega.2c06337
ACS Omega 2023, 8, 6318—6324


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+H.+Rice"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1035-5708
mailto:james.rice@ucd.ie
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed+T.+Alanazi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8381-1815
https://orcid.org/0000-0002-8381-1815
mailto:ahmed.alanazi@ucdconnect.ie
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aeshah+Alotaibi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahdi+Alqahtani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06337?ref=pdf
https://doi.org/10.1063/1.3615282
https://doi.org/10.1063/1.3615282
https://doi.org/10.1007/s11468-014-9751-y
https://doi.org/10.1007/s11468-014-9751-y
https://doi.org/10.1016/j.cplett.2012.02.052
https://doi.org/10.1016/j.cplett.2012.02.052
https://doi.org/10.1016/j.cplett.2012.02.052
https://doi.org/10.1016/j.cplett.2012.02.052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2012.02.052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-10393-9
https://doi.org/10.1038/s41467-019-10393-9
https://doi.org/10.1038/s41467-019-10393-9?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b02395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b02395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b02395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c15498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c15498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c15498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijrmhm.2015.04.025
https://doi.org/10.1016/j.ijrmhm.2015.04.025
https://doi.org/10.1016/j.ijrmhm.2015.04.025
https://doi.org/10.1021/acs.jpclett.9b00436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b00436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b00436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b00436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jrs.5254
https://doi.org/10.1002/jrs.5254
https://doi.org/10.1088/2053-1591/ac7d9a
https://doi.org/10.1088/2053-1591/ac7d9a
https://doi.org/10.1088/2053-1591/ac7d9a
https://doi.org/10.1063/5.0066216
https://doi.org/10.1063/5.0066216
https://doi.org/10.1364/AO.57.00E184
https://doi.org/10.1364/AO.57.00E184
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(14) Al-Shammari, R. M.; Baghban, M. A.; Al-attar, N.; Gowen, A
Gallo, K;; Rice, J. H.; Rodriguez, B. J. Photoinduced enhanced Raman
from lithium niobate on insulator template. ACS Appl. Mater.
Interfaces. 2018, 10 (36), 30871—30878.

(15) Fedele, S.; Hakami, M.; Murphy, A.; Pollard, R.; Rice, J. Strong
coupling in molecular exciton-plasmon au nanorod Array Systems.
Appl. Phys. Lett. 2016, 108 (S), 053102.

(16) Lordan, F.; Rice, J. H;; Jose, B.; Forster, R. J; Keyes, T. E.
Surface enhanced resonance raman and luminescence on plasmon
active nanostructured cavities. Appl. Phys. Lett. 2010, 97 (15), 153110.

(17) Lordan, F.; Damm, S.; Kennedy, E.; Mallon, C.; Forster, R. J.;
Keyes, T. E.; Rice, J. H. The effect of ag nanoparticles on surface-
enhanced luminescence from Au Nanovoid arrays. Plasmonics 2013, 8
(4), 1567—1575.

(18) Wang, Q. H,; Kalantar-Zadeh, K; Kis, A.; Coleman, J. N,;
Strano, M. S. Electronics and optoelectronics of two-dimensional
transition metal dichalcogenides. Nat. Nanotechnol. 2012, 7 (11),
699—-712.

(19) Frindt, R. F. Optical absorption of a few unit-cell layers of
MoS,. Phys. Rev. 1965, 140 (2A), AS36.

(20) Splendiani, A.; Sun, L.; Zhang, Y.; Li, T.; Kim, J.; Chim, C.-Y,;
Galli, G; Wang, F. Emerging photoluminescence in monolayer
MOS2. Nano Lett. 2010, 10 (4), 1271—1275.

(21) Lu, H; Gan, X;; Mao, D; Fan, Y.; Yang, D.; Zhao, J. Nearly
perfect absorption of light in monolayer molybdenum disulfide
supported by multilayer structures. Opt. Express 2017, 25 (18), 21630.

(22) Kumbhakar, P.; Biswas, S.; Kumbhakar, P. Observation of high
photocatalytic activity by tuning of defects in chemically synthesized
ethylene glycol capped zno nanorods. Optik 2018, 154, 303—314.

(23) Paul, S.; Karthikeyan, B. Tailoring exciton diffusion length in
zno@mos2 core—shell/polyaniline nanocomposite films and photo-
current generation applications. ACS Appl. Nano Mater. 2022, S,
16116.

(24) Kumbhakar, P.; Biswas, S.; Tiwary, C. S.; Kumbhakar, P. Near
white light emission and enhanced photocatalytic activity by tweaking
surface defects of coaxial ZnO@ZnS Core-shell nanorods. J. Appl.
Phys. 2017, 121 (14), 144301.

(25) Quan, Y,; Yao, J; Yang, S.; Chen, L.; Li, J; Liu, Y.; Lang, J;
Shen, H.; Wang, Y.; Wang, Y. ZnO nanoparticles on MoS,
microflowers for ultrasensitive SERS detection of Bisphenol a.
Microchim. Acta. 2019, 186 (8), 593 DOI: 10.1007/s00604-019-
3702-4.

(26) Zhang, S.; Tang, F.; Liu, J.; Che, W.; Su, H.; Liu, W.; Huang,
Y,; Jiang, Y; Yao, T.; Liu, Q; et al. Mos2-coated zno nanocomposite
as an active heterostructure photocatalyst for hydrogen evolution.
Radiat. Phys. Chem. 2017, 137, 104—107.

(27) Kamarulzaman, N.; Kasim, M. F.,; Rusdi, R. Band gap
narrowing and widening of zno nanostructures and doped materials.
Nanoscale Res. Lett. 20185, 10, 1034.

(28) Look, D. C. Recent advances in zno materials and devices.
Mater. Sci. Eng. 2001, 80 (1-3), 383—387.

(29) Nasr, M,; Viter, R; Eid, C.; Habchi, R.; Miele, P.; Bechelany,
M. Optical and structural properties of al 2 O 3 doped zno nanotubes
prepared by ALD and their photocatalytic application. Surf. Coat.
Technol. 2018, 343, 24—29.

(30) Tahir, M. B.; Sohaib, M.; Rafique, M.; Sagir, M.; Rehman, N.
U.; Muhammad, S. Visible light responsive photocatalytic hydrogen
evolution using MOS2 incorporated zno. Appl. Nanosci. 2020, 10
(10), 3925—-3931.

(31) Kumar, S.; Reddy, N. L.; Kushwaha, H. S.; Kumar, A.; Shankar,
M. V,; Bhattacharyya, K.; Halder, A.; Krishnan, V. Efficient electron
transfer across a ZNO-MOS2-reduced graphene oxide heterojunction
for enhanced sunlight-driven photocatalytic hydrogen evolution.
ChemSusChem. 2017, 10 (18), 3588—3603.

(32) Park, M; Kang, G.; Ko, H. Plasmonic-tape-attached multi-
layered MOS?2 film for near-infrared photodetection. Sci. Rep. 2020,
10 (1), 11340 DOI: 10.1038/541598-020-68127-7.

(33) Zhang, C; Ji, C; Yu, J; Li, Z,; Li, Z,; Li, C;; Xu, S; Li, W,;
Man, B.; Zhao, X. MOS2-based multiple surface plasmonic coupling

6323

for enhanced surface-enhanced Raman scattering and photoelec-
trocatalytic performance utilizing the size effect. Opt. Express. 2021,
29 (23), 38768.

(34) Madhu, M,; Chao, C.-M,; Ke, C.-Y.; Hsieh, M.-M.; Tseng, W.-
L. Directed self-assembly of ag+-deposited mos2 quantum dots for
colorimetric, fluorescent and fluorescence-lifetime sensing of alkaline
phosphatase. Anal. Bioanal. Chem. 2022, 414 (S), 1909—1919.

(35) Baby, M.; Kumar, K. R. Enhanced luminescence of silver
nanoparticles decorated on hydrothermally synthesized exfoliated
mos2 nanosheets. Emergent Mater. 2020, 3 (2), 203-211.

(36) Liu, X.; Zhang, Y.; Liu, Q; He, J.; Chen, L,; Li, K;; Jia, F.; Zeng,
Y,; Lu, Y.; Yu, W,; et al. Band alignment of ZnO/Multilayer MOS2
interface determined by x-ray photoelectron spectroscopy. Appl. Phys.
Lett. 2016, 109 (7), 071602.

(37) Er, E;; Hou, H.-L.; Criado, A.; Langer, J.; Méller, M.; Erk, N.;
Liz-Marzan, L. M.; Prato, M. High-yield preparation of exfoliated 1T-
MOS2 with SERS activity. Chem. Mater. 2019, 31 (15), 5725—5734.

(38) Zhou, Y. H; Zhang, Z. B;; Xu, P.; Zhang, H.; Wang, B. UV-
visible photodetector based on I-type heterostructure of zno-qds/
monolayer MoS,. Nanoscale Res. Lett. 2019, 14 (1), 364
DOI: 10.1186/s11671-019-3183-8.

(39) Dey, B.; Narzary, R.;; Chouhan, L.; Bhattacharjee, S.; Parida, B.
N.; Mondal, A;; Ravi, S.; Srivastava, S. K. Crystal structure, optical and
dielectric properties of AG:ZNO composite-like compounds. J. Mater.
Sci.: Mater. Electron. 2022, 33 (S), 2855—2868.

(40) Martin, R. W.; Edwards, P. R;; Taylor, R. A; Rice, J. H,; Na, J.
H.; Robinson, J. W.; Smith, J. D, Liu, C; Watson, I. M.
Luminescence properties of isolated InGaN/Gan Quantum Dots.
Phys. Status Solidi 2008, 202 (3), 372—376.

(41) Rice, J. H; Galaup, J.-P; Leach, S. Fluorescence and
phosphorescence spectroscopy of C70 in toluene at 5 K: Site
dependent low lying excited states. Chem. Phys. 2002, 279 (1), 23—41.

(42) Kennedy, E.; Al-Majmaie, R.; Al-Rubeai, M.; Zerulla, D.; Rice,
J. H. Nanoscale infrared absorption imaging permits non-destructive
intracellular photosensitizer localization for subcellular uptake
analysis. RSC Adv. 2013, 3 (33), 13789.

(43) Harsha Vardhan Reddy, M.; Al-Shammari, R. M.; Al-Attar, N;
Kennedy, E.; Rogers, L.; Lopez, S.; Senge, M. O.; Keyes, T. E.; Rice, J.
H. Micro- or nanorod and nanosphere structures derived from a series
of phenyl-porphyrins. Phys. Chem. Chem. Phys. 2014, 16 (9), 4386—
4393.

(44) Rice, J. H; Aures, R; Galaup, J.-P.; Leach, S. Fluorescence
spectroscopy of C60 in toluene solutions at S K. Chem. Phys. 2001,
263 (2-3), 401-414.

(4S5) Na, J. H;; Taylor, R. A;; Rice, J. H.; Robinson, J. W.; Lee, K. H,;
Park, Y. S; Park, C. M,; Kang, T. W. Time-resolved and Time-
integrated photoluminescence studies of coupled asymmetric gan
quantum discs embedded in algan barriers. Appl. Phys. Lett. 2008, 86
(8), 083109.

(46) Kennedy, E.; Al-Majmaie, R.; Al-Rubeai, M.; Zerulla, D.; Rice,
J. H. Quantifying nanoscale biochemical heterogeneity in human
epithelial cancer cells using combined AFM and PTIR absorption
nanoimaging. J. Biophotonics 2015, 8 (1-2), 133—141.

(47) Taylor, R. A; Robinson, J. W.; Rice, J. H,; Jarjour, A.; Smith, J.
D.; Oliver, R. A,; Briggs, G. A. D.; Kappers, M. J.; Humphreys, C. J;
Arakawa, Y. Dynamics of single Ingan Quantum Dots. Phys. E 2004,
21 (2—4), 285—289.

(48) Ferdele, S.; Jose, B.; Foster, R.; Keyes, T. E; Rice, ]. H. Strong
coupling in porphyrin J-aggregate excitons and plasmons in nano-void
arrays. Opt. Mater. 2017, 72, 680—684.

(49) Kilinc, D.; Blasiak, A.; Baghban, M. A; Carville, N. C.; Al-Adli,
A.; Al-Shammari, R. M,; Rice, J. H;; Lee, G. U,; Gallo, K.; Rodriguez,
B. J. Charge and topography patterned lithium niobate provides
physical cues to fluidically isolated cortical axons. Appl. Phys. Lett.
2017, 110 (5), 053702.

(50) Fularz, A.; Almohammed, S.; Rice, J. H. SERS enhancement of
porphyrin-type molecules on metal-free cellulose-based substrates.
ACS Sustainable Chem. Eng. 2021, 9 (49), 16808—16819.

https://doi.org/10.1021/acsomega.2c06337
ACS Omega 2023, 8, 6318—6324


https://doi.org/10.1021/acsami.8b10076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b10076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4941078
https://doi.org/10.1063/1.4941078
https://doi.org/10.1063/1.3500836
https://doi.org/10.1063/1.3500836
https://doi.org/10.1007/s11468-013-9573-3
https://doi.org/10.1007/s11468-013-9573-3
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1103/PhysRev.140.A536
https://doi.org/10.1103/PhysRev.140.A536
https://doi.org/10.1021/nl903868w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl903868w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/OE.25.021630
https://doi.org/10.1364/OE.25.021630
https://doi.org/10.1364/OE.25.021630
https://doi.org/10.1016/j.ijleo.2017.10.039
https://doi.org/10.1016/j.ijleo.2017.10.039
https://doi.org/10.1016/j.ijleo.2017.10.039
https://doi.org/10.1021/acsanm.2c02735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c02735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c02735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4980011
https://doi.org/10.1063/1.4980011
https://doi.org/10.1063/1.4980011
https://doi.org/10.1007/s00604-019-3702-4
https://doi.org/10.1007/s00604-019-3702-4
https://doi.org/10.1007/s00604-019-3702-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00604-019-3702-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.radphyschem.2016.09.026
https://doi.org/10.1016/j.radphyschem.2016.09.026
https://doi.org/10.1186/s11671-015-1034-9
https://doi.org/10.1186/s11671-015-1034-9
https://doi.org/10.1016/S0921-5107(00)00604-8
https://doi.org/10.1016/j.surfcoat.2017.11.060
https://doi.org/10.1016/j.surfcoat.2017.11.060
https://doi.org/10.1007/s13204-020-01476-x
https://doi.org/10.1007/s13204-020-01476-x
https://doi.org/10.1002/cssc.201701024
https://doi.org/10.1002/cssc.201701024
https://doi.org/10.1002/cssc.201701024
https://doi.org/10.1038/s41598-020-68127-7
https://doi.org/10.1038/s41598-020-68127-7
https://doi.org/10.1038/s41598-020-68127-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/OE.441176
https://doi.org/10.1364/OE.441176
https://doi.org/10.1364/OE.441176
https://doi.org/10.1007/s00216-021-03826-2
https://doi.org/10.1007/s00216-021-03826-2
https://doi.org/10.1007/s00216-021-03826-2
https://doi.org/10.1007/s42247-019-00066-0
https://doi.org/10.1007/s42247-019-00066-0
https://doi.org/10.1007/s42247-019-00066-0
https://doi.org/10.1063/1.4961441
https://doi.org/10.1063/1.4961441
https://doi.org/10.1021/acs.chemmater.9b01698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s11671-019-3183-8
https://doi.org/10.1186/s11671-019-3183-8
https://doi.org/10.1186/s11671-019-3183-8
https://doi.org/10.1186/s11671-019-3183-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10854-021-07560-4
https://doi.org/10.1007/s10854-021-07560-4
https://doi.org/10.1002/pssa.200460307
https://doi.org/10.1016/S0301-0104(02)00442-1
https://doi.org/10.1016/S0301-0104(02)00442-1
https://doi.org/10.1016/S0301-0104(02)00442-1
https://doi.org/10.1039/c3ra42185f
https://doi.org/10.1039/c3ra42185f
https://doi.org/10.1039/c3ra42185f
https://doi.org/10.1039/C3CP54936D
https://doi.org/10.1039/C3CP54936D
https://doi.org/10.1016/S0301-0104(00)00368-2
https://doi.org/10.1016/S0301-0104(00)00368-2
https://doi.org/10.1063/1.1868072
https://doi.org/10.1063/1.1868072
https://doi.org/10.1063/1.1868072
https://doi.org/10.1002/jbio.201300138
https://doi.org/10.1002/jbio.201300138
https://doi.org/10.1002/jbio.201300138
https://doi.org/10.1016/j.physe.2003.11.022
https://doi.org/10.1016/j.optmat.2017.07.018
https://doi.org/10.1016/j.optmat.2017.07.018
https://doi.org/10.1016/j.optmat.2017.07.018
https://doi.org/10.1063/1.4975304
https://doi.org/10.1063/1.4975304
https://doi.org/10.1021/acssuschemeng.1c06685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c06685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(51) Choi, S. H; Shaolin, Z.; Yang, W. Layer-number-dependent
work function of Mos2 nanoflakes. J. Korean Phys. Soc. 2014, 64 (10),
1550—1555.

(52) Lordan, F.; Al-Attar, N.; Mallon, C.; Bras, J.; Collet, G.; Forster,
R. J.; Keyes, T. E; Rice, J. H. Temperature dependence of Al and B2
type modes in the surface enhanced Raman from 4-Amino-
benzenethiol. Chem. Phys. 2013, 556, 158—162.

(53) Haffad, S; Cicero, G.; Samah, M. Structural and electronic
properties of zno nanowires: A theoretical study. Energy Procedia
2011, 10, 128—137.

(54) Hwang, J. O.; Lee, D. H;; Kim, J. Y,; Han, T. H.; Kim, B. H,;
Park, M.; No, K; Kim, S. O. Vertical zno nanowires/graphene hybrids
for transparent and flexible field emission. J. Mater. Chem. 2011, 21
(10), 3432—3437.

(55) Nourbakhsh, A.; Zubair, A; Sajjad, R. N.; Tavakkoli, K. G. A;
Chen, W.; Fang, S.; Ling, X,; Kong, J.; Dresselhaus, M. S.; Kaxiras, E.;
et al. MOS?2 field-effect transistor with sub-10 nm channel length.
Nano Lett. 2016, 16 (12), 7798—7806.

(56) Chang, Y.-C.; Lin, Y.-W.; Lu, M.-Y. Construction of mos2/zno
heterostructures as highly efficient photocatalysts for enhanced
visible-light decomposition of methylene blue and hydrogen
evolution. Mater. Chem. Phys. 2021, 266, 124560.

(57) Zhan, C.; Wang, Q.-X;; Yi, J.; Chen, L; Wu, D.-Y,; Wang, Y.;
Xie, Z.-X.; Moskovits, M.; Tian, Z.-Q. Plasmonic nanoreactors
regulating selective oxidation by energetic electrons and nanoconfined
thermal fields. Sci. Adv. 2021, 7 (10), eabf0962 DOI: 10.1126/
sciadv.abf0962.

(58) Zhou, Y. H,; Zhang, Z. B.; Xu, P.; Zhang, H.; Wang, B. UV-
visible photodetector based on I-type heterostructure of zno-qds/
monolayer MoS,. Nanoscale Res. Lett. 2019, 14 (1), 364
DOI: 10.1186/s11671-019-3183-8.

(59) Zhang, W.; Wang, Y.; Zhang, D.; Yu, S.; Zhu, W.; Wang, J.;
Zheng, F.; Wang, S.; Wang, ]J. A one-step approach to the large-scale
synthesis of functionalized MOS2nanosheets by Ionic liquid assisted
grinding. Nanoscale 2015, 7 (22), 10210—10217.

(60) Nagaraju, G.; Udayabhanu; Shivaraj; Prashanth, S. A.; Shastri,
M.; Yathish, K. V.; Anupama, C.; Rangappa, D. Electrochemical heavy
metal detection, photocatalytic, photoluminescence, biodiesel pro-
duction and antibacterial activities of Ag—zno nanomaterial. Mater.
Res. Bull. 2017, 94, 54—63.

6324

https://doi.org/10.1021/acsomega.2c06337
ACS Omega 2023, 8, 6318—6324


https://doi.org/10.3938/jkps.64.1550
https://doi.org/10.3938/jkps.64.1550
https://doi.org/10.1016/j.cplett.2012.11.028
https://doi.org/10.1016/j.cplett.2012.11.028
https://doi.org/10.1016/j.cplett.2012.11.028
https://doi.org/10.1016/j.egypro.2011.10.165
https://doi.org/10.1016/j.egypro.2011.10.165
https://doi.org/10.1039/C0JM01495H
https://doi.org/10.1039/C0JM01495H
https://doi.org/10.1021/acs.nanolett.6b03999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matchemphys.2021.124560
https://doi.org/10.1016/j.matchemphys.2021.124560
https://doi.org/10.1016/j.matchemphys.2021.124560
https://doi.org/10.1016/j.matchemphys.2021.124560
https://doi.org/10.1126/sciadv.abf0962
https://doi.org/10.1126/sciadv.abf0962
https://doi.org/10.1126/sciadv.abf0962
https://doi.org/10.1126/sciadv.abf0962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.abf0962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s11671-019-3183-8
https://doi.org/10.1186/s11671-019-3183-8
https://doi.org/10.1186/s11671-019-3183-8
https://doi.org/10.1186/s11671-019-3183-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5NR02253C
https://doi.org/10.1039/C5NR02253C
https://doi.org/10.1039/C5NR02253C
https://doi.org/10.1016/j.materresbull.2017.05.043
https://doi.org/10.1016/j.materresbull.2017.05.043
https://doi.org/10.1016/j.materresbull.2017.05.043
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

