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ABSTRACT: Semiconductor nanocrystals are intriguing because they show
surface plasmon absorption features like noble metallic nanoparticles. In contrast
with metal, manipulation of their unique plasmonic resonance could be easily
realized by the free-carrier concentration. Here, it is demonstrated that MoO,_,
nanodots can exhibit striking surface plasmon resonance located at near-infrared
region under treatment of two different reducing agents. Furthermore, the tunable
resonance mode has been achieved through appropriate redox processes. Refrac-

tive index sensing has been demonstrated by monitoring the plasmonic peak. & } + Carrier

The improved sensing application is ascribed to the enhanced electric field in the . §

plasmonic nanocrystals. These new insights into MoO;_, nanodots pave a way to ——

develop novel plasmonic applications such as photothermal therapy, light har- |56 ~

vesting, and sensing. Wavc]cngth (nm]
1. INTRODUCTION resonance frequency is closely related to the doping level
Surface plasmon resonances (SPR) have been investigated over a according to the Drude—Lorentz model:
tew decades because of their promising potential applications for 3
sensing refractive index of surrounding medium,' enhanced o = | %
emitting,” enhanced light scattering, and so forth. Currently, the P N (1)
main candidates for plasmonic materials are noble metallic
nanoparticles, especially gold and silver which possess appro- where @, is the bulk plasmon frequency, which is proportional
priate dielectric behavior and unique weak damping parameters. to the square root of free-carrier concentration (). On the basis
However, their expensive cost and surfactant-assisted prepara- of this equation, one can see that the plasmonic energy is very
tion remain challenges for their future developments.* Recently, sensitive to the doping levels. Besides Cu,_,S, researchers have
a series of new plasmonic material candidates have emerged, for also found other metal-free doped semiconductor counterparts
example, the substoichiometry semiconductor nanocrystals such showing similar SPR features in the 1nfrared region, 1nclud
as Cu,_,S. These kinds of materials are actually heavily doped ing indium ox1de, germanium telluride,"* tungsten oxide, "’
semiconductors. Their carrier concentrations can be controlled zinc oxide,'"* and so forth. Their dynamically controlled SPR
through redox reaction and thus exhlblt strong plasmonic response was 1also realized through the 1nvest1gat10n of defect
resonance between 1500 and 2000 nm.° 7 Compared with engineering’ ' and liquid exfoliation approach."® However,
metallic nanoparticles, the advantages of semiconductor nano- their optical resonance is located in the near-infrared (NIR)
crystals can be attributed to their facile tunability for optical spectra region, and few studies have been reported focusing on

response. It is well-known that the extinction peak is fixed for the optical region below 1 ym, which has higher spectrum

metallic materials once their synthesis is completed because the

SPR frequency is only a function of size, shape, and composi- Received: November 2, 2016
tion. In contrast, carrier concentration of semiconductor can be Revised: ~ February 14, 2017
easily controlled through chemical doping.*~'® The plasmonic Published: February 15, 2017
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Figure 1. Schematic procedures demonstrate the MoOj;_, nanodots prepared from MoS, nanosheets during oxidation and reduction process.

overlap with real solar radiation.'” Besides, expensive metal
elements such as indium limit their practical application. Another
counterpart semiconductor is transition-metal oxides (TMO),
which exhibit unique SPR properties because of their outer-d
valence electrons. Recently, as a conventional TMO, molybde-
num oxides have demonstrated fascinating plasmonic behavior
after different treatments such as solar light radiation (photo-
chemical reduction),” shape transformation (chemical dop-
ing),”" and noble metal or polymer hybrids’>** toward their
significant application such as gas sensors.”* However, tunability
of carrier densities through chemical doping redox to manipulate
SPR performance is still absent.

Hence, in this work, high stability molybdenum oxide nano-
dots have been designed and synthesized from chemical oxida-
tion of bulk molybdenum disulfide (MoS,) and subsequently
have formed substoichiometry MoO;_, with different reducing
agents, including sodium borohydride (NaBH,) and ascorbic
acid (AA). These MoO;_, colloidal materials have shown
strong NIR SPR features around 700—1000 nm. The transition-
metal valence states and defect properties under different
reducing agents have been analyzed. The dynamic tunability
of their charge carrier concentration could be conducted by
facile redox chemical doping process, and a weaker reductant
AA has been found to successfully obtain scalable tunability
of SPR through controlling the reducing concentration. The
carrier-dependent strategy sheds light on low-cost glass coat-
ing for infrared switching device application, such as smart
window,””*® which usually utilizes indium oxide or zinc oxide
films as electrochromic materials to control NIR transmittance.
Moreover, this kind of control may contribute to the develop-
ment of plasmonic nanocrystal tailored for wider apglications
such as photothermal therapy,”’ light harvesting,”**’ and
sensing.3‘0

2. EXPERIMENTAL SECTION

Preparation of Pristine MoO; Nanodots Aqueous
Solution. Typically, 20 mg MoS, powder was dispersed in
20 mL mixed solution containing 18.5 mL DI water and 1.5 mL
H,0, (30 wt % aqueous solution). The dispersion was stirred at
room temperature overnight in a 25 mL glass vial. The mixed
solution turned from black to shallow yellow color because
of oxidation accompanied by spontaneous exfoliation. The
as-prepared dispersion was then applied for MoOj general char-
acterization and subsequent reduction procedures.

Preparation of Substoichiometry MoO;_, Nanodots.
The as-prepared aqueous solution of MoO; nanodots was uti-
lized for the precursor to produce substoichiometry MoO;_,.
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The removal of excess H,O, is necessary before the reaction
because reductant such as NaBH, would react with H,O, in
aqueous solution. We employed heating treatment to remove
H,O0, in solution under 60—70 °C for about 30—60 min until
bubbles were not observed. We applied two different reductants
to prepare MoO;_, nanodots. One is as-prepared NaBH, solu-
tion, with various amounts with molar ratio of Na:Mo from 0.2 to
8. The component turned from light yellow to green or blue
immediately after shaking or sonication according to different
reductant concentrations. The other reductant is ascorbic acid
(AA). In this case, higher concentrations were used because of its
much weaker reducing ability compared with NaBH,. Finally, the
various AA powders were added into yellow pristine MoO;
nanodot solution to prepare MoO;_, aqueous samples under
various molar ratios of AA:Mo from 6 to 136. The component
turned from yellow to blue after shaking or sonication imme-
diately.

Characterization. The morphologies of MoO; and MoO,_,
nanodots were characterized by high-resolution transmission
electron microscopy (HRTEM) with a JEM-ARM 200F micro-
scope operating at 200 kV. The size distribution was conducted
by Gaussian fitting. Chemical analysis carried out by scanning
transmission electron microscopy (STEM) coupled with energy-
dispersive X-ray spectroscopy (EDX) was acquired with a JEOL
2200FS equipped with a field emissive gun, operating at 200 kV.
X-ray photoelectron spectroscopy (XPS) was utilized to identify
the stoichiometry of MoO;_, nanodots. Different samples were
dropped onto silicon substrates before XPS measurements. The
deconvolution method was employed by Lorentz fitting. UV—vis
extinction tests were performed by a UV—vis spectrometer
(Dual-FL, Horiba).

3. RESULTS AND DISCUSSION

The schematic procedures are described in Figure 1. Sub-
stoichiometry MoOj;_, nanodots were obtained through reduc-
tion of molybdenum oxides. MoO; nanodots were prepared by
spontaneous exfoliation as well as by tailoring of bulk MoS, flakes
in aqueous solution. The procedures can be found elsewhere.’!
Briefly, MoS, powders were dispersed in water with adding
appropriate H,O, for oxidation. The color of the mixture would
turn from light yellow overnight to produce MoO; nanodots
because H,0, could tailor and decrease the size of MoS, flakes.
The chemical reaction is indicated by the following equation:

MoS, + 9H,0, — MoO, + 7H,0 + 2H,S0, @)

Detailed preparation procedures and characterizations of MoO5
nanodots are described in the Experimental Section. The TEM
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Figure 2. (a) XPS spectra of Mo 3d in pristine MoO; and substoichiometry MoO;_, under various NaBH,, concentration reductions. (b) Photography
of MoOj;_, nanodot aqueous solution under various molar ratios of NaBH,: Mo (0, 0.2, 0.4, 0.6, 0.8, 2, 6, 8, 10) corresponding to No. 1—9 samples,
respectively. (c) UV—vis absorption spectra of MoO5_, nanodots with different NaBH, concentrations corresponding to samples No. 2—8.

image of the sample is shown in Figure Sla, where monodis-
perse nanodots with size of 10.1 + 1.2 nm can be clearly seen.
Figure S1b is high-resolution TEM characterization (HRTEM),
which demonstrates that the 0.18 nm spacing in lattice fringes
of pristine molybdenum oxide nanodots corresponds to the
(002) plane of a-MoO;. Moreover, the selective area elec-
tron diffraction pattern (SAED), which is shown in the insert
of Figure S1b, demonstrates the (211) and (130) planes of
a-MoQ;. The extinction cross section is mainly dependent on
absorption, which is translated from electron—electron surface
scattering, but the scattering cross section can be ignored in the
case of small particle size according to Mie theory.’” No apparent
plasmonic feature could be observed in pristine MoO;. However,
when reducing agents are conducted to react with as-prepared
MoO; nanodots, their optical absorption exhibits evident variance.

First, sodium borohydride (NaBH,), a conventional reductant
for metallic nanoparticles, was utilized to reduce as-prepared
MoO; nanodots. Different concentrations of NaBH, solutions
were added into the TMO suspension. Figure 2b shows the color
change of the solutions with reductant amount, labeled from No.
1 to No. 9. The aqueous solution of pristine MoO; suspension
(No. 1) exhibits the same color as that with a molar ratio of
Na:Mo = 0.2 (No. 2). With a continuous increase of NaBH, to
archive the molar ratio to 0.4 and 0.6 (No. 3 and No. 4), the
solution turns green. For the subsequent extent reduction, the
sample shows blue color with 0.8 and 2 molar ratio loading (No.
5 and No. 6) and brown color with 6, 8, and 10 molar ratio
loading (No. 7—9), respectively. These results indicate that there
are various reductive valence states in the molybdenum oxides to
form substoichiometry semiconductor compounds. All the
samples exhibit high stability without any aggregation except
No. 9. To better understand the reasons why molybdenum
valence state transformation induced color change, the element
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chemical valence characterizations were used to analyze various
molybdenum oxide valences with different NaBH, concen-
trations. The XPS spectra of Mo 3d are shown in Figure 2a. For
the pristine MoOj sample (No. 1) derived from H,0,, two peaks
located at around 235.68 and 232.58 eV were detected. The two
doublets correspond to binding energies of 3d;/, and 3dy/, of
molybdenum, respectively, which are in agreement with the
feature peak modes of Mo(VI) in the typical @-MoO;. With the
treatment of NaBH, reductant, the peaks down-shift to lower
binding energies, as a result of appearance of Mo(V) oxida-
tion state in the reducing products. For the sample No. 3 with
molar ratio of 0.4, the intensity of Mo(V) peaks at 234.58 and
231.48 eV increases clearly compared to that of Mo(VI) peaks.
By deconvolution and calculation of the relative peak intensity
values, the ratio of Mo(VI) to Mo(V) turns out to be 3.71, which
the percentage of Mo(V) in Mo is inferred as 21%, that is, a
substoichiometry nanodot of MoO,g,. With the continuous
reduction by increasing the reductant amount, the No. 5 with 0.8
molar ratio shows stronger intensity of Mo(V) peaks both for
3d;, and for 3d; ,. The ratio of Mo(VI) to Mo(V) drops to 0.78,
corresponding to 56% Mo(V) in Mo content, and the approxi-
mate substoichiometry oxides refer to MoO,,,. The obvious
increase of Mo(V) (magenta areas) and decrease of Mo(VI)
(light cyan areas) could be found in Figure 2a. For the No. 7
sample under a larger amount of NaBH, reduction, the XPS shows
apparent peaks of Mo(IV) at around 232.08 and 229.08 eV
for 3d;/, and 3d;),, which indicates the strong reduction from
Mo(VI) to Mo(IV) under an excessive amount of NaBH,. The
corresponding elemental analysis of No. 3 sample was performed
by using EDX coupled to STEM as shown in Figure S2. The
existence of Mo is confirmed in the mapping which relates to the
nanodots observed in the STEM image. Furthermore, the EDX
mapping of Na exhibits that the sites of molybdenum oxide
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Figure 3. (a) TEM image of MoO;_, nanodots with AA reduction (molar ratio of AA:Mo = 8). Inserted: photography of MoOj;_, solution. (b) HRTEM
image for MoO,_, nanodots with the same sample. Inserted: SAED pattern of MoO;_, nanodots. (c) XPS spectra of Mo 3d and (d) O 2p of MoO,_,

with 8 and 80 molar ratio AA reduction.

nanodots are also overlapped by the Na element indicating that
Na may also bond to molybdenum oxide nanodots.

Figure 2c shows the UV—vis absorption spectra of sub-
stoichiometry MoQO;_, nanodots with different NaBH, concen-
trations for the No. 2—8 samples. No. 9 was not conducted to test
because of its rapid precipitation. The aggregation of colloids
may be mainly attributed to the poor solubility of Mo(IV) oxide
in aqueous solution. No. 2 showed no SPR peak at NIR region,
while No. 3 and No. 4 exhibit a strong peak at 725 nm showing
green color, and No. 5 and No. 6 with blue color exhibit a strong
peak at 834 nm and a weak shoulder around 725 nm. Again, the
brown No. 7 and No. 8 samples show no apparent absorption
peak, which indicates no existed metallic phase. Meanwhile, no
obvious plasmonic peak shift with various concentrations of
reducing agents has been observed. From these results, it is
concluded that the strong reductive capability of NaBH, induces
fast crystal structure transformation instead of subtle carrier
density adjustment; it is difficult to realize tunable plasmonic
peak with the feasible reductant amount used.

Following this idea, weaker agents should be employed to
investigate more detailed features of substoichiometry molybde-
num oxides. It is well-known that AA is a much weaker reductant
for mild reduction of metallic nanoparticles.”> Therefore, it was
employed to transform the as-prepared MoOj into substoichi-
ometry nanodots. A 10 times higher dose of AA is considered
compared to NaBH,, because of the weaker reductive capability
of organic acid, which the standard reduction potential of NaBH,
in alkaline is —1.24 V but in AA is 0.13 V since it is 0.43 V for
Mo(VI)/Mo(V).**** The morphology characterization of sub-
stoichiometry MoOj;_, is shown in Figure 3a. The TEM image of
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AA reduction sample with molar ratio of AA:Mo = 6 exhibits a
slightly smaller size compared with as-prepared MoOj; nanodots.
The average size distribution of nanodots is 8.26 + 1.2 nm shown
in the inserted image. Figure 3b also demonstrates the reductive
substoichiometry MoO;_, that shows similar crystal struc-
ture with pristine MoO; under HRTEM characterization. The
lattice fringes show a spacing of 0.17 nm, which corresponds to
the (123) plane of MoO, ;;. Comparing with the 0.18 nm pristine
MoO; nanoparticles, the slight reduction in the d-spacing of
reduced samples may be attributed to the presence of crystal
lattice defects for ions vacancies.'” The optical image also shows
similar blue color against which mild reductive samples of NaBH,
treatment are shown in the Figure 3a insert. To detect their
valence state change, the XPS characterization (Figure 3c) has
also been conducted with different AA reduction degree treat-
ments. The molar ratio of AA:Mo is 8 and 80. The Mo 3d
scanning spectra demonstrate that the Mo 3d;,, doublet remains
steady at 235.08 eV after increasing the amount of AA, and the
Mo 3d;,, doublet shifts slightly from 232.08 to 231.88 eV,
suggesting that they possess the same substoichiometry in
accordance with MoO, ;; reductive state in the blue one prepared
by NaBH, treatment, but no Mo(IV) could be observed under
our experimental condition because of the weak reducing ability
of AA. The slight peak shift may be as a result of abundant defects
including molybdenum and oxygen vacancies. In addition, their
O 2p scanning spectra in Figure 3d also show a weak peak at
around 6.98 eV both in high and low AA reductant concentration
comparing with as-prepared MoO;. This peak is related to the
fact that oxygen vacancies’ electrons wave function overlaps with
occupied Mo 4d states, indicating that the substoichiometry
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oxides appear as a transformation from semiconductor to metal-
lic behavior.”’ The EDX mapping shown in Figure 4 confirms the

100nm

Figure 4. (a) STEM image of AA reducing MoO;_, nanodots (molar
ratio of AA:Mo = 8); (b) STEM EDX mapping of Mo and (c) O signals.

random distribution of MoO;_, nanodots and no other impurity
element observation besides Mo and O in the AA reducing
sample.

To study the plasmonic properties of MoO;_, nanodots via
AA reduction, the UV—vis—NIR absorption spectra were
conducted for oxide nanodots with different reductant doses;
the molar ratio of AA:Mo ranges from 6 to 136. The observed
evident red-shift of SPR wavelength with the increment of AA
concentration is shown in Figure Sb. With a small amount of AA
(molar ratio = 6), oxides rendered SPR mode occurring at a
wavelength of 830 nm, which is consistent with the blue sample
prepared via mild NaBH, reduction. However, with addition of
more AA reductant, the SPR energy of substoichiometry oxide
nanodots gradually decreases. The molar ratio = 136 oxides
showed a resonance peak at a wavelength of 872 nm. With higher
AA concentration, a shoulder around 725 nm can be observed
which is similar to the previous case by using NaBH, (Figure 2c).
This peak can be ascribed to the absorption of remaining
MoO, 49 because of incomplete phase transformation. The
relationship plot between AA concentration and SPR wavelength
is shown in Figure Sc, which exhibits a nearly linear dependence
of plasmonic shift versus reductant doses. According to eq 1, the

carrier concentration can be obtained once the plasmon fre-
quency is known. For reference, the calculated carrier concen-
trations for the samples under different AA treatments are
around 5.89 X 10*' cm™ (AA:Mo = 6), 5.86 X 10*! cm™
(AA:Mo =8), 5.74 x 10*' cm™ (AA:Mo = 20), 5.67 X 10*! cm™3
(AA:Mo = 40), 5.55 X 10* cm™ (AA:Mo = 80), and 5.34 X
10*' cm ™ (AA: Mo = 136). The inserted image in Figure Sc is the
near-field enhancements in the surface region of MoO;_,
nanodots. The calculation was performed by finite difference
time domain (FDTD) simulations, which show the local electric
field enhancement corresponding to the 850 nm wavelength with
background refractive index of 1.33. A relatively high enhance-
ment factor around 15 could be observed near the nanodot
surface, making a promise for use in future sensing studies.

For the AA treatment, the samples do not show similar
multiphase with the three color transition in NaBH, reduction
but show only a single plasmonic absorption peak around
835 nm. Unlike NaBH,, AA is a weak organic acid reductant,
which could not result in alkali metal ion (Na*) intercalation
among the multilayer MoOj structure. For the partial reduction
of Mo oxidation states, Na" intercalation would bring various
color change with different reduction states of oxides (known as
“molybdenum bronze”)** and would expand them to other
oxides such as V,05, Nb,O, and WO,.*> Therefore, the non-
metal ion AA reduction process displaying a clearly blue color
with an 835 nm absorption peak produced a certain structure
phase and stoichiometry. Similar SPR phenomena in ultrathin
MoOj;_, nanosheets have been reported previously."

The reason why weak organic acid reductant results in an
evident shift of SPR wavelength may be primarily attributed to
the surface defect states in the oxide nanodots under the same
level of size distribution. For previous Cu,_,S nanocrystals, the
redox reaction could control anion or cation vacancy concentra-
tion via introduction of chemical oxidant or reductant. According
to semiconductor and plasmon frequency behavior, the higher
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Figure 5. (a) Schematic diagram of AA reduction process for MoO;_, defects. (b) UV—vis absorption spectra of MoO;_, nanodots aqueous with various
AA doses. (c) The corresponding response of oxide SPR peaks as a function of molar ratio of AA reductant/Mo source.
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doping level brings more free carriers that could trigger higher
plasmonic energy. The extraction of cation or anion is equal to
leave behind a hole or an electron. Meanwhile, the ions vacancies
could result in the increase of carrier concentration that leads
to blue shifts of plasmonic resonance wavelength. In contrast,
the interstice of cation or anion could bring a drop of carrier
concentration leading to red shifts of plasmon energy.'®

For the AA reduction procedure, organic acid in aqueous
solution first produces protons via ionization. Subsequently, the
ascorbate ions serving as the mild reducing agent would loss an
electron to form a radical cation. The radical cation could still be
oxidized to lose the second electron. It is speculated that there are
numerous Mo vacancies existing on the surface of substoichi-
ometry oxides, which result in p-type doping in semiconductor.
The higher concentration of AA reductant could reverse to fill
up vacancies because of the electron donor in reduction. The
decrease of cation vacancies leads to red shift of plasmon energy
through reduced free-carrier concentration. The schematic pro-
cess is elucidated in Figure Sa. Besides the influence of cation
vacancies, recent reports also found that this organic acid has the
surface passivation effect to eliminate oxide surface defects. The
protons provided by the organic acid could fill in the missing
element space in the defect sites. This has been utilized for
removing surface contaminants in two dimension MoS, mono-
layer, which significantly improves their photoluminescence
efficiency.”® Therefore, the protonation process may also be
inevitable leading to the decrease of ion vacancies and free-carrier
density.

The SPR peak position can be described by the refractive index
of its environment by the following equation.

2
Anax = Ap\/l + 2n,, (3)

where 4, is the SPR peak wavelength. It can be seen that the
corresponding wavelength is proportional to the refractive index
of the surrounding medium. As a result, a longer SPR wavelength
will be observed in a higher refractive index solvent. Figure 6a
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Figure 6. (a) SPR response of MoO;_, nanodots in different solvents.
(b) Observed SPR wavelength as a function of the refractive index of the
solvents.

displays spectra of MoQO;_, nanodots in three different solvents
undergoing molar ratio = 16 AA reduction, including deionized
water, isopropyl alcohol (IPA), and N-methyl-2-pyrrolidone
(NMP) with refractive indexes of 1.33, 1.38, and 1.47, respec-
tively. The observed decrement of SPR peak energy with
increasing refractive index of solvent is in accordance with the
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expected red-shift of plasmon peak, that is, 838 nm of the SPR
peak in water and 946 nm of it in NMP. The shift of observed
SPR wavelength is nearly 110 nm after changing the surrounding
medium from water to NMP as shown in Figure 6b. It exhibits a
high plasmonic sensitivity of 771 nm per refractive index unit
(nm/RIU), which is higher than other plasmonic nanoc?fstals
like WO,_, (280 nm/RIU) and Cu,_,S (350 nm/RIU)."” The
improved sensitivity may be attributed to the extremely small
nanodots with enhanced electric field intensity according to
previous FDTD simulations. Similar with metallic nanoparticles
and other plasmonic TMO counterparts, this result provides a
platform to realize novel plasmonic semiconductors for refractive
index sensing applications, such as detecting the dielectric
constant of surrounding medium with high sensitivity

4. CONCLUSIONS

In summary, NIR plasmonic resonance of MoO;_, nanodots has
been prepared through a one-step reduction process in aqueous
solution. Two different reductants have been utilized and com-
pared to obtain various substoichiometry molybdenum oxides
colloids, which showed much different optical responses. The
NaBH, could result in a different substoichiometry oxide but
with no SPR peak tunability once reduction finished. The AA
reductive oxides realized dynamic tunability of plasmonic energy
resonance through controlling their intrinsic carrier concen-
tration as a result of defect alternation. With increasing interests
of SPR behavior in semiconductors, the better understanding of
plasmonic nanostructured MoO;_, nanodots could provide a
new platform to investigate their related applications, such as
light harvesting, photothermal therapy, and sensing device.
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