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Abstract: Two-dimensional (2D) liquid–metal (LM) heterointerfaces with their tunable physico-
chemical characteristics are emerging platforms for the development of multifunctional hybrid
nanostructures with numerous functional applications. From this perspective, the functionalization
of LM galinstan nanoparticles (NPs) with crystalline nanodomains is a promising approach toward
the synthesis of novel 2D hybrid LM heterointerfaces with unprecedented properties. However, the
decoration of LM heterointerfaces with desired nanocrystalline structures is a challenging process
due to simultaneous and intensive interactions between liquid–metal-based structures and metallic
nanodomains. The present study discloses a facile and functional method for the growth of crystalline
nanodomains at LM heterointerfaces. In this sonochemical-assisted synthesis method, acoustic waves
provide the driving force for the growth of ultra-fine crystalline nanodomains on the surface of
galinstan NPs. The galinstan NPs were initially engulfed within carbon nanotube (CNT) frameworks,
to prevent intensive reactions with surrounding environment. These CNT frameworks furthermore
separate galinstan NPs from the other products of sonochemistry reactions. The following material
characterization studies demonstrated the nucleation and growth of various types of polycrystalline
structures, including Ag, Se, and Nb nanodomains on 2D heterointerfaces of galinstan NPs. The
functionalized galinstan NPs showed tunable electronic and photonic characteristics originated from
their 2D hybrid interfaces.

Keywords: liquid–metals; nanocrystals; two-dimensional; hybrid interfaces; sonochemistry; CNT frameworks

1. Introduction

Galinstan-based structures have recently emerged as a novel family of advanced
materials with interesting physicochemical characteristics, including room-temperature
fluidity, high conductivity, facile synthesis, and low toxicity [1–4]. Galinstan is the room-
temperature liquid alloy of Ga-In-Sn. The semiconducting property of naturally developed
atomically thin gallium oxide layers on the surface of galinstan NPs is one the main charac-
teristics of these hybrid nanostructures [5–7]. The heterointerfaces between LM galinstan
and their surrounding environment witness various types of chemical interactions and
charge transfer phenomena which are beneficial for a wide range of functional applications
from biosensing [8] and biomimicry systems [9] to photonic [10] and catalysis [11].

The high surface tension of LM galinstan effectively suppresses the fragmentation of
this room-temperature LM alloy into ultra-fine nanoparticles. The ultrasonic waves provide
strong mechanical forces for functional applications [12]. The outward explosion and the
inward implosion of bubbles during the sonication process produce microjets and shock
waves at ultrasound speeds. These mechanical forces accelerate moving particles inside of
reaction liquid medium with the speed of several hundred meters per second (m/s) [13].
The following collisions of high energy/high speed microjets provide strong shear forces
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for drastic mechanical fragmentation of materials, known as the sono-fragmentation pro-
cess [14–16]. Consequently, the acoustic activated energy can effectively supply the driving
force for the synthesis of galinstan NPs through fragmentation [17]. Furthermore, the hot-
spot regions in ultrasonic generated bubbles experience high level of temperature (5000 k)
and pressure (1000 atm) during the cavitation process [18,19]. The magnitude of generated
energy in hot-spot regions of ultrasonic bubbles reaches the value of 13 eV [20]. The hot-
spot regions may also experience high-energy particle collision, plasma formation [20,21],
and even nuclear fusion [22]. Such an extraordinary condition in hot-spots can induce
unusual physical and chemical states and, therefore, can provide the feasible conditions for
initiation and continuation of chemical reactions, followed by the growth of nanostructured
materials [23–25]. In sonochemical synthesis, high-pressure bubbles contain ionic species
and chemical radicals. These species originate from the chemical solutions and precursors
in the reaction environment [26]. In the sonochemical treatment of homogenous solutions,
both chemical and physical factors work constructively toward the synthesis of nanostruc-
tured materials [27]. During the sonochemical synthesis of heterogeneous mixtures, the
physical effects are dominant factors during the synthesis process [28]. There are two main
sonochemistry synthesis mechanisms. In the primary version of sonochemistry, the reactive
species and precursors participate in the creation of hot-spot regions (Figure 1a). The
diffusion of microscale compounds into the bubble core provides conditions for precursors
to experience the main effects of cavitation phenomenon. Consequently, it orchestrates the
required conditions for the successful interactions between the ionic species and precursors
inside of bubbles [29]. Unusual structures are synthesized by primary sonochemistry due
to extremely unusual conditions in the core of hot-spot regions [30]. In detail, upon the
eruption of magma matter into the surrounding environment, the extremely hot materials
suddenly quench at the extraordinary cooling rate of 1010 K/s [31]. The cooling rate is inten-
sified due to the extensive distribution of cavitation bubbles into the reaction medium [31].
These combined conditions facilitate the growth of nanostructures in different shapes and
compositions. The secondary sonochemistry is the other mechanism where the chemical
reactions occur outside of bubbles in the liquid phase (Figure 1a) [30]. During this process,
the scattered radicals and ions interact with the reaction medium. In the secondary sono-
chemistry, the synthesis conditions are free from the extraordinary physical conditions of
hot-spots; therefore, the synthesized materials possess properties similar to the conven-
tional nanostructures [12,29]. In sonochemical-assisted synthesis, the composition and
concentration of precursors have tremendous impact on the morphology of synthesized
nanostructures [32,33]. A typical example is the sonochemical-assisted growth of nano-
sized ZnO [33,34]. It was observed that the increase of precursor concentration altered the
ZnO morphology from 1D nanorods to 2D nanosheets and nanoflakes, while the higher
concentration of precursors favors the multidirectional growth of nanostructures [33,34].
Therefore, the control of precursor concentration fundamentally affects the sonochemical
reactions and prompts the synthesis of new materials with stabilized growth directions [35].

Recently, the sonochemical-assisted technique was employed to develop various types
of LM-based composite particles for functional applications [36–38]. A recent study re-
ported the synthesis of nano/micro-sized Ga/Ni co-catalysts for biofuel conversion to
value-added byproducts. In this technique, catalyst materials (Ni and NiO2) were em-
ployed in the sonication process to decorate the surface of gallium-based particles via the
ultrasonic approach [36]. In another research study, manganese oxide [37] and molybde-
num oxysulfide [38] shells were developed on the gallium-based NPs via a sonochemical
synthesis approach. In these methods, the highly active surface of gallium-based NPs inter-
acts directly with the chemical agents in the presence of strong ultrasonic waves, resulting
in the synthesis of unregularly deformed NPs and nanostructures. Furthermore, due to
the formation of 2D composite oxide structures on the surface of active gallium-based
NPs, these nanostructures lose the high-conductive characteristics of their surface. The
sonochemical-assisted synthesis of galinstan NPs in metal–ionic solutions enabled the
growth of crystalline nanostructures on the surface of liquid metal NPs [17]. Here, the
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galinstan NPs act as the nucleation sites for growth of various nanostructures, includ-
ing metallic nanodomains and nanodisks. The acoustic-assisted decoration of galinstan
NPs with crystalline nanodomains enables the development of 2D liquid–metal hybrid
interfaces. However, there are two main challenges that originated from the uncontrolled
synthesis conditions during sonochemistry technique. These two challenges are the un-
wanted progressive alloying of galinstan with other precursors [39] and the growth of
undesired nanostructures at heterointerfaces. In the present research, a novel approach
is introduced for the controlled sonochemical synthesis of crystalline nanodomains on
the surface of galinstan NPs. The new concept of development of CNT-engulfed func-
tionalized gallium-based NPs is developed here by using the principles of sonochemistry
(Figure 1b). The CNT frameworks suppress the intense interaction between the surface
of galinstan NPs and precursors in sonochemical synthesis environment. Consequently,
the facile and controlled nucleation and growth of ultra-fine crystalline nanodomains on
two-dimensional LM hybrid interfaces of galinstan NPs is achieved without considerable
damage to the galinstan NPs. The sonochemical synthesis enables the growth of crystalline
Se, Ag, and Nb nanodomains on the surface of galinstan NPs. This work introduces a
functional, feasible, and low-cost synthesis approach that offers a great opportunity for the
development of functionalized liquid metal NPs with adjustable surface characteristics and
tunable electronic properties for numerous functional applications.
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tionalized galinstan NPs. 
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Figure 1. (a) The schematic representation of acoustic bubble and its corresponding hot-spot and
surface regions where the primary and secondary sonochemistry reactions occur. (b) The graphical
scheme of engulfed galinstan NP in CNT network and (c) its corresponding TEM image. (d) The
sequential ultrasonication and centrifugation process for CNT removal. (e) The SEM image of
functionalized galinstan NPs.

2. Materials and Methods

To synthesize liquid metal NPs, 20 mg of galinstan alloy (Indium Corporation, Upstate
New York. USA) was initially immerged into a glass vial filled with ethyl alcohol anhydrous
(Merck). The glass vial contained 0.1 M HCl. The slurry was probe-sonicated for an hour
(20 Hz, 380 W) while the temperature of slurry was kept at 20 ◦C. Then, the solution was
kept for 8 h to reach the uniform distribution of ultra-fine NPs. The slurry of ultrafine
nanoparticles was then extracted from the upper part of container for further synthesis
process. Our observation showed that the size of NPs was in the range of 50 nm to 20 nm.
To synthesize CNT frameworks, 1.0 wt.% CNT was later incorporated into galinstan NPs
and sonicated for an hour. To grow Ag, Se, and Nb nanodomains on the surface of galinstan
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NPs, different solutions were prepared by sonication of AgCl4, SeCl4, and NbCl5 in ethyl
alcohol anhydrous. The slurry of CNT-engulfed galinstan framework (CNT@ galinstan)
was probe-sonicated in the ionic solutions with different concentrations (0.1, 0.2, and
0.5 µmol/L) for an hour (20 Hz, 380 W). After sequential centrifugation and ultrasonication
process of the composite frameworks, the functionalized NPs were extracted and separated
from CNT clusters and other byproducts for further characterization process (Figure 1d,e).

For material characterization, the functionalized NPs were extracted, dried in con-
trolled atmosphere, and then investigated by various methods. The micro-Raman spec-
trometer (micro-Raman HORIBA Lab Ram ARAMIS) equipped with λ = 530 nm laser
was employed for characterization of NPs. The λ = 320 nm laser was used during Raman
studies to extract the PL spectra of synthesized nanostructures. The X-ray photoelectron
spectroscopy (XPS) was later employed for analysis of surface composition of galinstan NPs
after functionalization (XPS-Scientific Theta Probe). The field-emission scanning electron
microscope (FESEM, JEOL 7800F), and transmission electron microscope (TEM, JEOL-JEM-
F200) were coupled with their energy dispersive spectrometers (EDS) and selected-area
electron diffraction (SAED) equipment to investigate the structural characteristics of syn-
thesized nanostructures. For SEM studies, the extracted nanostructures (in ethyl alcohol
anhydrous) were drop-casted on the Au coated silicon substrates and were dried in con-
trolled atmosphere at room temperature. For TEM studies, the extracted suspensions of
NPs from centrifugation/sonication process were drop-casted on TEM sample holders
(formvar/carbon-supported copper grids/400 mesh) and were dried and kept inside of the
atmosphere-controlled desiccator before TEM studies.

3. Results and Discussion
3.1. Synthesis Method

To functionalize the 2D heterointerface of galinstan NPs with crystalline nanodomains,
it was necessary to grow ultrafine nanostructures on the outer shell of galinstan NPs.
However, the conventional synthesis of galinstan NPs in metal–ionic solutions has several
main drawbacks. The main drawback of the sonochemical-assisted synthesis is the intense
reaction of galinstan NPs with ionic metals and other nanostructures. In detail, the NPs act
as the nucleation sites of synthesized nanostructures. Regarding the sonochemical reactivity
and intensity of interactions between LM galinstan and nucleated structures, different types
of synthesized nanostructures were grown and formed during the sonochemical synthesis
of functionalized galinstan NPs in metal ionic solutions. The famous example of this process
is the growth of Ga-Al alloying nanostructures on the surface of galinstan NPs [39,40]. It
was shown that GaxAly needle-like nanostructures were grown on the surface of galinstan
NPs through galvanic replacement mechanism [39,40]. At high-level Ag concentration, the
Ga-Ag nanostructures were developed due to intense galvanic replacement and alloying
process according to the following reaction [17]:

Ga0 + 3Ag+ → Ga3+ + 3Ag0 (1)

In the present study, in the lack of CNT frameworks, we also observed the growth of
different undesired nanostructures during the sonochemical synthesis of galinstan NPs
in metal–ionic solutions (Figure 2). For example, the growth of Se-rich and Ga-Se-rich
nanostructures were extensively observed due to sonochemical reactions between galinstan
NPs and Se-containing solution. At high Se concentration, the Ga-Se nanosheets grew
extensively with various compositions. Figure 2a shows SEM image of a typical Ga-Se rich
nanosheet with its corresponding EDS map analysis. Furthermore, galinstan NPs acted as
the nucleation sites for other types of Se-rich structures (marked in Figure 2b). Figure 2b
and its corresponding EDS maps depict the simultaneous growth of Se nanorods and
nanoparticles on the surface of galinstan NPs. Figure 2c depicts agglomerated Se NPs and
their corresponding EDS analysis. The agglomerated Se NPs were observed in the products
of sonochemical synthesis process of the samples containing high concentration of ionic Se
(0.5 µmol/L). The reason that we used various concentrations of ionic solutions (Ag, Se,
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and Nb) was to evaluate the effects of sonochemical synthesis conditions on the growth of
crystalline nanodomains on the surface of galinstan NPs. Table 1 provides the specifications
of various types of Se-rich nanostructures and their corresponding sonochemical synthesis
conditions. These structures are undesired products of sonication process since they
grow at the expense of consumption of valuable galinstan NPs during sonochemical
reactions. To tackle this challenge, we developed a synthesis approach, where galinstan
NPs were engulfed in CNT networks (Figure 1c). In this approach, the incorporation of CNT
framework into liquid–metal NPs represents a fundamentally novel assembly of advanced
2D hybrid interfaces with principally new properties. Furthermore, CNTs engulf larger
by-products of sonication process that inevitably formed during the sonochemical synthesis
reactions. These unwanted nanostructures can be separated from synthesis environment
via sequential sonication due to the weight differences (Figure 1d). CNT is a highly active
porous structure that can extensively interact with metal–ionic agents during the sonication
process. Therefore, it can actively suppress the intense invasion of ionic agents to the surface
of galinstan NPs during long-term sonochemical synthesis. Ionic species can still diffuse
through the CNT porous network and reach to the surface of galinstan NPs to enable the
growth and nucleation of low-dimensional crystalline nanodomains at 2D heterointerfaces.
It further diminishes the serious damages into liquid metal NPs due to intense progressive
sonochemical reactions. The extracted galinstan NPs (Figure 1e) were later investigated
by various material characterization techniques. The shielding role of CNT aside, the
highly conductive carbon-based framework around galinstan NPs enabled the facile and
rapid charge transfer process from heterointerface of liquid metal NPs to the surrounding
environment [41–43]. Furthermore, due to the sp2 hybridized structure, CNT frameworks
are excellent electron acceptor nanostructures with the capacity of high-spatial separation
of electron–hole pairs [44]. Moreover, the introduction of doping elements into porous
network of CNT can considerably increase the charge transport and ionic penetration
through the CNT framework. As an example, the decoration of CNT framework with Se
nanoparticles resulted in an 11-fold improvement of current density in CNT/Se framework
for CO2 catalysis [45]. In other cases, decoration of CNT with niobium nanostructures
considerably improved the limits of dopamine detection to nano-molar levels due to the
increased ion transfer rate [46].
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Figure 2. (a) The SEM image accompanied by EDS analysis maps of Ga-Se nanosheet. (b) The SEM
image showing the growth of Se-rich nanostructures on the surface of galinstan NPs accompanied by
the EDS maps of nanostructures. (c) The Se nanoparticles grown individually during sonochemical
reactions on the surface of galinstan NP.
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Table 1. The specifications of various types of synthesized Se-rich nanostructures.

Shape Dimension (µm) Composition of
Nanostructure Wt.%

Se Concentration in
Solution (µmol/L)

2D single-layered nanosheets 1.0 < Length (L) < 100
0.05 < Thickness (D) < 2

Se ≥ 30
20 < Ga < 50 0.2, 0.5

2D multi-layered nanosheets 50 < L < 1000
0.5 < D < 10

Se ≥ 40
20 < Ga < 40 0.2, 0.5

1D nanostructures 100 < L < 700
50 < D < 100 Se ≥ 90 0.1, 0.2

0D nanoparticles 0.001 < D < 0.020 Se ≥ 90 0.1, 0.2, 0.5

3.2. Materials Chracterization

The extracted galinstan NPs were studied by various characterization methods. The
Raman and photoluminescence analysis accompanied by TEM and X-ray photoelectron
spectroscopy were employed to characterize the synthesized nanostructures. Figure 3a
shows a single galinstan NP after growth of Ag nanodomains on its surface. The sequential
centrifugation/sonication process enabled the separation of functionalized NPs from their
CNT network for characterization. The TEM image from the surface of galinstan NP
depicts the growth of ultrafine poly-crystalline Ag nanodomains. The corresponding TEM
image from the Ag nanodomains shows the growth of (111) plane of Ag with interlayer
spacing of 0.4 nm (Figure 3a) [39]. The crystalline planes were found highly ordered in
crystalline nanodomain. The following SAED patterns were collected from the surface
of Ag-functionalized galinstan NPs. The SAED patterns in Figure 3a show the fringes of
(111), (200), and (220) crystalline planes highly matched to the ICSD 98-018-0878 belonging
to the crystalline plane of Ag [39]. By changing the location of SAED spectrometer, we
even identified different Ag crystalline planes, confirming the polycrystalline nature of
synthesized Ag nanodomains on the surface of galinstan NPs. We further investigated
the Raman spectra of galinstan-Ag heterointerfaces (Figure 3b). In Figure 3b, the Raman
peaks of A1g, A2g, and A3g are the characteristics of Ga-O bonds related to the ultra-thin
surface oxide films of galinstan NPs [47,48]. The characteristic Raman peak of Ag is not
characterized since the Ag is not Raman-active material [17]. Therefore, the following PL
spectroscopy tests were conducted to show the evidence of presence of Ag nanodomains
on galinstan NPs and their effects on their photonic properties. The inset in the graph
of Figure 3b depicts the PL spectra of galinstan-Ag NPs. The single shallow shoulder
at λ= 360 nm is attributed to the 2D surface oxide films of galinstan (Ga2O3) [49]. The
other strong peak at the vicinity of λ = 410~430 is assigned to the resonance absorption
wavelength of Ag nanodomains [50]. The evidence of surface plasmon resonance (SPR)
phenomenon was also observed by the detection of two broad peaks at λ = 550 nm and
λ = 700 nm related to the plasmonic characteristics of Ag nanodomains [50]. The photonic
local field enhancement and SPR occur at heterointerfaces between Ag nanodomains at 2D
Ga2O3. Consequently, the SPR characteristic peaks appear at PL spectra of galinstan-Ag
heterointerfaces. This observation is highly valuable since it confirms the occurrence of
plasmonic phenomenon at the heterointerfaces between ultra-thin 2D semiconductor films
(Ga2O3 on galinstan NPs) and plasmonic Ag nanodomains. Therefore, this heterointerface
could support the generation of SPR phenomenon. This is a functional property for a
wide range of applications, including photocatalysis, energy generation, and biosensing
targets [51].



Crystals 2023, 13, 604 7 of 13Crystals 2023, 13, 604 8 of 14 
 

 

 
Figure 3. (a) The TEM image and corresponding SAED patterns of surface of galinstan NPs with Ag 
nanodomains. (b) The Raman and PL spectra of galinstan-Ag NPs. (c) The TEM image and corre-
sponding SAED patterns of surface of galinstan NPs with Se nanodomains. (d) The Raman and PL 
spectra of galinstan-Se NPs. (e) The TEM image and corresponding SAED patterns of surface of 
galinstan NPs with Nb nanodomains. (f) The Raman and PL spectra of galinstan-Nb NPs. 

The following experiments on the galinstan-Se nanostructures showed the growth of 
polycrystalline Se nanodomains on the heterointerfaces. Figure 3c depicts the fully cov-
ered surface of galinstan NPs with Se nanodomains. Technically, Se is highly reactive ma-
terial that can intensively interact with galinstan LM particles. Therefore, the controlled 
growth of Se nanodomains on the galinstan NPs was found to be quite a challenging pro-
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Figure 3. (a) The TEM image and corresponding SAED patterns of surface of galinstan NPs with
Ag nanodomains. (b) The Raman and PL spectra of galinstan-Ag NPs. (c) The TEM image and
corresponding SAED patterns of surface of galinstan NPs with Se nanodomains. (d) The Raman and
PL spectra of galinstan-Se NPs. (e) The TEM image and corresponding SAED patterns of surface of
galinstan NPs with Nb nanodomains. (f) The Raman and PL spectra of galinstan-Nb NPs.

The following experiments on the galinstan-Se nanostructures showed the growth
of polycrystalline Se nanodomains on the heterointerfaces. Figure 3c depicts the fully
covered surface of galinstan NPs with Se nanodomains. Technically, Se is highly reactive
material that can intensively interact with galinstan LM particles. Therefore, the controlled
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growth of Se nanodomains on the galinstan NPs was found to be quite a challenging
process compared with the growth of Ag and Nb nanostructures on the galinstan NPs.
The TEM image shows the high-crystalline nature of Se nanodomains on the surface of
galinstan NPs (Figure 3c). The interlayer distance of d = 0.37 nm is attributed to the (100)
crystalline plane of Se, which is highly matched to the ICSD 22251 belonging to the crys-
talline structure of Se [52,53]. The following SAED patterns from the heterointerfaces show
characteristic rings of (100) and (120) crystalline planes of Se (Figure 3c) [52,53]. Similar
to previous observations on the growth of Ag nanodomains, these results also confirm
the polycrystalline nature of Se nanodomains synthesized during the sonochemical reac-
tions. It further reinforces this idea that the nucleation and growth of nanodomains occur
individually at different locations on the galinstan NPs, and then the process continues
until nanodomains fully cover the surface of galinstan NPs. The micro-Raman spectra
of galinstan-Se nanostructures show the E1 and A1 vibrational modes of trigonal Se at
142 cm−1 and 233.8 cm−1, respectively (Figure 3d) [17]. The two individual shallow peaks
at 248 cm−1 and 253 cm−1 belong to the Ga-Se structure [17]. The A1g peak at 132 cm−1 is
also attributed to the Ga-Se alloying compounds [17]. The PL study on the same sample
demonstrated two broad peaks at the 340 nm and 558 nm. These peaks are related to,
respectively, the excitation and emission peaks of Se nanostructures [54]. The excitation
of surface plasmon is one of the main characteristics of Se nanostructure. The red tint
of synthesized galinstan-Se NPs has been ascribed to the corresponding excitation of the
surface plasmon resonance of the synthesized monolithic Se structures [54]. It appears
that the heterointerfaces between galinstan NPs and Se crystalline nanodomains possess a
high level of plasmonic feature. The Se nanostructures are well known for their photonic,
photovoltaic, semiconducting, antimicrobial, anti-infection, and antioxidant properties;
therefore, these nanostructures can extensively contribute the functionalities of galinstan
NPs for a wide range of applications [55].

The following characterization tests showed that Nb nanodomains were developed on
the surface of galinstan NPs by the sonochemistry method. The TEM studies confirmed the
polycrystalline nature of Nb nanodomains (Figure 3e). The Nb nanodomains with small
dimensions (~5 nm) grew extensively on the galinstan NPs. The typical TEM image and
corresponding SAED patterns depict the growth of (101) and (220) planes attributed to the
crystalline plane of Nb (ICSD 55957) (Figure 3e) [56]. The Raman spectroscopy consequently
showed characteristic peaks of Nb-O bonding at 160 cm−1, 400 cm−1, 632 cm−1, and
792 cm−1 (Figure 3f) [57]. The PL intensity of galinstan-Nb structures demonstrated
three individual broad peaks in the vicinity of 410 nm (3.02 eV), 460 nm (2.69 eV), and
500 nm (2.47 eV) wavelengths (Figure 3f). These peaks are assigned to the PL peaks
of the Nb-O bonds [58]. Niobium and niobium-based compounds are of high interest
for superconducting applications. However, niobium also shows an insulating niobium
oxide layer with distinguished dielectric properties. The detection of Nb-O bonds can be
attributed to the immediate oxidation of Nb nanostructures in ambient atmosphere [58].
Since the characterization tests were conducted under ambient condition, the immediate
passivation of Nb nanoparticles is expected during the investigations. Generally, the
TEM observations accompanied by Raman and PL spectroscopy techniques confirmed the
polycrystalline nature of developed nanodomains on the galinstan NPs. Interestingly, the
photonic properties of functionalized NPs were extensively different from each other. The
plasmonic Ag and Se nanodomains were coupled with the 2D surface oxide semiconductor
film of galinstan NPs (Ga2O3), resulting in the detection of resonance absorption, SPR, and
excitation maximum phenomena during the PL spectroscopy measurements. Therefore,
the 2D heterointerfaces of galinstan NPs possess visible-light plasmonic characteristics,
providing a unique opportunity for photonic applications.

The investigations on the XPS spectra of synthesized nanostructures provide extensive
information on the composition, oxidation states, and valence band maximum (VBM) at 2D
heterointerfaces of nanostructures. Figure 4 shows the results of XPS and monochromatic
XPS measurements of the galinstan NPs with Ag, Se, and Nb nanodomains. Figure 4a



Crystals 2023, 13, 604 9 of 13

shows two individual and sharp peaks of Ag 3d3/2 and Ag 3d5/2 at 373 eV and 367 eV, con-
firming the growth of Ag nanodomains at heterointerfaces. The following investigation on
Ga 3d XPS peaks shows that the intensity of these peaks considerably decreased (Figure 4b)
and slightly shifted to lower binding energies after functionalization of galinstan with
Ag nanodomains. It confirms the alteration of binding energies at galinstan-Ag heteroin-
terfaces. The O 1s peak also shifted to lower binding energies after the growth of Ag
nanodomains on galinstan NPs (Figure 4c). It further confirms the alteration of oxidation
states at heterointerfaces. The lower binding energies of O 1s peak is attributed to their
lower oxidation states or chemical shift due to developed chemical bonds. The following
experiments on the galinstan-Se nanostructures showed two Se 3d3/2 and 3d5/2 peaks at
58.8 eV and 54.7 eV, respectively (Figure 4d). The peak at 58.8 eV shows the presence of
Se4+ species, such as selenate compounds, in nanostructures [58]. The functionalization
of galinstan with Se nanodomains also affected the Ga 3d peak. The Ga 3d peak shifted
to lower binding energy, confirming the alteration of binding energies of Ga atoms at the
heterointerfaces after functionalization with Se nanodomains (Figure 4e). Considering
higher electronegativity of Se (2.15 eV) than that of Ga (1.81 eV), the electron density around
Se atoms is expected to be higher than that around Ga atoms. Therefore, the binding en-
ergies decreased and shifted negatively. More importantly, the intensity of Ga 3d peak
decreased considerably after functionalization with Se nanodomains. The O 1s spectra
of galinstan-Se heterointerfaces also shifted to higher binding energies, compared with
those of galinstan NPs. The higher binding energies of O 1s spectra is an indication of
developed chemical interactions between Ga and Se atoms. It represents the changes in
the oxidation states of Ga atoms. Moreover, the study on the galinstan-Nb heterointerfaces
showed two sharp and individual Nb 3d peaks at 207.4 eV and 210. 3 eV (Figure 4g). It
further conforms the growth of Nb on the surface of galinstan NPs. After functionalization
by Nb nanodomains, the intensity of Ga 3d peak decreased considerably and shifted to
higher binding energies (Figure 4h). The O 1s peak of the galinstan-Nb interface did not
considerably shift. Furthermore, the intensity of the O 1s peak increased slightly, confirm-
ing the higher level of oxidation at galinstan-Nb interfaces. The XPS studies provided the
evidence of development of various types of heterointerfaces between galinstan NPs and
metallic (Ag, Se, and Nb) nanodomains. The alteration of O 1s XPS spectra in galinstan-Ag
and galinstan-Se nanodomains confirms the development of structural bonding between
galinstan atoms and Ag and Se nanodomains. Therefore, it is expected that some level of
electron exchange and alloying occurred at the heterointerfaces.

We further investigated the VBM of developed heterointerfaces by monochromatic XPS
equipment (Figure 4j). The VBM of galinstan NPs decreased after their functionalization
with the Ag, Nb, and Se nanodomains. The VBM of galinstan NPs decreased from 2.8 eV to
2.4 eV after growth of Ag nanodomains on the heterointerfaces (Figure 4j). Consequently,
the VBM values decreased to 1.99 eV after growth of Nb nanodomains and later decreased
to the value of 1.54 eV after growth of Se nanodomains on galinstan heterointerfaces
(Figure 4j). The alteration of VBM of galinstan NPs after growth of crystalline nanodomains
confirms the tunability of electronic properties of developed two-dimensional liquid–metal
hybrid interfaces. The PL measurements also showed the multiple-peak configurations
in photoluminescence spectra of samples (Figure 3b,d,f) confirming that their complex
energy states and electronic band alignments originated from their mixed structure and
developed hybrid 2D heterointerfaces. Furthermore, it depicts how the interaction between
the 2D surface oxide semiconductor films of galinstan NPs with crystalline nanodomains
can considerably alter the electronic properties of developed nanostructures. The tunable
electronic properties accompanied by distinguished photonic characteristics of developed
heterointerfaces provide unique opportunities for a wide range of beneficial applications in
photonic and solar-power-based technologies.
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4. Conclusions

The current study has introduced a facile functionalization approach for development
of multifunctional 2D liquid–metal hybrid heterointerfaces through the growth of crys-
talline metallic nanodomains on the surface of galinstan NPs engulfed in CNT frameworks.



Crystals 2023, 13, 604 11 of 13

The sonochemical synthesis enabled the controlled growth of Ag, Se, and Nb nanodomains
on the surface of galinstan NPs. The engulfment of galinstan NPs in CNT network provided
a controllable condition during the synthesis process to suppress the intense interactions
between ionic metal species and liquid galinstan. The materials characterization confirmed
the growth of polycrystalline metallic nanodomains on the surface of galinstan NPs. The
polycrystalline Ag, Se, and Nb nanodomains partially or fully covered the surface of galin-
stan NPs. This created unique heterointerfaces between galinstan NPs and crystalline
nanodomains with distinguished electronic characteristics. For example, the coupling of
2D surface oxide film of galinstan with Ag and Se nanodomains was accompanied by
the occurrence of surface plasmon resonance effects and observation of excitation and
emission photoluminescence phenomena. The alteration of energy states and valance
band maximum values after development of 2D hybrid heterointerfaces was observed as
the results of growth of nanodomains on 2D liquid metal heterointerfaces. The tunable
electronic characteristics of theses hybrid interfaces are highly promising for a various
functional applications.
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