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Investigating Physico-chemo-mechanical Changes of Eutectic
Gallium Indium (eGaln) Thin Films Induced by Fluorinated
Aqueous Droplets

Momena Monwar,? Profulla Mondal,? Christopher J. Barile,> Md Tasmirul Jalil,c Ryan C Tung,c David
Hanigan,® Muhammad Shamim Al Mamun,? and M. Rashed Khan*~2

Herein, we demonstrate how the chemical sensitivity and mechanical stability of 2D thin films of eutectic gallium indium
(eGaln) can be leveraged to sense the presence of dilute amounts of fluorinated compounds (e.g., per- and polyfluorinated
alkyl substances or PFAS). The method utilizes the interfacial interactions between 2D thin films of eGaln and PFAS
microdroplets, which induce thin film delaminations due to the perturbations in the Ga-to-O ratio at the interface. We tested
three fluorinated samples — 200 ppm perfluorooctanoic acid (PFOA), 0.014 ppb PFAS, and 0.001 ppb PFAS to investigate the
delamination, which exhibits sensitivities to concentrations. We leveraged energy-dispersive X-ray spectroscopy (EDS) and
Raman spectroscopy to quantify and probe the shift in elemental distributions and surface dynamics of the eGaln films. The
observed delamination phenomena and the spectroscopic analyses suggest that our method provides a rapid in situ PFAS
analysis tool related to total organic fluorine detection, complementing the existing technologies. Such a simplistic tool

offers a fast approach to developing low-cost, field-deployable chemical sensors for total organofluorine detection.

Introduction

This article aims to demonstrate a proof-of-principle method to
detect the presence of dilute fluorinated compounds, leveraging the
mechanical stability and chemical sensitivity of a 2D thin film of
eutectic gallium indium (eGaln2), an alloy of gallium-based liquid
metals (LM3). LM alloys of gallium (Ga) have garnered interest among
the scientific community due to their low melting points, high
conductivity, low fluidity, and, most importantly, their stable surface
oxide layer, which readily forms in native air.> The surface of LM
alloys is readily oxidized in air, producing a ~3 nm gallium oxide
(Gay03), which is amphoteric and passivating.4® This Ga,03 layer
gives the bulk metal mechanical stability to produce 3D
microsystems and 2D thin films. 7-2 Numerous studies have reported
methods to etch and deposit 1912 the surface oxide and control the
shape of the bulk metal to demonstrate shape-reconfigurable
systems.&1314 However, studies on harnessing the chemical
sensitivity and mechanical stability of a 2D thin film as a probe to
analyze aqueous droplets have remained untapped. Herein, we
report the feasibility of 2D thin films of eGaln for interface-enhanced
studies of microdroplets of fluorinated substances.

The presence of per- and polyfluoroalkyl substances (PFAS) in
water has new regulatory limits set by the Environmental Protection
Agency (EPA) to ensure water quality, environmental health, safe
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industrial processes, and human well-being.15-18
of PFAS at the
concentrations (in parts per trillion, ppt ), ® and at concentrations of

certain environmental cleanup goals requires solid phase extraction

However,

measurement drinking water regulatory

to concentrate PFAS to the ppb (parts per billion) range so that they
can be measured by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). These analytical techniques are
complicated, expensive, and labor- and time-intensive.2%2! The
development of a low-cost and field-deployable detection method is
therefore in high demand to test the presence of PFAS in remote or
under-resourced locations.

Numerous existing techniques for PFAS analyses are reported in
the literature. Among these, solid phase extraction (SPE)?2 combined
with high-performance liquid chromatography (HPLC)? is highly
regarded for its exceptional sensitivity and specificity, making it a
reliable choice for detecting PFAS. While it requires specialized skills
and experienced personnel, it remains a gold standard in laboratory
settings. Portable electrochemical sensors offer a more accessible
alternative, leveraging advanced nanomaterials?® and conductive
polymers?> to enable real-time, on-site detection at lower costs.

In contrast to these methods, our objective is to present a
simplified approach where a 2D thin film of eGaln is leveraged to
detect the presence of PFAS by assessing the physico-chemo-
mechanical changes at the interface. We begin by shearing a droplet
of eGaln into a 2D thin film, quantifying its surface composition, and
then determining the induced changes by dispensing PFAS droplets
of varying concentrations. Introducing droplets of varying PFAS
concentrations onto the 2D thin film, we noticed delamination,
which we quantified using energy-dispersive X-ray (EDS) and Raman
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spectroscopies. We have further shown that the chemical activity
and mechanical stability of a 2D eGaln film are determined by the Ga
to O ratio at the interface. These ratios are perturbed by the
with PFAS droplets, which
delamination. For rapid in situ analyses, our method can complement
existing methods of detecting the presence of PFAS. With further

interfacial interactions induce

studies and improvements, our approaches can contribute to
developing low-cost chemical sensors for PFAS using LM alloys.

Experimental

Materials: Eutectic gallium indium-eGaln (75% Ga, 25% In) was
purchased from 5N Plus Trumbull Inc. The PFAS-contaminated
waters were collected from Truckee (Lockwood 2 location,
0.0146ppb) and Walker River (Below Topaz Res. location, 0.001ppb).
The 200 ppm PFOA solution was prepared in the lab using the PFOA
powder (provided by Dr. Hiibel), and Deionized (DI) water (18
megaohms) was used throughout the experiment.

Bioanalytical grade Silicon wafers of N/Phosoprus type polished
surface (Diameter 76,2+/-0,5mm; Thickness 380+/-25 microns) were
purchased from SPW Industrial. For test fluids, Ethanol-denatured,
anhydrous 94.9-96.0% (CAS no. 64-17-5) were purchased from VWR.
DI water (18 megaohms) was available through the DI water supply
system in the lab. A scanning electron microscope (SEM) (model-
JSM-7100FT FESEM) was used for high-resolution imaging, which is
available at the electron microscopy and microanalysis facility at
UNR. All the images were analyzed using ImagelJ software (NIH), and
the figures were prepared in CorelDraw. Biorender was used to
produce some of the images.

Methods

Thin Film Sample Preparation: Initially, we started with a bare silicon
wafer. In order to clean it properly, we plasma-treated the surface
using Plasma-Etch. After that, using Ink Scape software, we drew two
parallel straight-line patterns of ~2.5 cm at ~0.5 cm distance. We
adjusted a fresh cotton swab with the XY plotter. Then, we adjusted
the height of it. We placed the plasma-treated silicon wafer under
the cotton swab and added two droplets of ~5uL of liquid metal at
the points where the lines would start.

We brought a fresh cotton swab in close contact with the droplet
and precisely positioned it so that the droplet was gently squashed
into a flat shape. Then, the droplet was stretched 20 times to create
a thin film on the silicon wafer. As the patterning on the silicon wafer
was complete, we cut the patterned silicon wafer into small pieces
and collected them in a petri dish, as shown in Figure 1 (b-c).

Thin Film Characterization (SEM & AFM):

For thin film characterization, we initially utilized two methods. We
looked into the topography of the fabricated thin film using Scanning
Electron microscope (model-JSM-7100FT FESEM). For sample
preparation, a small sample was cut and placed in an SEM sample
holder using double-sided carbon tape. During imaging, we zoomed
into multiple magnifications to look for different features in the thin
film. It has been shown in Figure 1 (d-e).

2| J. Name., 2012, 00, 1-3

A commercial AFM instrument (MFP-3D Infinity, by, Asylum
Research) was employed to assess both the Stxtfaee topographyand
film thickness of a deposited liquid metal layer. All topographical
images were acquired in tapping mode using a silicon cantilever with
an aluminum reflective coating and a nominal stiffness of 0.2 nN/nm
(BudgetSensor). Given the film's low stiffness, scans were conducted
in net-attractive mode to minimize tip-sample interaction forces,
with the scan rate carefully regulated at 0.5 Hz for both the figures
[1(f) and 1(i)]. Multiple scans were performed to capture essential
film features, including small deposition regions and the height
difference between the film and substrate. The thin film thickness
was quantified, showing a range of approximately 1.1 to 1.5 um
[Figures 1(f-g) and Figure S2]. In some areas, localized gallium (Ga)
accumulation was detected, resulting in a thickness increase of
around 500 nm compared to the surrounding flat film regions, as
illustrated in Figures 1(h-i).

Raman Analyses: Raman spectroscopy analyses were performed at
the University of Nevada, Reno, utilizing a Horiba LabRAM HR
Evolution spectrometer configured for a spectral range of 10-4000
nm. The system included an open-space confocal microscope, a
Marzhduser x-y motorized stage, two diffraction gratings (600 and
1800 grooves/mm), and a multichannel Syncerity 1024 x 256 Open
Electrode (OE) charge-coupled device (CCD) detector, which
provided a broad range of spectral resolution. A 50x or 100x
objective lens with a 0.9 numerical aperture was used for
measurements, which were calibrated with a 520.6 cm-1 silicon
standard. Excitation was provided by a frequency-doubled Nd: YAG
laser (Oxxius, France) operating at 532 nm, resulting in a beam
diameter of 1 um. Neutral density filters were employed to typically
adjust the laser power to 50% of the maximum output. Signal
acquisition time was ~40 s for 2 accumulations within 10 to 4000 nm
wavelength. Each measurement spot was inspected optically before
collecting Raman spectra. To achieve an optimal signal-to-noise ratio
(SNR), with background noise ideally less than 1% of the signal,
measurements were conducted using a 200 um confocal hole and by
adjusting the neutral density (ND) filter. Fluorescence was mitigated
by rotating the sample, reducing the confocal hole size, or adjusting
the laser power using the ND filter.

To perform Raman analysis on the thin film, we initially took a small
silicon wafer sample with an LM pattern on it. Then, we dispensed a
~3uL droplet on top of the thin film and dried it for 2 mins on a hot
plate at 70°C. Then, we placed it under the microscope associated
with Raman and ran the analysis to collect the absorbance peaks.

Image analysis using ImageJ: We used image analysis to calculate the
number of pinholes as well as the area of delamination on the LM
pattern. The first step for this sort of analysis is to define the scale
from the existing image. Then, we converted the image into an 8-bit
binary image and modulated the threshold so that there was a high
contrast between the LM and LM free spaces. Then, from the Analyze
menu, we can select analyze particles and adjust the setting as per
requirement to have the measure on a specific area.

List of acronyms related to PFAS
PFAS per and polyfluoroalkyl substances

PFBA perfluorobutanoic acid

This journal is © The Royal Society of Chemistry 20xx
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PFBS perfluorobutanesulfonic acid
PFHxS perfluorohexane sulfonate
PFHxA perfluorohexanoic acid
PFHpA perfluoroheptanoic acid
PFOA perfluorooctanoic acid

PFOS perfluorooctanesulfonic acid
ppb parts per billion

ppm parts per million

ppt parts per trillion

Result and Analysis

Using a cotton swab mounted on an XY plotter, we shear thinned?®
a droplet of ~5 pL eGaln onto a plasma-treated (oxygen) silicon wafer
and produced a thin film. As we add the droplet to the silicon wafer
surface, the bare metal does not wet the silicon wafer and initially
adopts a perturbed shape to minimize surface energy. 27

X-Y Plotter

»

Cizlt)lny Sample {g; Stud;:

—*— Film Profile.

(9) 16
E1.0

5 40 15 20 25 3
Linear Distance (um)

Figure 1: Depiction of 2D eGaln film generation on a silicon wafer. Cartoon depiction of
(a) creating eGaln pattern using cotton swab utilizing an XY plotter, (b) cutting the thin
film patterned silicon wafer into small pieces shown in (c), (d) topography of a small
sample under scanning electron microscope (SEM) at 200X magnification, (e) topography
of the small sample under scanning electron microscope (SEM) at 2000X magnification.
Thickness measurement of eGaln thin film using AFM. (f) AFM topography of eGaln thin
film sample denoting a thickness of ~ 1.4 um, (g) graphical representation of eGaln thin
film sample denoting a thickness of ~ 1.4 um, (h) SEM topography of the sample area
where liquid gallium was accumulated creating bumps, (i) AFM topography of the sample
area where liquid gallium was accumulated having a bump of ~0.5 um thickness.

We brought a fresh cotton swab in close contact with the droplet and
then precisely positioned it with an XY plotter to compress it gently
and strain it into a thin film. The tip's position and motion during the

This journal is © The Royal Society of Chemistry 20xx
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drag were pre-programmed in the XY plotter. The width of the film
was defined by the wetted area of the tip, WhicH WS did>r&0 By to
control. Then, the droplet was stretched 20 times to create a thin film
having 25mm in length on the silicon wafer. The entire process is
shown in Figure la. Once the patterning on the silicon wafer was
complete, we cut the patterned silicon wafer into small pieces and
collected them in a Petri dish, as shown in Figure 1 (b-c).

Ga,03 lowers the interfacial tension of the bare metal 1* and
allows the bulk metal to be micromolded. ¢ Ga,0s also wets various
surfaces with a few exceptions. 26 The cotton swab we used is a
porous material (Fig S1), initially wetted by the oxides. As the cotton
swab-mounted XY plotter thins the metal droplets, the oxide with a
thin bare metal layer is mechanically pinned and stabilized with
random heterogeneities throughout the film. The topography of the
eGaln film shown in Figure 1 (d-e) was measured using scanning
electron microscopy (SEM) and was heterogeneous due to the
random distribution of pinholes and other surface features.?’
However, as the oxide forms almost instantaneously in air, the
produced thin film retains 2D shapes throughout the entire
experimental observations. 10

We quantified the thickness of the thin film produced using
atomic force microscopy (AFM) due to its high resolution and
sensitivity. The thickness was between ~1.1-1.5 um [Figure 1(f-g) &
Fig S2]. In some places, we noticed the accumulation of Ga, where
the thickness was higher by ~500 nm compared to the flat, thin film

area, as shown in Figure 1(h-i).
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Figure 2: Elemental Analysis on eGaln film. (a) topography and EDS data of eGaln thin
film sample identifying the targeted area where the amount of oxygen is zero, (b)
broader topography of thin film indicating from where the region in (a) was obtained,
(c), (d), (e), and (f) topography and EDS data of eGaln thin film sample identifying
targeted area surrounding area shown in (a) where the amount of oxygen is non zero,
(g) acquired an image of a pinhole onto eGaln thin film area, (h) additional image of

J. Name., 2013, 00, 1-3 | 3
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pinhole generation onto eGaln thin film area after 180 seconds, (i) quantitative data on
the number of pinholes generated over time, (j) quantitative data on the pinhole area
increased over time. The scale bars in (a-f) are 50 um, and the scale bars in (g-h) are 20
pum.

Numerous methods are currently reported to produce 2D thin films
of eGaln.2%3% However, we preferred the technique we described
here and used before due to the (i) control over easy fabrication of
2D thin film and (ii) generation of random heterogeneities across the
entire film, which we would like to investigate for interfacial studies.
10 We used SEM at a low accelerating voltage (~2kV) of electrons to
monitor the thin film's strain relaxation, quantify the number of
pinholes, and determine the elemental composition of Ga and O
across the thin film, as shown in Figure 2b. We observed a variable
distribution of O and Ga across the sample area. Figure 2a shows the
distribution of one such area. Elemental analysis using energy-
dispersive X-ray spectroscopy (EDS) revealed a different spatial
distribution, with regions lacking oxygen surrounded by oxygen-
enriched areas. This observation suggests we can create a mixed
metal oxide layer, which introduces a random distribution of Ga and
O, forming a non-stoichiometric GaxOy (here, X and Y values depend
on elemental composition in EDS analyses) layer. Figures 2(c-f)
represent some areas where we noticed variations in Ga and O
compositions and a continuous formation of pinholes, as shown in
Figure 2(g-h) at the 2 kV electron acceleration voltages.

We captured a sequence of SEM images at 2 kV acceleration
voltage and then used Image) to analyze the number of pinholes and
areas covered by the pinholes, as shown in Figure 2(i-j). More Ga and
O were found around the edges of the pinholes than in adjacent
areas, which suggests that oxide is pinned near the edge of the
pinholes. However, pinholes might be generated due to a mismatch
in interfacial tension between the oxide and bare metal!. Also, we
noticed new pinholes and pinhole enlargement over time. While
interfacial tension mismatch is likely the true cause of pinhole
dynamics, we primarily focus on interfacial interactions, leveraging
the surface heterogeneities in this article. However, the literature
has reported that molten metal droplets' impact on solid substrates
may entrap gas to form pinholes3!. This gas entrapment and contact
line retraction may cause single or multiple pinholes. During
fabrication, there is a chance of entrapped air between the cotton
swab's porous, non-woven fibrous structure and the oxide layer of
eGaln. However, these entrapped gases are not visible using optical
microscopy but are progressively revealed at low-acceleration
voltages in SEM. In contrast, these entrapped gases will likely expand
and burst under a vacuum. We did not notice such expansion and
burst events; rather, we found an increase in pinholes over time,
which induced more heterogeneities at the surface. Pinholes in thin
metal films like iron, copper, and silver often occur during deposition
techniques such as PVD (physical vapor deposition techniques such
as sputtering or evaporation) due to uneven nucleation and
coverage. 3233 Surface imperfections and thermal stress can also lead
to pinholes, impacting film quality. 3435 Pinhole formation in eGaln or

4| J. Name., 2012, 00, 1-3

gallium alloy thin films and oxide may result from the combined
effects of surface tension, strains, and their EREmital pe4etiorsB85D

We hypothesize that the stability of the produced thin film is
perturbed by the interfacial interactions occurring at the top surface
with different analytes, inducing a differential shift in the Ga vs. Ga/O
ratio. We leverage Raman spectroscopies to quantify such physico-
chemo-mechanical shifts. For simplicity, we will denote the thin films
of eGaln as "active material" in the subsequent sections, as it enables
sensing the presence of adsorbed analytes. We have utilized DI water
and 100 PPT PFOA on pristine Si wafer as control fluids to begin our
PFAS studies.
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Figure 3: Raman spectrum of liquid metal (eGaln) thin film while exposed to different
concentrations of PFAS/PFOA. (a) Raman absorbance peaks observed for different fluid
droplets on eGaln thin film (global scan), (b) Raman absorbance peaks observed on (i)
bare LM, (ii) after adding DI water (iii) after adding 0.014 ppb PFAS water (iv) after adding
0.001ppb PFAS water, (v) after adding 200 ppm PFOA water.
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We used Raman spectroscopy to determine the adsorption of
PFAS solutions (such as 0.001 ppb PFAS, 0.014 ppb PFAS, and 200
ppm PFOA) and reference fluid (DI water) onto the active material,
as shown in Figure 3(a). For these experiments, the Raman spectra
obtained in Figure S5i and S5iii are used as a control. We compared
these results to the spectra obtained from a thin film of liquid metal
(eGaln) patterns on a Si wafer [Figures 3a(i) and 3b(i)]. For that, we
treated the Si wafer with oxygen plasma and then produced the thin
LM film (active material) on the Si wafer. Then, we introduced 3 pL
droplets of different PFAS solutions and reference fluids on the LM
pattern and dried them at 70°C using a hot plate before performing
Raman spectroscopy.

Raman spectroscopy probes the vibrational modes of molecules
or crystals, which are sensitive to chemical environment and
structure.3” It provides useful information on the surface chemistry
of the active material used in this study. As mentioned before, in the
presence of air, the surface of eGaln is coated with a ~3 nm thick
layer of Ga,0s. The surface heterogeneities of the eGaln thin film in
air and the dynamics of Ga,0; would allow chemical analyses of
microdroplets with foreign analytes. When PFAS solution or
reference fluids are introduced to Ga;03, the representative Raman
shift of Ga,O3 changes. Therefore, to understand the interaction
between Ga,03 and PFAS, observing Raman interactional shifts
would be instrumental. Our fabricated thin films were exposed to
different PFAS solutions containing fluorinated analytes and
reference fluids containing hydroxyl radicals in the current study.
Considering the eGaln pattern as the reference in Figure 3, we
compared the shift after adding those analytes to the LM pattern.
The Raman spectrum of the Si wafer exhibits peaks at 522, 980, 2327,
and 3072 cm™ [Figure S5(i)]. When the Si wafer surface is covered
with eGaln, peaks are observed at 522, 788, 989, and 2327 cm. As
we zoomed in more into the peaks in Figure 3b(i), we found two
nearby peaks at ~706 and ~804 cm, which indicate the presence of
Ga,03 and Ga-0-H.38 To compare these results, Raman spectra of
plasma-cleaned Si wafer, DI water on plasma-cleaned Si wafer, and
100 ppt PFOA on plasma-cleaned Si wafer as controls are given in
Figure S5. The Raman spectrum of the bare Si wafer exhibits peaks of
transverse acoustic (TA) mode at ~52 cm, the longitudinal acoustic
(LA) mode at ~297 cml, the longitudinal optical (LO) mode at ~429
cm-1, and the transverse optical (TO) mode at ~513 cm™.
Additionally, Si-H wagging/rocking vibration modes in different bond
topologies produced a little peak at ~612 cm™. The Si-O bond
vibrations are typically attributed to another peak at ~925 cm. This
result is consistent with a previous study.?® There are no more peaks
observed after adding DI water and 100 ppt PFOA on the Si wafer
surface.

We conducted Raman analyses for 3 different samples of PFAS-
contaminated water, one of which was spiked in the lab (200 ppm
PFOA) and two of which were collected from contaminated
environmental sources (0.001 ppb PFAS, primarily PFHxS and PFOS,
and 0.014 ppb PFAS, primarily PFBS, PFHpA, PFHxS, PFHxA, PFOS and
PFOA). Figure 3a,b(iii-v) show the associated Raman spectra. Despite

This journal is © The Royal Society of Chemistry 20xx
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substantial differences in the organic makeup of these samples, & we
identified a co-occurring peak at ~600, 729): 7630 4N T O¢HHD,
corresponding to the &(CFs) vibration.#42 These co-occurring
spectral signatures provide valuable insights into the interaction
between PFAS and the eGaln film, but also provide evidence that the
method is capable of detecting PFAS in complex matrices containing
various salts and organic compounds. We observed two peaks
around ~1210 and 1300 cm™, corresponding to the stretching
vibration of the trifluoromethyl (CFs) group v(CFs).4* Furthermore,
peaks corresponding to the stretching vibrations of the carbon-
fluorine bond v(CF) at ~1370 cm™ and the carbon-carbon bond
(v(CC)) in the range of ~ 1406 cm™ were also identified. Only in the
case of the first two samples (0.001 ppb PFAS, then 0.014 ppb PFAS),
we observed the peak for v(SO3) between 1050-1170 cm™.4* This
peak was missing in the case of the 200 ppm PFOA sample. We cross-
validated these peaks with existing literature on PFOA and PFOS. 4!
More details on the Raman spectra of Figures 3a,b(iii-v) are given in
the supplemental section. These spectral signatures provide valuable

insights into the molecular interactions between PFAS and the eGaln
thin film.
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Figure 4: SEM Topography and EDS of liquid metal (eGaln) thin film after exposure to
varying PFAS concentrations. (a) topography of a eGain thin film exposed to 0.001 ppb
PFAS under scanning electron microscope (SEM) at 150X magnification, (b) quantitative
data of carbon and oxygen on the fresh side of the film using EDS, (c) quantitative data
of carbon and oxygen on the that was side exposed to 0.001 ppb PFAS using EDS shows
the increased quantity of carbon and oxygen, (d) topography of a eGain Thin film
exposed to 0.014 ppb PFAS under scanning electron microscope (SEM) at 120X
magnification, (e) quantitative data of carbon and oxygen on the fresh side of the film
using EDS, (f) quantitative data of carbon and oxygen on the that was side exposed to
0.014 ppb PFAS using EDS shows the increased quantity of carbon and oxygen, (g)
topography of a eGain Thin film exposed to 200 ppm PFOA under scanning electron
microscope (SEM) at 80X magnification, (h) quantitative data of carbon and oxygen on
the fresh side of the film using EDS, (i) quantitative data of carbon and oxygen on the
that was side exposed to 200 ppm PFOA using EDS shows the increased quantity of
carbon and oxygen.

The shifts in Raman spectra in Figure 3 suggest that the eGaln
thin films can be used for analyte detection. In addition to chemical
sensitivities and peak shifts, we also noticed delamination of the thin
films at varying concentrations of the analytes. This phenomenon can
be attributed to the surface-active nature of PFAS molecules, which
lowers the surface tension of the droplets and alters the interfacial
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forces.®® To understand this phenomenon, we analyzed these
samples using SEM. As we added the droplets to the film of liquid
metal, the extent of delamination at the droplet edge varied
significantly with the concentration of PFAS/PFOA in the droplets.
Initially, we added a droplet of deionized (DI) water as a control and
found no delamination on the film's surface, suggesting that the
liguid metal film remained largely intact and stable under this
condition, as shown in Figure S6 (j-I). However, with the introduction
of PFAS solutions, even at an extremely low concentration of 0.001
ppb, presented in Figures 4 (a-c) and S6 (a-c), the film started to
delaminate at the edge of the droplet. This trend continued as the
PFAS concentration was raised to 0.0146 ppb in Figure 4(d-f) and
Figure S6 (g-i) and then dramatically at 200 ppm, shown in Figure 4(g-
i), in which substantial delamination was observed. We calculated
the degree of delamination by measuring the area impacted in
Imagel. In the case of a 200 ppm PFOA-contaminated water droplet,
for a 246,500 um? film area, the delaminated area was found to be
95,788 um?2. This corresponds to a 38% delamination of the film. In
the 0.001 ppb and 0.014 ppb PFAS samples, 3.33% and 10.53% film
delamination were observed. The delamination of the liquid metal
film increased with higher concentrations of PFAS droplets, while
lower concentration droplets resulted in less delamination. Briefly,
the chemical sensitivity using Raman spectra and mechanical stability
using EDS-Image) analyses suggest that a heterogeneous thin film of
eGaln can sense and detect dilute concentrations of PFAS on
demand.

Conclusions

In this study, we explored the chemical interaction of eGaln
thin film surfaces, demonstrating their capability to interact
with different concentrations of PFAS. By examining how dilute
amounts of PFAS affect the mechanical stability and shift the
chemical composition of liquid metal films, we have expanded
the basic and applied knowledge of liquid metal thin films in
environmental technologies — especially water technologies.

Our study demonstrated that a 2D thin film of liquid metal
exhibits a variable distribution of O and Ga across the sample
surface. We found enhanced chemical activity in the film, where
differential oxide- and gallium-enriched areas exhibit regions of
pinholes, offering the potential for harnessing these regions for
analyte detection. Such surface sites could provide unique
opportunities to study molecular interactions in situ. We
showed that the inherent chemical activity of the surface
facilitates the interaction with molecules. Raman spectroscopy
provided further insights, showing significant shifts in peaks,
indicating PFAS molecules' adsorption onto the liquid metal
film. The adsorption process likely introduces additional stress
at the interface, contributing to the observed delamination.
interfacial stress

However, we did not focus on the

measurements in this study.

We explored physico-chemo-mechanical changes upon
introducing droplets of DI water and PFAS solutions with varying

6 | J. Name., 2012, 00, 1-3

concentrations (0.001 ppb, and 0.0146 ppb) and 200 ppm PEOA
onto the film. The DI water droplet did n®¢alds® defarh AL,
indicating that the liquid metal film remained relatively stable
under this condition. However, as the concentration of PFAS
increased, the delamination area expanded significantly. This
can be attributed to the surface-active nature of PFAS
molecules. The increased delamination with higher PFAS
concentrations suggests a method for tuning the film's response
by controlling the PFAS concentration, indicating the chemical-
sensitive nature of the thin film. We need additional
investigations to find the exact reasons for the delamination.
However, the insights gained should contribute to developing
liquid metals-based chemical sensors for sensitive and selective
analyte detection, offering a novel approach to chemical
sensing that can improve the detection of contaminants and
other analytes in various applications.*
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