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ABSTRACT: Al nanostructures have unique optical properties
such as widely tunable surface plasmon resonances from deep UV to
NIR that can be used for label-free fluorescence enhancement and
surface-enhanced Raman scattering. Various Al nanostructures have
been fabricated using sophisticated “top-down” lithographic and
“bottom-up” colloidal methods. Here, we developed a simple and
efficient method of synthesizing two-dimensional (2D) aluminum
(Al) nanocrystals from commercially available Al foil using
ultrasonic exfoliation under ambient environment. 2D Al nano-
crystals with sizes from a few hundred nanometers to several micrometers and thickness in the tens of nanometers were isolated
through centrifugation separation. The exfoliated 2D Al nanocrystals are covered with a passivated Al2O3 nanolayer. The determined
exfoliation mechanism is a combination of the preferred cleavage along the (111) surface planes and layer-by-layer Al2O3 exfoliation
from the surface of the 2D Al nanocrystals. We demonstrate that the 2D Al nanocrystals can be assembled at water/air interface and
transferred to different substrates to form 2D Al nanocrystal films. These 2D Al nanocrystal films exhibit surface plasmon resonance
in the visible spectral range and show enhanced Raman signals of adenine using a 532 nm excitation. These 2D Al nanocrystal films
could be further developed for new optical and sensing applications.

■ INTRODUCTION

Owing to their wide range of applications in various fields of
science, metallic nanostructures with surface plasmon reso-
nances (SPRs) have been studied extensively.1,2 SPRs can be
selectively tuned in the UV−vis−NIR range by varying the size
and shape of the nanostructures and by modifying their
surfaces. Most SPR studies focus on development and
characterization of Au and Ag nanostructures due to their
strong field enhancement in the visible range and ease of
fabrication. However, other metals, such as aluminum, have
SPR properties that can provide beneficial spectroscopic
advantages. For example, Al nanostructures’ SPRs can be
tuned from deep UV to NIR by controlling the nanoparticle
size and surface oxide thickness.3−5 Moreover, aluminum is the
most abundant metal in the earth’s crust and the most widely
used metal next to iron. Therefore, it would be useful to utilize
Al nanostructures for optical sensing and imaging applications.
Most reported plasmonic Al nanostructures including Al thin
films,6,7 nanoparticles,4,8−12 and nanovoids13,14 have been
fabricated using deposition coupled with lithography. Recently,
Halas’s group reported a breakthrough in the synthesizing of Al
nanocolloids, using a “bottom-up” approach in an argon-
protected environment, and confirmed that Al nanocolloids
have tunable optical resonance which shows great potential in
surface-enhanced Raman applications for pollutant detection
and photocatalytic reactivities.15−22

Two-dimensional (2D) materials have generated great
interest due to their unique electrical and optical properties.
Thousands of compounds with the intrinsic layered structure
have been predicted that could be exfoliated to 2D
structures,23,24 while nonlayered materials are not regarded
as candidates for 2D materials.25 Unlike layered 2D materials,
metals usually have close-packed structures and have different
numbers of slip planes according to their lattice structures.
Recently, a new method of cryogenic exfoliation of Mg into 2D
nanocrystals through ultrasonication has been reported.25 In
this method, liquid nitrogen treatment is employed to change
the slip system in magnesium. Metals such as aluminum,
copper, and nickel have good ductility because of their
abundant slip planes in their face-centered cubic (FCC)
crystals. The abundance and ductility of aluminum makes Al
foil the most widely used metal in household and commercial
packaging. Al foil is produced by rolling Al ingots into the
desired thickness through continuous casting or cold rolling.
Therefore, Al foil consists of layers of highly elongated,
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deformed grains. Ultrasonication is a simple but efficient
method for wet-milling and microgrinding of particles with
sizes from ∼10 nm to 500 μm.26,27 Ultrasonic cavitation occurs
when an ultrasound wave crosses a liquid in alternating high-
pressure and low-pressure cycles. At high sonication intensity,
transient bubbles form and expand through a few acoustic
cycles before they collapse. The temperature and pressure of
these collapsing bubbles can be as high as several thousand
degrees and a thousand atmospheres, respectively.28−31 The
implosion event, when occurring near a hard surface, changes
the bubble into a jet about one-tenth the bubble size, which
travels at speeds up to 400 km/h toward the hard surface.32

Ultrasonic cavitation is the basis of ultrasound cleaning and
milling.27 Immersing a piece of Al foil in an ultrasonicated
liquid can yield a perforated and wrinkled foil; therefore, Al foil
tests have been used to demonstrate the power distribution in
ultrasonic devices.27 In addition, Al particles with the sizes in
tens of micrometers have been produced when Al foil is
ultrasonicated in water.33 Previously, we reported that 2D Al
nanocrystals made from commercially available Al foil through
ultrasonication can be used as nanoshields for improved
radiation-based bacterial treatments.34 In this work, we studied
the mechanism for converting Al foil into 2D Al nanocrystals
by examining the structural evolution of Al foil and 2D Al
nanocrystals during the ultrasonic exfoliation process. We also
demonstrate that the 2D Al nanocrystals can be assembled at
the water/air interface and transferred to different substrates
forming 2D Al nanocrystal films. The 2D Al nanocrystal films
exhibit surface plasmon resonance in the visible spectrum
range and show enhanced Raman signals using a 532 nm laser
excitation for adenine detection, making them of interest for
optical and sensing applications.

■ EXPERIMENTAL METHODS
Standard commercial aluminum foil with a thickness of ∼16
μm for home usage (Reynolds Wrap) was purchased from a
local grocery store. Ethylene glycol (EG, analytical grade),
methanol (HPLC grade), ethanol, glycerol (analytical grade),
n-propanol (analytical grade), and adenine (99%) were
purchased from VWR (Radnor, PA, USA) and used without
further purification. Water used in the experiments was
NanoPure (18.2 MΩ) generated by Barnstead nanopure
water systems (Thermo Scientific, MA, USA).
In a typical ultrasonic exfoliation process, 0.16 g of Al foil

was cut into small pieces and then put into 100 mL of ethylene
glycol (Figure 1a) in an Erlenmeyer flask. The mixture was put
into an ultrasonic cleaner (Branson 2510, Branson Ultrasonic,
CT, USA) for ultrasonic exfoliation. During the ultra-
sonication, the Al foil gradually fragmented into smaller pieces,
and the color of the mixture slowly changed from a colorless to

grayish black (Figure 1b). The mixture was left on the
countertop for an hour to settle down after sonication. The
upper layer mixture from this solution was centrifuged at 2000
rpm for 10 min to separate the Al microparticles, followed by
centrifugation at higher centrifugation speeds (10000−20000
rpm) for 20 min to obtain a gray precipitation that contained
the 2D aluminum nanoflakes (Figure 1c). 2D Al nanocrystals
with different sizes can be separated by simply choosing
different centrifugation speeds. The aluminum particles were
washed with ethanol to remove any remaining ethylene glycol
and solvent components. The purified samples were stored in
anhydrous ethanol. The Al nanocrystals can assemble into 2D
Al nanocrystal films on the water/air interface when the Al−
ethanol mixture is carefully transferred onto a water surface
dropwise as ethanol evaporated (Figure 1d). The Al films were
then transferred onto different substrates (Figure 1d insert) for
further characterization and application investigations.
The X-ray diffraction (XRD) patterns of the 2D Al

nanocrystals and Al foil were collected with a Siemens
D5000 diffractometer in θ-2θ mode using Cu Kα radiation
(λ = 1.5406 Å) as the X-ray source (operated at 40 kV and 30
A). The scanning step size for XRD was 0.05 degree.
Scanning electron microscope (SEM) images were collected

with a FEI Focused Ion Beam SEM Microscope (FEI-Versa
3D). The energy-dispersive X-ray spectroscopy (EDS) experi-
ments were performed to determine the composition of the
commercial Al foil. The results show that commercial Al foil
has 98.4% Al, 0.6% Si, 0.9% Fe, and negligible amounts of Mn,
Zn, and Cu (Figure S1). Low magnification transmission
electron microscopy (TEM) images were acquired with a
JEOL 1010 TEM (JEOL Co., Japan) with 60 kV accelerating
voltage. High resolution TEM images were collected using a
FEI Tecnai G2 F30 (FEI, USA) operated at 300 kV. Atomic
force microscope (AFM) images were acquired using a
Dimension Icon AFM microscope (Bruker Corp).
Raman measurements were conducted using a lab-built

Raman microscope, which consisted of a 532 nm laser as the
excitation source and a Zaber ASR-E closed loop microscope
stage (Zaber Technologies Inc., Canada) for scanning and
focusing control. A focused laser beam with a spot size of ∼1.0
μm was scanned over the samples’ surface. The Raman spectra
were collected using a Princeton Instruments SCT-320
spectrometer with a 1200 lines/mm grating through a 60×
objective lens. Adenine detection on the Al 2D nanocrystal film
and Si substrate was accomplished by drop-casting a 3 μL 10−4

M adenine aqueous solution to form drops with a diameter of
∼3 mm at the 2D Al nanocrystal film/Si boundary, the 2D Al
nanocrystal film, and the Si substrate, respectively. Raman
maps of 50 μm × 50 μm area were collected with a 0.5 μm step

Figure 1. Al nanocrystal synthesis. (a) Picture of Al foil in EG solution before ultrasonication; (b) picture of 2D Al nanocrystals in EG after
ultrasonication; (c) SEM image of separated 2D nanocrystals; (d) 2D Al nanocrystals assembled into film on water/air surface (inset shows a
representative 2D Al film transferred to a quartz substrate).
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size with 1 s accumulation time after the adenine drops dried
in a hood at the room temperature.

■ RESULTS AND DISCUSSION

The morphology of the Al nanoflakes separated with different
centrifugation speeds were analyzed using SEM images, which
showed that Al foils were transformed into 2D Al nanocrystals
of various sizes with ultrasonication (Figure 2a−f). The
majority of the 2D Al nanocrystals from 10000 rpm separation
were about 1−2 μm (Figure 2a,b) in size and around 80−100
nm in thickness. The thickness was obtained from the 2D
crystals that were “standing up”. The nanocrystals obtained
from 15000 rpm separation (Figures 2c,d) were about 1 μm in
size with the thickness of less than ∼50 nm. 20000 rpm
separation yields Al nanoflakes that are mostly smaller than
∼500 nm in size and about 20−30 nm in thickness (Figure
2e,f).
XRD patterns (Figure 3a) of the 2D Al nanocrystals

centrifugated at different speeds show four characteristic peaks
for FCC phase aluminum (JCPDS # 04−0787), corresponding
to Miller indices (111), (200), (220), and (311). A
representative low-resolution TEM image of 2D Al nanocryst-
als (Figure 3b) shows that ultrasonically generated 2D Al

nanocrystals have a relatively large distribution in particle size
and particle thickness without size selection. A low-resolution
TEM image (Figure 3c) of 2D Al nanocrystals separated at
15000 rpm shows more uniform 2D Al nanocrystals after the
“size selection” with some nanoflakes “laying down” flat and
some “standing up” on the TEM grid. The dark “standing up”
nanocrystals show that the thickness of the crystals is about
20−50 nm which agrees with what was estimated from the
SEM images (Figure 2c,d). The high-resolution TEM image
(Figure 3d) shows that the outer edges of the Al crystal were
surrounded by a 7 nm amorphous Al2O3 layer. The measured
interplanar spacing of the inside crystal is 0.236 nm (Figure
3d) which corresponds to the distance between Al (111)
lattice planes. Both the SEM and TEM investigations clearly
show that the Al foil was ultrasonically exfoliated into 2D Al
nanocrystals. The impervious Al2O3 layer prevents the 2D Al
nanocrystals from further oxidation (as in the Al foil)4,35,36 and
makes them stable in ambient environment.
In order to understand the mechanism of the ultrasonic

exfoliation of Al foil into 2D nanocrystals, we investigated the
morphological and structural changes of the Al foil before and
during ultrasonication using various microscopies. Figure 4a is
a representative SEM image of Al foil used in our investigation

Figure 2. SEM images of 2D Al nanocrystals centrifugated at different speeds: (a and b) centrifugated at 10000 rpm; (c and d) centrifugated at
15000 rpm; (e and f) centrifugated at 20000 rpm. The scale bars in the left panels are 5 μm, and those in the right panels are 1 μm.
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before ultrasonication. The grooves and ridges are parallel to
the rolling direction of the Al foil during manufacturing. The
distance between the grooves or ridges obtained from SEM
images (Figure 4a and Figure S2a) is about 10−40 μm.
Aluminum foil is produced by rolling Al ingots into the desired
thickness through continuous casting or cold rolling. The

grains in the Al sheet elongate in the rolling direction and the
thickness is decreased in the normal direction. The Al foil
product consists of layers of highly elongated, deformed grains
with the desired thickness.37 The microsteps induced by the
grains overlapping at their boundaries due to grain boundary
sliding are highlighted with white circles in Figure 4b.38,39 The
AFM image (Figure 4c) shows that there are shallow parallel
grooves and ridges inside the grooves observed in the SEM
images (Figure 4a and Figure S2a). These shallow grooves and
ridges are caused by the multiple rolling process. The inserted
AFM line profile (Figure 4c) shows that the depth of the
shallow grooves and ridges is about 10 to 30 nm, which is
much smoother than the structure from last roller because each
rolling pass slightly reduces the surface roughness of Al
surface.40,41 The dents with depth of about 80 nm caused by a
roller or post rolling process38,42 can also be identified in the
AFM image (Figure S2b,c).
In general, the initial ultrasonic process yields a wrinkled Al

foil with perforated holes. The Al foil broke into small pieces
when the perforated holes interconnected. Figure 4d shows the
SEM image of Al foil after 30 min of sonication in ethylene
glycol. Damages with the size around 80−180 μm are
randomly located on the sonicated Al foil surface. Some of
the damaged areas were perforated into holes, and some areas
formed dents (highlighted in circles) without through
penetration.27 Figure 4e presents a high-resolution SEM
image of the edge area of a perforated hole highlighted with
a square in Figure 4d, which shows a clear lamellated structure.
Besides the addition of perforated holes, the surface grooves
and ridges from the rolling process gradually diminished with
longer ultrasonication (Figure S3a). The zoomed-in SEM
image (Figure S3b) clearly reveals cleavage steps and parallel

Figure 3. Structural analysis of 2D Al nanocrystals. (a) XRD patterns
of different-sized 2D Al nanocrystals; (b) low-resolution TEM image
of Al nanocrystals without size selection; (c) low resolution TEM
image of 2D Al nanocrystals separated at 15000 rpm; (d) high
resolution TEM image of an Al nanocrystal covered with an
amorphous Al2O3 layer.

Figure 4. Structural analysis of Al foil before and during ultrasonication. (a) Representative SEM image of Al foil; (b) high magnification SEM
image of Al foil shows grain boundaries (highlighted with white circles); (c) AFM image and line profile of Al foil surface; (d) SEM image of
sonicated Al foil shows perforated holes (highlighted in square) and dents (highlighted in circles); (e) SEM image of vicinity area of a perforated
hole highlighted in panel d; (f) AFM image and line profile of vicinity area of a perforated hole on sonicated Al foil.
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facets after the surface grooves and ridges were removed by
sonication. Figure 4f presents an AFM image of the edge area
of a perforated hole. Lamellar structures of 200−300 nm
thickness (inserted line profile in Figure 4f) are similar to the
exfoliated 2D Mg nanocrystals.25 As mentioned above, there
are abundant slip planes in Al. Slip is the dominant
deformation model43−45 when the Al sheet is rolled into Al
foil with massive thickness reduction resulting in layers of
highly elongated, deformed grains shown as lamellar structures
in the SEM (Figure 4b) and AFM (Figure 4f) images. Lamellar
structures with 200−300 nm thickness fluctuation (inserted
line profile in Figure 4f) caused by metals deform
inhomogeneously through thickness reduction due to a large
amount of shear strain,46 which is also observed in exfoliated
2D Mg nanocrystals.25 The surface areas on sonicated foil that
is far from perforated holes show similar surface roughness as
that of the nonsonicated surface (Figure S4).
The textural structures of the Al foil are determined by the

crystal structure of Al and its manufacturing process. Al has an
FCC structure (Figure 5a) with relatively high stacking-fault
energy (SFE) mainly deformed by {111} <110> slip.43,47,48

When a heavy cold-rolled aluminum specimen is annealed
under heat treatment conditions, one of the origins of
{100}⟨001⟩ recrystallization nuclei is considered to be the
{100} <001> band existing in the deformed structure, called
“the cube band”.49,50 Figure 5b compares the XRD patterns of
Al foil, sonicated foil, and Al 2D nanocrystals. The strongest
peak in XRD pattern of the Al foil (black line in Figure 4b) at
(200) (2θ = 44.6°) and negligible (111) signal confirms that
the surface of the Al foil is mainly {100} <001> as in the ‘‘cube
band” textures with the {100} plane parallel to the rolling
plane and the <100> direction along the rolling direction.51

Comparison of the XRD pattern of ultrasonicated Al foil with
that of Al foil shows that one significant change is the
appearance of the (111) peak, which suggests that a substantial
amount of additional {111} planes were exposed after the
surface ‘‘cube band” textures were exfoliated. The surface
energy of Al low index planes has the order of (111) < (100) <

(110).52,53 Therefore, it is not surprising that the preferred
cleavage plane of the FCC Al lattice by ultrasonication is
determined to be (111) as confirmed by both XRD results and
high-resolution TEM observation (Figure 3d). In addition to
the (111) peak, there is a broad peak (centered at 2θ = 25°) in
the XRD pattern of 2D Al nanocrystals; this broad peak can be
assigned to amorphous Al2O3.

54 Further SEM measurements
on the broken pieces of the 2D Al microcrystals provide
important morphological information to understand the
exfoliation process.
The SEM image (Figure 5c) of an Al microcrystal from 2000

rpm reveals that there are many nanoflakes on the surface of
the Al microcrystal. Additional SEM images confirm that most
of the microsized Al crystals have similar flaked surface features
(Figures S5). Figure 5d presents an AFM image of an Al
microcrystal. The line profile shows that the height of the
flaked surface features is roughly in multiples of 5 nm. Figure
5e is an AFM image taken on a representative 2D Al
microcrystal with flaked step structures. The most surprising
finding is that most of the steps have an almost identical height
of 5 nm or multiples of 5 nm. Since the surface of an Al metal
is always covered with an Al2O3 layer of a few nanometers in
ambient environment,4,35,36 it is reasonable to conclude that
the 5 nm flake structures are a layer of Al2O3 with the most of
their thickness of ∼5 nm (Figure 5f). The thickness difference
between the AFM and TEM observations can be attributed to
the differences in the resolution of AFM and TEM techniques.
The apparent height obtained from AFM measurements may
be affected by sample surface conditions, tip−samples
interaction, vibration, and instrumental offset.55−57

On the basis of these microscopy observations, we propose
that when Al foil breaks into small pieces or is exfoliated into
2D nanocrystals, the process is assisted via the Al2O3 layer. The
5 nm Al2O3 layer can be exfoliated under continuous
ultrasonication, and then the newly exposed Al surface is
oxidized to Al2O3 again (Figure 5g). By repeating this Al2O3
exfoliation process, a layer-by-layer exfoliation of Al2O3 can
lead to the production of thinner 2D Al nanocrystals. On one

Figure 5. Structural analysis and exfoliation mechanism of 2D Al nanocrystals. (a) Octahedral slip systems in FCC crystal (reproduced from ref 45)
; (b) XRD patterns of Al foil (black), sonicated Al foil (red) and 2D Al nanocrystals (green); (c) SEM image shows the flaked structures on a 2D Al
crystal surface; (d) AFM image shows step thicknesses on the surface of a 2D Al crystal; (e) AFM image shows features due to layer by layer
exfoliation (inserted line profile shows the thickness of Al2O3 layer is 5 nm); (f and g) sketch of layer-by-layer exfoliation mechanism.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.0c10935
J. Phys. Chem. C 2021, 125, 7746−7755

7750

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10935/suppl_file/jp0c10935_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10935/suppl_file/jp0c10935_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10935?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10935?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10935?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10935?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.0c10935?rel=cite-as&ref=PDF&jav=VoR


hand, the surface Al2O3 layer protects the 2D Al nanocrystals
from further oxidization; on the other hand, the surface Al2O3
layer can be further exfoliated to reduce the thickness of 2D Al
nanocrystals.
The 2D Al nanocrystals assembled into Al nanocrystal films

on the water/air interface when the Al−ethanol mixture was
carefully drop-cast onto a water surface as the ethanol
evaporated (Figure 1d). The floating white film of 2D Al
nanocrystals can be transferred to different substrates (inset of
Figure 1d). The optical image shows that 2D Al nanocrystals
form a relatively uniform film (Figure 6a and Figure S7a) on
substrates. The SEM image (Figure 6b and Figure S7b) of the
2D Al nanocrystal film shows that most of the 2D Al
nanocrystals “lay” flat on Si substrate. This is in contrast to the
randomly orientated 2D Al nanocrystals in films prepared by
directly drop-casting the Al−ethanol mixture on Si substrates
(Figure S7c,d).
The optical absorption of 2D Al nanocrystal films on quartz

substrates was investigated with a UV−vis spectrometer
(Agilent 8453). No clear plasmonic resonance peaks were
observed in any of the 2D Al nanocrystal thin films. Broadband
absorption across the entire visible range (300 to 800 nm) was
observed from thin films made of Al nanocrystals separated at
15000 and 20000 rpm (Figure 6c) because the size of the Al
nanocrystals centrifugated at higher centrifugation speeds is
smaller than that of the Al nanocrystals collected at lower
speed. The stronger absorption from smaller crystals is
consistent with what is expected from the plasmonic resonance
of Al nanocrystals. The experiments and simulations of
uniform Al nanodiscks prepared via electron-beam evaporation
show that only smaller Al nanodisks exhibit the characteristic
Lorentzian resonance of a dipolar oscillator. As nanodisk
diameter is increased, the plasmon resonance red shifts and

broadens and introduces higher-order, multipolar resonances.4

Similar broad but weaker absorption spectra were observed
when the Al 2D nanocrystals were dispersed in ethanol
solution (Figure S6). We attribute the broadband absorption
to the broad size distribution and the random shape of the
particles.25,55 The relatively large size of the Al nanocrystals
could also contribute to the broadband absorption due to
higher-order, multipolar resonances.56,57

To measure the surface enhancement of the Raman signal of
the DNA base adenine on self-assembled 2D Al nanocrystal
film, a drop of 3 μL of adenine 10−4 M solution was pipetted at
the distinct Al−Si substrate boundary (Figure 6a). Raman
spectra were obtained from both the Si substrate and the 2D Al
nanocrystal film from the same droplet of adenine solution.
With the evaporation of the solvent, a coffee-ring like pattern
remained on both Al film and Si substrate. The periphery of
the “coffee ring” was covered with heterogeneous adenine
caused by the accumulation of molecules at the drying
boundaries, while the inside area of the “coffee ring” was
covered with a relatively uniform layer of adenine.58−61 Raman
spectra were taken inside “coffee ring” and on the “coffee ring”
on both 2D Al film and Si. Figures 6d,e are the optical image
and the Raman map of adenine taken inside the “coffee ring”
on Al film, respectively. The Raman intensity map (Figure 6e)
of the 733 cm−1 peak shows that adenine is distributed evenly
across the scanned area, confirming a relatively uniform layer
of adenine inside the “coffee ring” (although there are a few
“hot spots” with stronger adenine signals). Figure 6f shows the
average Raman spectra of adenine inside the “coffee ring” on Si
and 2D Al nanocrytal film. Only the strongest Raman shifts at
733, 1260, and 1344 cm−1 can be identified on the averaged
spectrum (green line) from the Si area. The broad peak
between 950 and 1020 cm−1 is from the secondary scattering

Figure 6. SERS of adenine on self-assembled 2D Al nanocrystal film. Optical image (a) and SEM image (b) of 2D Al nanocrystal films on Si
substrate; (c) UV−vis absorption spectra of thin films self-assembled 2D Al nanocrystals separated at different centrifugation speeds; (d) optical
image of adenine on Al film inside the “coffee ring”; (e) Raman mapping of adenine from the area highlighted in panel d; (f) averaged Raman
spectra of adenine inside the “coffee ring” on Al film and on Si; (g) optical image of adenine “coffee ring” on Al film highlighted by arrows; (h)
Raman mapping of adenine from the area highlighted in panel g; (i) averaged Raman spectra of adenine “coffee ring” on Al film and on Si.
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of the Si substrate. All the characteristic Raman peaks (red
line) of adenine molecules are clearly visible from 2D Al
nanocrystal film and are much stronger than those obtained
from Si area, indicating that the 2D Al film surface enhances
the Raman scattering of adenine molecules inside the adenine
“coffee ring”.62

Analytical enhancement factor (AEF) was proposed by Le
Ru et al.63 and is well accepted for practical applications under
identical experimental conditions.63−66 This factor addresses
the apparent enhancement from SERS compared to sponta-
neous Raman scattering when the Raman signals are not only
from the absorbed surface but also from the distant area. An
AEF of 18 is calculated inside the ring which is the peak area
ratio of 733 cm−1 Raman shift of adenine on Al (IAl) to that on
Si (ISi). As for the “coffee ring” area, the AEF is about 11
(Figure 6i). On the optical image of the “coffee ring” area, the
interface of “with adenine” and “without adenine” on the Al
film is clearly distinct across the diagonal of the picture as
indicated by the white arrows (Figure 6g). From the Raman
mapping (Figure 6h), it is clear that adenine molecules are
distributed heterogeneously on the “coffee ring”. The AEF
value on the “coffee ring” is less than the value inside the coffee
ring because the aggregation of the adenine molecules results
in relatively fewer adenine molecules that are in the SERS
scattering volume and are directly interacting with the Al 2D
film substrate. To eliminate the possibility that more adenine
molecules were accumulated on Al film when the adenine
solution was dropped at the 2D Al nanocrystal film/Si
boundary, Raman measurements of single droplets of 10−4 M
adenine solution drop-casted on Si substrate and 2D Al
nanocrystal film separately were carried out (Figure S8a,b).
The AEF values obtained on the coffee ring and inside the
coffee ring are 13 and 19, respectively, which are close to the
values obtained from the same adenine droplet at the 2D Al
nanocrystal film/Si boundary. To determine the detection limit
of adenine on 2D Al nanocrystals film, Raman signals of
adenine solutions of various concentrations were measured
(Figure S8c). The detection limit was determined to be ∼10−7
M.
Up to this point, we have been referring to enhancements in

terms of AEF, which represents increased signal intensity but
does not account for factor of the number of molecules
contributing to SERS signal. Since the enhancement of SERS is
due to the localized surface plasmons, only the molecules
adsorbed within ∼10 nm from the nanoparticles’ surface
contribute to SERS.66 To account for this factor and to gain a
deeper understanding of the mechanisms, we calculated the
more commonly used average SERS enhancement factor
(EFSERS) (S9). The EFSERS of adenine on our Al 2D
nanocrystal film is ∼4 × 102. Although this enhancement is
quite weak compared with Au and silver substrates, it is
comparable to the reported SERS enhancement factor (EFSERS
= 1 × 103) of adenine on aluminum film-over nanosphere
substrates for UV surface-enhanced Raman scattering with a
229 nm excitation.67

Besides the electromagnetic effect, chemical enhancement
occurs when charge transfer takes place between the molecules
and substrate. It has been shown that the alumina nanotubes/
nanopores without plasmonic metal deposits are SERS
inactive.68 In fact, the atomic layer deposited thin Al2O3
layer was used to eliminate the chemical enhancement by
blocking charge transfer between the molecules and the metal

surface.69,70 Therefore, we conclude that the SERS observed in
the experiments are from aluminum plasmonic resonance.
As expected, although clear Raman enhancements of

adenine were observed with 2D Al nanocrystal film using a
532 nm laser excitation, the enhancement is much smaller than
what is usually observed on Au and Ag SERS substrates.
Previous simulations showed that the optimal enhancement by
Al with a native Al2O3 coating is about 2 orders of magnitude
less than that for Al.71 However, there is still a substantial
increase in Raman signals observed experimentally.67,71 Al
nanostructures have shown a great potential for plasmonic
applications in DUV -NIR even with the Al2O3 layers.

67,71−76

■ CONCLUSIONS

In summary, we developed a simple and economical but
effective synthetic method to generate 2D Al nanocrystals from
commercially available Al foil. The external stress from
ultrasonic cavitation enables preferred cleavage along the
(111) surface planes and the exfoliation of deformed Al grains
from the Al foil into 2D Al nanocrystals. The 2D Al
nanocrystals of different sizes can be separated by centrifuga-
tion. Layer-by-layer Al2O3 exfoliation from the surface of the
2D Al nanocrystals leads to thinner 2D Al nanocrystals. The
2D Al nanocrystals self-assemble into an Al nanocrystal thin
film at the water/air interface which can be transferred to
different substrates. The self-assembled 2D Al nanocrystal thin
films show SERS effect in adenine Raman measurement using
visible laser excitation. It will be worthwhile to explore the
ultrasonic exfoliation method for the production of 2D metallic
nanocrystals from other metallic foils.
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