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spheric aerosols particle. Compared to other methods used for testing atmospheric aerosols
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particles, the collection and subsequent detection in our work is performed directly on the
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gold nanoring SERS substrate without any treatment of the analyte. The SERS performance
can be tuned by changing the depth of the gold nanoring cavity as originating from coupling
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of dipolar modes at the inner and outer surfaces of the nanorings. The electric field exhibits

Raman

uniform enhancement and polarization in the ordered Au nanoring substrate, which can

SERS

improve the accuracy for detecting atmospheric aerosol particles. Combined with Raman

Aerosol

mapping, the information about chemical composition of individual atmospheric aerosols

Nanoring

particle and distribution of specific components can be presented visually. The results show

Chemical component

the potential of SERS in enabling improved analysis of aerosol particle chemical composition, mixing state, and other related physicochemical properties.
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Introduction
Atmospheric aerosol particles appear in many different forms,
such as dust, fumes, smoke, smog and fog, throughout our
environment (Andreae and Rosenfeld, 2008). These aerosols
affect human health and quality of life through changes in
the visibility and toxicity of the atmosphere (Poschl, 2005).
Their composition can differ widely depending on their
origin (Hallquist et al., 2009). The distribution of particles are
influenced by a number of factors including the presence of
other aerosols (Virtanen et al., 2010), the chemical equilibrium
vapor pressure (Riemer and West, 2013), the internal combus-

∗

tion (Fierce et al., 2016), and so on. The chemistry of aerosols
is rich but remains largely unknown due to its complexity
and the limitations of the instruments used to investigate it.
Understanding aerosols in detail requires examining the
size and chemical composition of the individual particles
making up the aerosol (Zhang et al., 2011). The major goal
of many aerosol characterization studies would get the detail information of each particle to be traced to its original
source (Canagaratna et al., 2007; Noble and Prather, 1996;
Roth et al., 2016; Yang et al., 2017). By monitoring the chemical changes occurring in individual particles with high temporal resolution, the chemical dynamics within the aerosol
can be unraveled (Xu et al., 2017; Zaveri et al., 2018). Furthermore, analysis at the single-particle level allows immediate detection of atmospheric phenomena, determination
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of exposure levels to harmful industrial aerosols, and detection of chemical warfare agents (Ault and Axson, 2017;
Craig et al., 2015). In order to obtain a broad perspective of
local, global, and temporal variations of the aerosol phase,
some methods for aerosol particle analysis were already reported (Gilardoni et al., 2016; Perrino and Marcovecchio, 2016;
Teich et al., 2016). But the limitations of traditional methods
(gas chromatography, liquid chromatography, ion chromatography etc.) are the lack of real-time information and an inability to analyze composition on the single particle level. Aerosol
particles are most frequently collected by filtration or inertial impaction (Parshintsev and Hyotylainen, 2015). After collecting the compounds of interest, solvent extraction or thermal desorption is used to recover organic compounds from
sorbent with subsequent analyses by means of liquid or
gas chromatography (Perez-Fernandez et al., 2017). To analyze individual particle size and composition, laser microprobe mass spectrometry (LMMS) and aerosol time-of-flight
mass spectrometry (ATOFMS) have proven to be highly efficient methods (Aubriet and Carre, 2010; Elmes and Gasparon, 2017; Hatch et al., 2011; Li et al., 2011). However, using these methods, particles are desorbed or ionized in flight
preceding chemical characterization and thus is susceptible
to sample deterioration.
During the past decade, surface-enhanced Raman spectrometry (SERS) has been widely used in the characterization and identification of unknown samples in complex
chemical environment, and has the advantages of sensitivity and selectivity inherent in the vibrational spectroscopies
(Schlucker, 2014). In SERS, the problem of low sensitivity of
conventional Raman spectroscopy is circumvented by the enhancement of Raman cross sections by five to six orders
of magnitude for molecules adsorbed on metallic surfaces
(Cialla et al., 2012). Recently, different research groups have investigated the general usefulness of SERS for the detection of
trace amounts of a variety of contaminants, chlorinated pesticides and nicotine (Alharbi et al., 2014; Clauson et al., 2015;
Fu et al., 2017; Sun et al., 2019). SERS has been evaluated as a
new alternative technique for detection of trace amounts of
atmospheric pollutants in aerosols with an inexpensive and
straightforward sampling procedure based on collection onto
an untreated solid support (filter paper) of aerosols generated
from four well established atmospheric pollutants. The detection is performed directly on the filter paper without elution
of the analyte, and subsequent analysis by SERS.
The Raman microspectrometry which combines the analysis capabilities of Raman spectroscopy with an optical microscope resolution provides a potential solution for obtaining molecular information on particles of microscopic volume under in situ conditions (Eberhardt et al., 2015). Currently, Raman spectral mapping can be collected by computercontrolled (XYZ) scanning. Moreover, it has also been demonstrated by a number of early investigators that Raman spectrum combined with mapping can be used successfully to
study the composition and distribution of atmospheric particles (Ault et al., 2013; Baustian et al., 2012; Offroy et al., 2015).
The first use of SERS to detect trace organic and/or inorganic
species in ambient atmospheric aerosol particles is presented
by Ault et al (Craig et al., 2015). The observations obtained
with this method demonstrate the power of SERS to detect
inter- and intraparticle variability in ambient secondary organic aerosol particles. In 2017, (Fu et al., 2017) used Klarite
as SERS substrate for detecting chemical components of individual aerosol particles, makes it possible to monitor the
distribution of organic or inorganic species. Substrates such
as Au/Ag nanoparticles are frequently used for SERS study
of aerosols, however, they present low measurement reproducibility and low enhancement factor due to the lack of uni-

formity in the distribution of “hotspots” (Craig et al., 2015).
Klarite has high uniformity in the distribution of “hotspots”,
while the SERS enhancement factor (<6) for aerosols is not
satisfying (Fu et al., 2017). We recently reported a Cu/Ag sphere
segment void array with EF of tens of times, but fabricating
this substrate in large scale is challenging (Dong et al., 2019). It
is still a challenge to find a suitable substrate for atmospheric
aerosol study. Finding an efficient substrate that have many
uniform “hotspots” and can be easily fabricated in large scale
is urgently needed for atmospheric aerosol study.
Herein, monolayer-ordered gold nanoring arrays were prepared and used as SERS substrates to test the individual atmospheric aerosols particle for the first time. The SERS substrate
was made by depositing gold on the 2D polystyrene sphere (PS)
monolayer arrays via an ion-sputtering methods, and then remove the PS by solvent. The thickness and size of nanoring
can be easily tuned by changing the sputtering time and the
size of PS template. The performance of these nanoring arrays as SERS substrates are evaluated by studying simulated
ammonia sulfate aerosol and ambient aerosols.

1.

Experimental

1.1.

Materials

Polystyrene (PS) nanospheres (diameter 1.0 μm, 5% w/v)
was purchased from aladdin®. Ethanol, sodium dodecyl sulfate (SDS), ammonium sulfate ((NH4 )2 SO4 , ≥99.0%), sodium
sulfate (Na2 SO4 , ≥99.0%), sodium nitrate (NaNO3 , ≥99.0%)
and tetrahydrofuran (THF, ≥40.0%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. All chemicals were
used as received unless further mentioned. Deionized water
was used in all experiments.

1.2.
Self-assembly of 2D colloidal monolayer array of PS
particles
The PS nanospheres were sufficiently dispersed in
ethanol/water (V/V 1:1) solution by ultrasonic dispersion
at a concentration of 5 wt.%. A sodium dodecyl sulfate solution (1%, 20 μL) was added to the water in a tank with the
diameter of 12 cm. Then, the PS nanosphere solution was
dropped on a flat silica wafer placed, in tilted, at the edge of
the tank, and the PS nanospheres slipped onto the surface of
water. The PS nanosphere monolayer was then collected onto
the fluorine tin oxide (FTO) coated glass slides by lifting. The
closely packed PS nanosphere array was obtained on FTO.
Finally, these slides with nanosphere array were dried in air.

1.3.

Fabrication of ordered gold nanoring arrays

A gold layer was deposited on the 2D PS monolayer arrays
coated FTO substrate by an ion-sputtering method. The value
is estimated based on the data provided by the instruction
manual of the sputter coater (Emitech K550X). In our experiment, the gold layer was obtained at 20 mA for different time
duration. Then, the monolayer of close-packed gold nanoshell
arrays was lifted by biaxially oriented polypropylene. The
PS particles were removed by Tetrahydrofuran, producing a
monolayer-ordered gold nanoring arrays adsorbed on the biaxially oriented polypropylene. The nanoring structure was
analyzed by Scanning Electron Microscope (SEM; Nova nano
SEM 450; FEI, America). The surface morphology and scale was
studied using Atomic Force Microscopy (AFM; NANO4; DIGITAL LNSLREIM, America).
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1.4.

Aerosol sample collection

0.1 M solution of ammonium sulfate was used for the
laboratory-generated aerosol samples. First, the air flows out
of a compressor and into a two-level air filter system (0.1 and
0.01 μm, respectively) to partially remove impurities. Then,
the air continues into a two-level air dryer system that can
remove nearly 90% percent of the moisture. This is followed
by an air filter (0.01 μm) set to prevent the nebulizer from
being contaminated by the remaining impurities. The nebulizer generates aerosol droplets with an aerodynamic diameter of 0.5−20 μm, whose median mass aerodynamic diameter range from 1 to 4 μm. Finally, the aerosol droplets are impacted onto substrates using a microanalysis particle sampler.
All the samples were collected for 1 min using a homemade
microanalysis impactor, operating at a flow rate of 5 lpm. The
microanalysis impactor consisted of a mini pump, a flow meter, and a sampling head. After that, we accelerated the dehydration by increasing the temperature to 50°C in an oven.
The ambient atmospheric aerosol particles were collected on
the roof of the environmental science building at Fudan University in the afternoon of March 14th, 2019. The weather was
sunshine with a south breeze. The samples were collected for
6 hr using Anderson 8 grading particle sampler (NVA-800; Staplex, America).

1.5.

Raman measurement

The gold nanoring substrates and the aerosol particles were
probed by using a XploRA confocal spectrometer (Jobin Yvon,
Horiba Gr, France). The Raman spectra measurements were
recorded using the 532 nm laser excitation and a 100 × Olympus microscope objective lens. The confocal slit width was 100
μm, and exposure time was 5 sec and number of accumulations were 20, detecting a spectral region of 200 to 2000 cm−1 .
When Raman mapping was acquired, the exposure time was
5 sec and number of accumulations were chosen to be 20.

2.

Results and discussion

2.1.

Characterization of Au nanorings

Fig. 1a is a representative top-view SEM image of the hemispherical concave arrays on the remaining polypropylene after thorough removal of the topmost ordered monolayer PS
film, revealing the periodic hexagonal-packed arrangement of
geometrical features which is an exact replica of the morphology of the highly ordered PS bottoms. Fig. 1b-f show the topview SEM images of the sputtered thin Au film on the concave arrays with different sputtering duration (30 sec, 180 sec,
240 sec, 300 sec, 420 sec), demonstrating that the thin Au film
is composed of close-packed tiny Au-nanoparticles and uniformly covers the entire surface of the concave arrays. From
30 to 420 sec, as the sputtering duration is prolonged, the average diameter of Au-nanorings is elevated (909±18, 916±27,
924±24, 944±28, 976±34 nm), indicating that the Au-nanorings
film were formed gradually. Thus, it is feasible to treat the
sputtered Au thin film as dense and continuous Au nanoring arrays. The top-view SEM images of Au nanoring arrays
reveals that Au nanorings with different core sizes and shell
thicknesses can be fabricated by controlling the sputtering duration. The large area view under Raman microscope (Fig. S1
in Supporting information) further displays the highly ordered
and uniformity of Au nanorings, which is beneficial for the reproducibility of Raman signal.
AFM measurements were used to investigate the fabricated Au nanorings structure in further detail. Fig. 2 shows the
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AFM images of Au nanoring submonolayer at different sputtering duration of the fabrication process. The line scan and
illuminated-top-view images are shown to provide a clearer
view of the morphology change. We can find an un-complete
but smooth Au shell surface was found when the sputtering
duration was 30 sec (Fig. 2a). Next, a complete Au shell was
formed by prolong the sputtering duration from 180 to 420 sec
and an aperture structure around 400 nm was clearly shown
on the top part the Au nanoparticles (Fig. 2b to Fig. 2e), which
is close to the observation from SEM images in Fig. 1. Additionally, the top surface of the Au nanoparticles becomes rougher
due to the sputtered Au film surface. Fig. 2 indicates the cavity structures in Au nanoparticles. The depth of the cavity is
measured from 20 nm to 405 nm, and the inner diameter of
the cavity is around 400 nm (Table 1). When the sputtering
duration changes from 30 to 180 sec, the inner diameter of
the cavity increases from 366 nm to 433 nm, which is due to
the accumulation of the Au nanoparticles. From 180 to 240 sec,
the size of the aperture structures shrinks largely. We attribute
these dimensional deviations of the cavity and the aperture
structures to the geometry limit. Afterwards, a larger aperture
of 360 nm and 395 nm on the top part of the Au nanoparticles
was produced by 300 sec and 420 sec of ion sputtering, respectively. The shell thickness changes with the inner diameter. In
addition, a much rougher Au nanoring surface was obtained,
which was determined by the applied electrostatic spray deposition during the Au nanoshell preparation process.

2.2.
Characterization of the SERS performance of the Au
nanorings
The prepared Au nanorings were examined as effective SERS
substrates for the detection of (NH4 )2 SO4 aerosols, one of typical components in atmospheric aerosol. Fig. 3a displays the
SERS spectra of (NH4 )2 SO4 aerosols on the as-prepared Au
Nanorings with different sputtering duration. Four distinct
bands of SO4 2− , identified as the totally symmetric mode ν 1 at
975 cm−1 , the antisymmetric stretching mode ν 3 at 1066 cm−1 ,
the bending modes ν 2 at 451 cm−1 , and ν 4 at 612 cm−1 , respectively, are clearly observed in the spectrum in Fig. 3, which
agree well with the normal Raman spectrum of (NH4 )2 SO4
(Dong et al., 2007). The two peaks at 1445 cm−1 and 1700 cm−1
results from the contributions of H2 O and NH4 + vibrational
modes (Dong et al., 2007; Jordanov and Zellner, 2006). In the
SERS spectra, it can be seen that the SERS activity of the substrates improves with increase of the Au-sputtering duration
from 30 to 420 sec. And the representative peak of (NH4 )2 SO4
was also enhanced by using bare Au nanorings as substrates
when the Au-sputtering duration decreases down to 30 sec.
The tendency of SERS intensities of the main peak band at
975 cm−1 of (NH4 )2 SO4 versus sputtering duration are shown
in Fig. S2. The Raman signal of sulfate is greatly enhanced
by >10 times, which is much higher than previously reported
substrates such as Au/Ag nanoparticles array (˜2) (Craig et al.,
2015) and Klarite (<6) (Fu et al., 2017). It can be seen that as
the depth of the gold nanoring cavity increases from 20 nm
to 405 nm, the volume of gold nanoring increases; thus, the
gaps between nanostructures (holes, pillars and rings) are decreased. The smaller gaps can give rise to larger field enhancement due to the stronger plasmonic coupling between nanostructures (Wei et al., 2008). The reason why the Au nanorings as SERS substrates exhibit high SERS sensitivity originates from the fact that the nanoring structure of the gold. As
for a nanoring cavity, more nanostructures, including a hole,
a pillar and a ring, are stacked within a unit cell, resulting
in additional gaps, edges, and corners (Ho et al., 2014). Moreover, the plasmonic couplings between the nanostructures (a
hole, a pillar and a ring) may result in stronger field enhance-
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Fig. 1 – (a) Top-view SEM images of the Au nanorings; SEM images of different sputtering duration: (b) 30 sec, (c) 180 sec, (d)
240 sec, (e) 300 sec, (f) 420 sec.

Fig. 2 – AFM topographic and representative line scan images of the Au nanoring submonolayer at different sputtering
duration of the fabrication process. (a) 30 sec, (b) 180 sec, (c) 240 sec, (d) 300 sec, and (e) 420 sec. All arrows marked in the
topographic images correspond to the arrows in the line scan images.

ment (Félidj et al., 2002). The advantage of nanoring structure
compared with nanopillar array is that it has cavities that can
better fit in the aerosol particles, and the electric field can
be greatly enhanced in these cavities, benefiting Raman signal enhancement. Based on the above results, we found that
the Au nanoring arrays have a considerable advantage in SERS
performance, which is important for us to distinguish the contribution of SERS signals for atmospheric aerosol particles.
To investigate the reproducibility of the SERS signals based
on the Au nanorings as substrates, ten times experimental reflection spectra of (NH4 )2 SO4 aerosols are analyzed in Fig. 3b.
The relative standard deviation (RSD) of the intensities of 975
cm−1 peaks is 8.1%. This result indicates that the SERS signals based on Au nanoring arrays as substrates are of high
reproducibility. Therefore, this experiment confirms that the
ordered size and shape distribution of Au nanorings can im-

prove the accuracy for detecting atmospheric aerosol particles.

2.3.
SERS sensitivity of the Au nanoring arrays for
atmospheric aerosol particles
The capability of SERS for detection of composition in individual atmospheric aerosol particle was examined using the
Au nanoring arrays substrate. First, the atmospheric aerosol
particles were collected on these substrates by using grading
particle sampler. For each grade, a total of 10 aerosol particles were randomly selected on Au nanoring arrays substrate
for Raman spectrum analysis. The final Raman spectrums of
each grade are shown in Fig. 4a after equalization. In the Raman spectrum, it can be found that the components of atmospheric aerosol particles between grading IV and VI are mostly
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Fig. 3 – SERS spectra of Au Nanorings with different sputtering duration (a); ten times of SERS measurements using identical
Au Nanorings as the substrate and the same (NH4 )2 SO4 aerosols as analyte (b).

Fig. 4 – SERS spectra of atmospheric aerosol particles collected by grading particle sampler (a); the optimized SERS spectra
from grading IV to VII (b).

nitrate (NO3 − ), at 1051 cm−1 . Under grading III and up grading VII, the most components are sulfate (SO4 2− ), at 975 cm−1 .
Fig. 4b displays the optimized SERS spectra from grading IV to
VII. Comparing the measured SERS signals of curve IV to curve
VII in Fig. 4a, the peaks belonging to SO4 2− and NO3 − can be
clearly found. This work demonstrates that the fabricated Au
nanoring arrays have promising potential in SERS-based rapid
detection of atmospheric aerosol particles.
Fig. 5 exhibits some typical Raman imaging examples of
individual atmospheric aerosol particles. The point-by-point
Raman scanning acquisition over 2.5 × 2.5 μm2 area around

one individual particle selected by grading particle sampler
generates a set of 49 pixel spectra. The careful comparison of
each pixel spectrum indicates that typical pixel spectra are
characteristic of mixture with several components. Using Raman mapping, the component can be presented visually. It can
be seen that these individual particles are probably generated
by the agglomeration of sulfate, nitrate, and carbon. Few individual particles composed exclusively of one SO4 2− or NO3 −
species was detected. Most of the particles in atmospheric
aerosol are determined by Raman imaging as mixture particle
aggregated with SO4 2− and NO3 − . These results show the po-

Table 1 – Fabrication parameters and dimension of Au nanoring submonolayer structure from AFM.
SAMPLE

Sputtering duration (sec)

Inner diameter(NM)

(a)
(b)
(c)
(d)
(e)

30
180
240
300
420

366±22
433±9
342±33
360±27
395±17

Shell thickness(NM)
237±11
254±28
317±21
299±31
269±25

Depth(NM)
20±5
35.98±9
113±14
289±14
405±33
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Fig. 5 – Raman images of individual atmospheric aerosol particles.

tential for SERS to enable improved analysis of chemical composition and mixing state of aerosol particles. The ability to
detect chemical species in these particles also shows the potential for future SERS work to probe differences in composition at aerosol surfaces due to phase separation, the presence
of surfactants, or surface level reactions. Overall, future SERS
studies of atmospheric aerosol composition could lead to improved understanding of multiphase atmospheric processing
and aerosol impacts on climate and human health.

3.

Conclusions

In summary, we demonstrate that ringlike gold nanoparticle
arrays used for SERS substrate exhibit tunable plasmon resonances. The volume confined by the nanoring is empty and
therefore have a considerable advantage in SERS applications
for individual atmospheric aerosols particle detection. The experimentally observed SERS signals of these structures used
for detection of laboratory-generated and ambient aerosol
particles is well described. Using Raman mapping, the distribution information on chemical components of the individual
aerosol particles, which might not be possible with the methods based on mass spectrometry or chromatography can be
more readily and quickly. This work provides an efficient SERS
substrate that can be easily fabricated in large scale for chemical component and mixing state study of individual aerosol
particles, which are of great importance if one wants to know
the climate and health effect of the particles.
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