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ABSTRACT. Surface enhanced Raman spectroscopy (SERS) shows great promise in
studying individual atmospheric aerosol. However, the lack of efficient, stable, uniform,
large-array and low-cost SERS substrates constitutes a major roadblock. Herein, a new
SERS substrate is proposed for detecting individual atmospheric aerosol particles. It is
based on sphere segment void (SSV) structure of copper and silver (Cu/Ag) alloy. The

SSV structure is prepared by electrodeposition method and presents a uniform
distribution, over large 2 cm2 arrays and at low cost. The substrate offers a high SERS
enhancement factor (due to Ag) combined with lasting stability (due to Cu). The SSV
structure of the arrays generates high density of SERS hot spots (1.3×1014/cm2), making
it an excellent substrate for atmospheric aerosol detection. For stimulated sulfate
aerosols, the Raman signal is greatly enhanced (>50 times), an order of magnitude more
than previously reported substrates for the same purpose. For ambient particles,
collected and studied on a heavy haze day, the enhanced Raman signal allows ready
observation of morphology and identification of chemical components, such as nitrates,
and sulfates. This work provides an efficient strategy for developing SERS substrate
for detecting individual atmospheric aerosol.
KEYWORDS: SERS, individual atmospheric aerosol, Cu/Ag SSVs, uniform, low cost
INTRODUCTION
Atmospheric aerosol particles have an important impact on climate by scattering solar
radiation and nucleating cloud droplets, which modify the properties of clouds.1-4
However, the specific organic species formed in the particle phase, particle-to-particle
variability, internal structure, phase state (i.e., liquid−liquid phase separations), and
particle evolution in the atmosphere remain poorly understood.5-10 Single particle level
analysis is especially important because the particle composition, mixing state, and
internal structure determine optical properties and water uptake ability. Methods
enabling more detailed and quantitative investigations of aerosol particle properties are
necessary in order to improve mechanistic understanding of multiphase aerosol
processes occurring in the atmosphere.
Over the past decade, Raman microspectroscopy has emerged as an analytical
technique for chemical characterization of aerosol particles.11,

12

In the field of

atmospheric research, Raman spectroscopy successfully probes the properties of
airborne particles at ambient temperature and pressure, such as chemical composition,13
water solubility,14 pH distribution,15 reaction and phase transition,16 efficiency of light

absorption,17 etc. In comparison to other detection methods, Raman spectroscopy
analysis has many advantages, including low cost, non-destructive analysis, minimal
sample preparation, visualization, and single particle detection.18,

19

It can provide

detailed information about the presence of functional groups, size, morphology, and the
mixing of secondary chemical species with primary components.20, 21 However, both
particle size and concentration of chemical species can limit Raman microspectroscopic
studies of aerosol particles. Surface enhanced Raman spectroscopy (SERS) enables the
detection of trace organic and/or inorganic species present within particles.22 Also, it
allows the observation of complex inter- and intraparticle variability, as well as the
characterization of smaller aerosol particles, whose diameter (<150 nm and well below
the diffraction limit) makes them more atmospherically-relevant.23 In comparison to
traditional vibrational spectroscopy techniques, SERS offers much better potential for
characterization of the physicochemical properties of aerosol particles. Meanwhile, a
few variations of SERS, such as tip-enhanced Raman spectroscopy (TERS),24
electrospray SERS (ES-SERS),13,

25

and surface-enhanced resonance Raman

spectroscopy (SERRS) of trapped and suspended particles,26 have also been applied to
study aerosol particles.
Following preliminary, qualitative studies that illustrated SERS’ potential for
probing bioaerosols,27-29 the technique has recently been applied to aerosol particles
more broadly and in a more quantitative manner. In 2015, Craig et al.30 used silver
nanoparticle coated quartz substrates to investigate both ammonium sulfate and sodium
nitrate aerosol particle standards, as well as ambient aerosol. In 2016, Fu et al.31 used
Klarite, a commercial Au substrate of structured gold inverted pyramids, to study
ammonium sulfate and naphthalene mixed particles. In 2018, Tirella et al.23 used Ag
foil as SERS substrate to study atmospheric aerosol particles and improved the limit of
detection in terms of particles size to 400 nm. Sun et al.32 also used Ag foil as SERS
substrate to directly observe the sulfate–nitrate–ammonium components in atmospheric
single particles. The reported enhancement factors (EFs) ranged from 2.0 to 70 for
νs(SO42-), νs(NO3-), ν(C-H), ν(O-H), and δ(C-C) vibrational modes13, 30-32 and rose to
105 for vibrational modes of Rhodamine 590 chloride (R6G), a dye with a large

scattering cross-section commonly used for SERS studies.26 However, there are several
shortcomings of using substrates such as Ag nanoparticle-coated quartz, Ag foil or
Klarite. For example, it is expensive to make Klarite substrate, which is no longer
available, for commercial reasons. In the case of Ag nanoparticle substrates, low
measurement reproducibility and low enhancement factors due to the lack of uniformity
in the distribution of “hotspots” have hindered wider use of the substrates. By contrast,
sphere segment void (SSV) SERS substrates based on nanostructures consisting of
hexagonal close-packed arrays of uniform sphere segment cavities exhibit large and
reproducible enhancements.33, 34 These substrates support a variety of plasmon modes
and can be fully characterized by white light dispersion measurements allowing the
direct identification of the modes predicted by computational models of the nanoscale
optical fields.35 To the best of our knowledge, SSV substrates have never been used for
detecting ambient aerosol particles.
In this study, monolayer-ordered copper and silver SSV arrays (Cu/Ag SSVs) SERS
substrates were prepared and used for testing the species commonly observed in
atmospheric aerosols for the first time. These substrates can be grown uniformly, over
a large area at low cost. They offer precise control over the electromagnetic hotspots,
which translates into high enhancement factors for SERS. The EFs are shown to be
stable and reproducible. To demonstrate real-life applicability of the substrates, both
laboratory-generated and ambient aerosol particles were analyzed with SERS, revealing
chemical composition and particle size dependences. The reported results highlight the
potential for our SSV-mediated SERS analysis of aerosol particles to improve the
understanding of physicochemical properties of atmospheric aerosols.
EXPERIMENTAL
Materials. Polystyrene (PS) microspheres (diameter 1.0 m, 5% w/v) were purchased
from Aladdin®. Ethanol, sodium dodecyl sulfate (SDS), copper( Ⅱ ) sulfate
pentahydrate (CuSO4·5H2O, ≥99.0%), silver sulfate (Ag2SO4, ≥99.7%), ammonium
sulfate ((NH4)2SO4, ≥99.0%), sodium sulfate (Na2SO4, ≥99.0%), sodium nitrate

(NaNO3, ≥99.0%) and tetrahydrofuran (THF, ≥40.0%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. 3, 5-diamino-1, 2, 4-triazole (DAT, 98%) was obtained
from Shanghai Wokai Chemical Reagent Co., Ltd. All chemicals were used as received
unless further mentioned. Deionized water was used in all experiments.
Self-assembly of 2D Colloidal Monolayer Array of PS Particles. The PS
microspheres 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 water in a tank with a diameter of 12 cm. Then, the PS
microsphere solution was dropped on a flat silica wafer placed, in tilted, at the edge of
the tank, and the PS microspheres slipped into the surface of water. Finally, the PS
microsphere monolayer was lifted onto the fluorine tin oxide (FTO) coated glass slides.
A close packed PS microsphere array was obtained. These slides with microsphere
arrays were dried in air.
Electrodeposition of Cu/Ag NPs. The electrodeposition was performed on a CHI
660A electrochemical workstation (CH Instruments Co.). We used a conventional
three-electrode cell at room temperature. A 2D PS coated FTO substrate, a Pt foil, and
a saturated calomel electrode (SCE) were employed as working, counter, and reference
electrodes, respectively. In a typical electrodeposition, 100 mL of aqueous solution
containing 0.1 M CuSO4·5H2O + 10 mM 3, 5-diamino-1, 2, 4-triazole (DAT), with 0.05
M Ag2SO4 at pH = 1.5 adjusted by using H2SO4, was used as electrolyte. We adopted
a two-step multipotential method. At first, the nucleation step, Cu/Ag seeds were
obtained under −0.200 V in 20 ms; this process was repeated four times to get a higher
seed density. Second, the growth step, Cu/Ag NPs grew under −0.200 V for another
300 s. The as-synthesized Cu/Ag NPs coated FTO coating a 2D monolayer of PS was
then cleaned with double-distilled water several times and dried in a stream of highpurity N2.
Preparation of Cu/Ag SSVs. The as-fabricated Cu/Ag NPs coated FTO coating a 2D
monolayer of PS arrays were used to prepare Cu/Ag SSVs. The PS particles were
removed by hydrofluoric acid, producing a monolayer-ordered Cu/Ag SSVs arrays

deposited on the FTO substrate. The nanobowl structure was affirmed using Scanning
Electron Microscope (SEM; Nova nano SEM 450; FEI, Amercian). The element
distribution was shown using Energy Dispersive Spectrometer (EDS; Inca X-max50;
Oxford, England).
Sample Collection. 0.1 M solution of ammonium sulfate was used for the laboratorygenerated aerosol samples. First, the air flows out of a compressor and into a two-level
air filter system (0.1 and 0.01 m, 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 deposited 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.
Then we accelerated the dehydration by increasing the temperature to 50 °C. The real
atmospheric aerosol particles were collected on the roof of the environmental science
building at Fudan University in the afternoon of November 28th, 2018. The weather
was cloudy with a northeast breeze, and the real-time PM 2.5 index was 158 (data were
provided by Shanghai Meteorological Bureau). The samples were collected for 12 h
using Anderson 8 grading particle sampler (NVA-800; Staplex, USA).
Raman Spectroscopy Measurement. The Cu/Ag SSVs substrates and the aerosol
particles were probed by using an XploRA Plus 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 m, and exposure time was 5 s and number of accumulations were 10,
detecting a spectral region of 100 to 2000 cm-1. When Raman mapping was acquired,
the exposure time was 2 s and number of accumulations were chosen to be 10. The
mapping area was 50 × 50 m2 with a step size of 2 m.

FDTD Simulation. Lumerical FDTD36 (finite-difference time-domain) software was
used to perform numerical simulation of electromagnetic fields near the surface of the
SSVs with varying dimensions. FDTD is a method for numerically solving Maxwell’s
equations.37-39 A mesh is created in the simulated region, a light pulse introduced and
its propagation calculated in the time-domain using the optical constants of the media
in the simulated region. The main source of error comes from calculating the
electromagnetic fields for discrete coordinates only. Convergence testing was used to
check the validity of the results.
The simulations presented in this work were done for SSVs in a Cu-Ag alloy (1:1).
The optical constants of the alloy were approximated using Bruggeman effective
medium approximation. For the simulation, the SSVs were arranged in a hexagonal
array and periodic boundary conditions were applied at the edges of the unit cell of the
array along the x- and y- directions. Perfectly matched layer (PML) boundary
conditions40 were used on the edges of the simulated region perpendicular to the z-axis.
A plane wave polarized in the x-direction was incident on the arrays and the
electromagnetic fields near the surface were monitored. The color maps presented here
show |𝐸|/|𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 |, where |E| is the modulus of the calculated electric field and |Eincident|
is the modulus of the incident electric field, for λ=532 nm which is the wavelength of
the laser used in the Raman measurements.
RESULTS AND DISCUSSION

Preparation of Cu/Ag SSVs. Bimetallic Cu/Ag SSVs with various Cu and Ag
proportions were prepared by electrodeposition method with polystyrene (PS)
monolayer film as template. The scanning electron microscopy (SEM) images of the
obtained PS monolayer template and of the Cu/Ag SSVs are shown in Figure 1 (a) and
(b), respectively. Figure 1 (a) demonstrates excellent short-range order with only minor
size defects. Figure 1 (b) demonstrates good long-range order in the Cu/Ag SSVs,
prepared using the electrodeposition method. An enlarged view of Figure 1 (b) is
presented in Figure 1 (c), showing well-defined bowl structures.

(d)

Figure 1. Geometrical structure and element composition of the samples. In (a), a
scanning electron microscopy (SEM) image of polystyrene (PS) monolayer film
demonstrates excellent short range order. In (b), SEM of Cu/Ag sphere segment voids
(SSVs) shows good long-range order (molar ratio nCu:nAg=1:1). In (c), enlarged view
of the SEM from Cu/Ag SSVs reveals an overall well-defined geometry of the array.
In (d), element energy dispersive spectroscopy (EDS) mapping of the Cu/Ag SSVs
(molar ratio nCu:nAg=1:1).

For enhancing Raman signals, Ag is considered superior to other noble metals, such
as Au and Cu.41 The reason is that Ag exhibits stronger surface electric field under
plasmonic resonant excitation condition than Au and Cu.42 However, in the case of Ag,
ambient SERS performance decreases because the oxidized Ag surface hinders the

charge transfer to the analyte molecule, which is part of the chemical signature
enhancement mechanism.43 In addition, the preparation of Ag nanobowls with uniform
shape and narrow size distribution has proven challenging,44 and Ag nanobowls are
rather instable and change spontaneously into microspheres in aqueous solutions.45 An
effective approach to stabilize Ag is to produce Cu/Ag bimetallic structures. For copper
and sliver nanoalloy, the Ag nanoparticles initially wetting the Cu nanoparticle along
its {111} surfaces at one or multiple locations forming epitaxial Ag/Cu (111) interfaces,
followed by Ag atoms diffusing along the Cu surface. Then stable nanobowl structure
can be formed.46 Adding Cu to Ag and varying the molar ratio of Cu to Ag does not
compromise the geometry of the SSVs. Figure 1 (d) shows an Element Energy
Dispersive Spectroscopy (EDS) mapping of the SSVs, at 1:1 Cu/Ag dosage, where the
signals of Cu and Ag elements are clearly observable. In the EDS images of the Cu/Ag
SSVs, the element distribution of Ag and Cu is uniform, indicating that Ag+ and Cu2+
was deposited at the same time.
The electromagnetic properties of the Cu/Ag SSVs can be tuned by varying the
diameter of the voids. To demonstrate control over the void diameter, a series of Cu/Ag
SSVs were synthesized by changing the time of electrochemical deposition, keeping
constant the used amounts of Cu and Ag in the reaction system. The Raman optical
micrograph in Figure S1 demonstrates that the PS monolayer is highly ordered. After
etching with tetrahydrofuran (THF), their, are shown in Figure S2. The highly ordered
grid structure of the obtained Cu/Ag SSVs can be clearly observed. Their average void
diameter and wall thickness (including statistical variations) were obtained from the
corresponding SEM images, as shown in Figure 2. The depth of the SSVs were
calculated according to the following Eqns (1) or (2).
depth = 2 − √2 −

𝑑

𝑑

𝑣𝑜𝑖𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑑

𝑣𝑜𝑖𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑑

depth = 2 + √2 −

2

2

(For depth<0.5d)

(1)

(For depth>0.5d)

(2)

where d is the diameter of the sphere used as template.
From 100 s to 300 s, as the electroplating time is prolonged, the average void
diameter of Cu/Ag SSVs is elevated, indicating that the SSV structures form gradually.

Meanwhile, the wall thickness of the Cu/Ag SSVs is reduced, until the bowl forms into
1/2 sphere. From 500 s to 900 s, both the void diameter and wall thickness have opposite
variation tendency. These results reveal that, when changing the time of
electrochemical deposition, the size of the Cu/Ag SSVs can be controlled. In turn, the
electromagnetic properties of the SSVs are greatly affected.

Figure 2. Controlling the diameter of the SSVs by the duration of electroplating.
In (a), SEM images of Cu/Ag SSVs with different electroplating time (d: the diameter
of the sphere. 0.24d, 0.28d, 0.5d, 0.64d, 0.71d and 0.87d are the depth of the SSVs).
In (b), Schematic geometry. In (c), the variation tendency of their average void
diameter and wall thickness with different electroplating time (error bar: the relative
standard deviations of 50 particles on their SEM images).

FDTD Simulation of Cu/Ag SSVs. To demonstrate the effect of the geometry of SSVs
on the local electric field distribution, we conducted numerical simulations using the
finite-difference time-domain (FDTD) method. Figure 3 shows the electric field
distribution on the longitudinal and transversal sections with respect to the polarization
of the incident light for Cu/Ag SSVs with different void diameters. The results shown
are for =532 nm. In the longitudinal sections (Figure 3 (a)), due to the local charge
build up at the edges of the bowl, the electric field hotspots are localized near the sides

and bottom, which strongly couples to the localized surface plasmonic resonance of the
Cu/Ag SSVs. Strong field enhancement is observed near the bottom of the cavity, as
shown in Figure 3 (a). The intensity of these hotspots is notably increased as the depth
of the Cu/Ag SSVs increases at first (corresponding electroplating time from 100 s to
300 s) but then starts to decrease. The strongest electric field near the bottom of the
SSV is achieved for the depth equal to the radius of the cavity, with a maximum
intensity of about 4 times that of the incident light. The hotspots at the sides slightly
shift as the void diameter changes. This is because the void mode and rim contributions
have field components aligned in antiphase; in this case, the void field component is
forced deeper into the void, as shown in Figure 3 (a) (0.87d) (d: the diameter of the
sphere).35, 47 These results imply that the plasmonic property of Cu/Ag SSVs can be
tuned by their bowl depth, which is useful for designing SERS substrates for aerosol
particle characterization. In addition, the intense fields located directly at the metal rim
are also strongly coupled to incident light and provide efficient excitation of molecules
at the surface for SERS.35 In the transversal sections of Figure 3 (b), the calculated field
distributions are in agreement with the results in Figure 3 (a). The plasmonically
induced hotspots shift from the surface of the bowl to the inside of the bowl, as the
electroplating time prolongs from 100 s to 900 s. The deepest nanobowl has large
electric field in the middle of the cavity rather than near the surface of the metal. The
results indicate that the local field strengths achieved in the simulated SSVs should be
sufficient to lead to SERS on resonance with the 532 nm lasers.

Figure 3. Controlling electromagnetic hotspots with the void diameter. Local
electric field distribution for Cu/Ag sphere segment voids (SSVs) irradiated with an xpolarized plane wave of wavelength 532 nm calculated using Lumerical FDTD. (a)
The color maps show the electric field distribution in a longitudinal section (with
respect to the polarization of the incident light) through the middle of the cavity. The
void diameter on the surface changes from left to right. (b) The color maps illustrate
the calculated electric field distribution in a transversal section through the centre of
the cavity for the same structures as in (a). Areas with enhanced electric field
compared to the electric field of the incident light E0 (hotspots) can be seen for all of

the simulated structures. The electric field strength and the position of the hotspot is
strongly dependent on the geometry.

SERS Performance Detection of Cu/Ag SSVs. To demonstrate the performance of
Cu/Ag SSVs as SERS substrates, we directly collected (NH4)2SO4 aerosols (typical
component in atmospheric aerosol) on fluorine tin oxide (FTO) coated glass and on a
Cu/Ag SSVs substrate. The SERS spectra of (NH4)2SO4 aerosols using FTO or Cu/Ag
SSVs (with different molar ratio of Cu and Ag) are shown in Figure 4 (a-1). All spectra
have been smoothed by Savitzki–Golay method, and their baselines were corrected for
elimination of the fluorescence background between 100 and 2000 cm-1 by a
polynomial function of the seventh order. The SERS spectra of (NH4)2SO4 are
characterized by the peaks at 440, 520, 970 and 1100 cm-1. 440 and 970 cm-1 are
assigned to SO42- stretching and 520 and 1100 cm-1 are assigned to NH4+ stretching,
which are in agreement with previously reported data.48-50 Craig et al.30 used silver
nanoparticle coated quartz as SERS substrate for atmospheric aerosol detection, the
average enhancement factor for sulfate was 2. Fu et al.31 used Klarite as SERS substrate,
its average EF for sulfate is 6.1. In this work, for stimulated sulfate aerosols, the Raman
signal is greatly enhanced (EF=55 times), an order of magnitude more than previously
reported substrates for the same purpose. As the proportion of Ag content is increased,
the SERS intensity of (NH4)2SO4 aerosols also increases (Figure 4 (a-2)). This effect
can be attributed to greater enhancement of the electromagnetic (EM) field associated
with strong, localized surface plasmon resonances in Ag. Generally, the values of the
enhancement factor are the highest on Ag and relatively very low on Cu, because of an
increased surface plasmon resonance, which mainly depends on the permittivity of the
corresponding metals. However, the permittivity of a given metal alloy is much more
complex and was shown to be strongly affected by the nature of its stoichiometric
constituents.51 Meanwhile, the obtained SERS spectra of Cu/Ag SSVs with different
electroplating time are shown in Figure 4 (b-1). In Figure 4 (b-2), with increasing
electroplating time, we can distinguish two regimes of increasing SERS intensity: a fast
one (below 300 s) and a slow one (above 300 s). These trends can be explained by two

simultaneous effects that result from the increase of electroplating time, on the SERS
intensity. On the one hand, within each void, the total surface area increases linearly
(following the formula for the area of a spherical cap

A  2 rh ,

with r the radius of the

void and h the height of the cut-off plane), which leads to linearly increasing SERS
intensity. On the other hand, Figure 2 indicates that 300 s corresponds to the largest
void diameter of the SSVs, for which Figure 3 demonstrates the highest intensity of
surface electromagnetic hotspots. Consequently, the SERS intensity from localized
electromagnetic hotspots peaks at 300 s and decreases subsequently. The combined
effects of electromagnetic peak at 300 s and linear increase from total surface area is
consistent with the observed behavior in Figure 4 (b-2). To test the limits of detection
(LOD) of Cu/Ag SSVs substrate, 1 M (NH4)2SO4 aerosols were collected on Cu/Ag
SSVs made from 1:1 Cu-Ag alloy and 300 s electroplating time. For comparison,
samples were collected accordingly on FTO, which served as a non-enhancing substrate.
The spectra are shown in Figure S3. It is obvious from the spectra that LOD can be
reduced by 102 by using Cu/Ag SSVs as SERS substrate.
The Cu/Ag SSVs have several characteristics that are clearly advantageous for
improving SERS signals. Firstly, the SSV geometry – bowl-shaped – serves as a light
harvester by focusing the light in the cavity. Moreover, the structure could benefit from
electromagnetically coupling edge modes with the cavity modes.52 Secondly, in
comparison to a flat substrate surface, the curvature cavity of the Cu/Ag substrate
creates well-defined electromagnetic hotspots. Finally, a higher density of SERS hot
spots can be generated in the cavity structure arrays compared to that of particles
dispersed on a flat surface under the same horizontal projected areas.

Figure 4. Tuning substrate stability and SERS enhancement factor. SERS spectra
of (NH4)2SO4 aerosols using FTO or Cu/Ag SSVs with different molar ratio of Cu and
Ag as substrate (a-1) and the tendency of intensity at 970 cm-1 (a-2); SERS spectra of
Cu/Ag SSVs with different electroplating time (b-1) and SERS intensity at 970 cm-1
as a function of electroplating time (b-2).

The diameter of the voids, which has an effect on the magnitude of the surface
enhancement,35,

53, 54

was further studied. For efﬁcient surface enhancement, it is

necessary to ensure coupling of both the incoming laser light and the outgoing Raman
scattered light to plasmon modes of the surface.55 Template spheres from 500 nm to 2
m diameter were used for SSV fabrication. Figure 5 (a) shows spectra of (NH4)2SO4
aerosols on Cu/Ag SSV substrates with different sphere diameter. It can be seen that,
even though the 1 m sphere structures do not give the highest global intensity, the
difference between the background and the peak height, and the signal to noise ratio, is

highest for this sphere diameter. The 500 nm spheres are more difﬁcult to pack
uniformly and result in less reproducible SSV substrates. For the 2 m spheres, the SSV
structures show a large background. In this study, 1 m diameter template spheres were
found to give the best signal to background ratio when 532 nm laser is used.
In addition, the effect of (NH4)2SO4 particle size on the enhancement factor was
studied as well. The size of the (NH4)2SO4 aerosols particles selected for study range
from 500 nm to 10 μm (Figure S4). Five (NH4)2SO4 aerosols particles of different size
were selected under Raman Optical Microscope on SSV and FTO, respectively. It is
shown in Figure (5b) that the SSV (1μm sphere, nCu:nAg=1:1, 0.5d) show comparable
enhancement factor for simulated particles with different size. The enhancement factor
is only slight lower for particles with large size. This results suggest that the substrate
is suitable for aerosol particles with different size.

Figure 5. Effects on the enhancement factor of Cu/Ag SSV substrates. Raman
spectra of aerosols on Cu/Ag SSV substrates made from different template sphere
diameters (a); Enhancement factor for (NH4)2SO4 aerosols particles with different size
of on the same Cu/Ag SSV substrate (b).

The Cu/Ag SSV substrates’ SERS performance is stable over time and highly
reproducible. To demonstrate reproducibility, ten SERS measurements were carried out
using identical Cu/Ag SSVs as the substrate and the same (NH4)2SO4 aerosols as
analyte. The Cu/Ag SSVs of Cu-Ag alloy (1:1) and electroplating time (300 s) was used
for reproducibility study. Figure 6 (a) shows the SERS spectra of these measurements,

and the relative standard deviation (RSD) of the intensities of their 970 cm-1 peaks is
8.8%. The results are clearly reproducible. To demonstrate stability over time, the same
Cu/Ag SSVs substrate was used to measure (NH4)2SO4 aerosol signals, after a varying
substrate storage time – from one week to five weeks – and the results are provided in
Figure 6 (b). With the increase of storage time, there is slowly decreased tendency of
its SERS intensity at 970 cm-1. This is because the oxidation on the surface of Cu/Ag
SSVs. However, even after five weeks, the Raman signal of (NH4)2SO4 aerosols present
only little change (< 8%). This result shows that the SERS signal based on Cu/Ag SSVs
as substrate is highly stable. The high SERS signal reproducibility should arise from
the ordered size and shape distribution of Cu/Ag SSVs as substrate.

Figure 6. Substrate performance is highly reproducible and stable. Ten SERS
measurements using identical Cu/Ag SSVs as the substrate and the same (NH4)2SO4
aerosols as analyte (a); The tendency of SERS signals intensity at 970 cm-1 with
different storage time of Cu/Ag SSVs from one week to five weeks (b)

SERS Detection of Atmospheric Aerosols. The synthesized Cu/Ag SSVs are also
effective SERS substrates to probe real-life, atmospheric aerosols. To illustrate this
point, we sampled such aerosols on the roof of the environmental science building at
Fudan University (global coordinates: 121︒51＇E, 31︒33＇N) in the afternoon of
November 28th, 2018. The weather was cloudy with a northeast breeze, and the real-

time PM 2.5 index was 158 (data were provided by Shanghai Meteorological Bureau).
For reference, first, we studied the SERS spectra of a mixture of Na2SO4 and NaNO3
aerosols that were prepared in laboratory conditions, see Figure 7 (a). Figure 7 (a)
shows the characteristic peaks of SO42－ (454, 621, 985 and 1061 cm−1)49 and NO3－
(717 and 1051 cm−1).56 Subsequently, we performed a point-by-point SERS mapping
of the atmospheric aerosols, in an area measuring about 2 × 2 μm2, of the Cu/Ag SSVs
substrates, see Figure 7 (b) and (c). As can be concluded from Figure 7 (b) and (c), the
real-life atmospheric aerosols are composed of both, nitrate (red) as well as with sulfate
(green) components with variable composition.

Figure 7. Identifying chemical composition of ambient particles. In (a), SERS
spectra and point-by-point Raman mapping of Na2SO4 and NaNO3 mixture aerosols
prepared in the laboratory are shown, for reference. In (b) and in (c), SERS spectra

and point-by-point Raman mapping of a 2 m and a 1 m atmospheric aerosols
particles, respectively, are shown. The mapping region is about 10 × 10 μm2 on the
Cu/Ag SSVs substrates.
To further illustrate the environmental application of this SSV substrate, SERS
spectra and mapping of the ambient particles were shown in Figure 8. 5 typical ambient
particles were chosen and their SERS spectra were shown in Figure 8 (a) and 8 (b).
Figure 8 (c) and (d) show the Raman mapping of atmospheric aerosol particles in an
area measuring about 50 × 50 μm2. By mapping, from the contrast of the color, we can
directly get the composition information visually. For particles 1, 2 and 4, they have
strong nitrates signal, the sulfates signal are very weak or almost cannot be observed
(Figure 8 (b)). For particle 3 and 5, they only show sulfates signal. However, in Figure
8 (d) we can observe sulfate signals on the other smaller particles, while nitrate signal
is not observed in Figure 8 (c). This may suggest that for atmospheric aerosols of large
size on the substrate (around 2 m), the principal components of the atmospheric
aerosols are mostly nitrate (red), with fewer sulfate (green) (Figure 8 (c)). But for 1 m
size of atmospheric aerosols or smaller, most are sulfate (green) and few are nitrate (red
(Figure 8 (d)). This phenomenon indicates that the spectra, which can be observed
within individual particles on micron spatial scales with SERS is complex and variable.
And this data highlights the potential for mapping atmospheric particles with < 1 µm
resolution. The results show the potential for SERS to enable improved analysis of
aerosol particle chemical composition and mixing state for the different size aerosol
particles. The ability to detect chemical species in these small volume 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.

Figure 8. Identifying of ambient particles. In (a), images of the ambient particles
under raman optical microscope. In (b), SERS spectra of the ambient particles. In (c)
and in (d), point-by-point Raman mapping of ambient particles with different
chemical composition: (c) is about nitrate and (d) is about sulfate. The mapping
region is about 50 × 50 μm2 on the Cu/Ag SSVs substrates.

CONCLUSIONS
Our results show that Cu/Ag SSVs can act as highly efficient SERS substrates.
Increasing Ag content and tuning bowl shape can significantly enhance the signal
intensity of the Raman spectra. The SERS EF factor of Cu/Ag SSVs was studied
experimentally and theoretically. The highest intensity of (SO42−) around 970 cm-1 is
55 times higher than that detected on non-SERS substrate. This work presents great
improvements on the stability and sensitivity of the SERS technique for single
atmospheric aerosol particle studies. The work also demonstrates how Raman mapping

provides the distribution of chemical components in individual aerosol particles, which
is challenging for other methods, such as mass spectrometry or chromatography. By
revealing specific structure and enhanced detection limits, our study makes a significant
contribution to individual particle analysis. Our methods can be effective tools to
analyze particulate matter and could serve as probes for haze formation mechanisms,
informing the general public and governance policies.
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