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Abstract. Fine particle associated with haze pollution threatens the health of more than 400 million people in China. It is
10 therefore of great importance to thoroughly investigate and understand its composition. To determine the physicochemical
properties in atmospheric fine particles at the micrometer level, we described a sensitive and feasible surface-enhanced
Raman scattering (SERS) method using Ag foil as a substrate. This novel method enhanced the Raman signal
intensities up to 10,000 a.u. for v(NO5') in fine particles with an enhancement factor of at least 56. The SERS effect of
Ag foil was further studied experimentally and theoretically and found to have an enhancement factor of the order of ~ 10°%.
15 Size-fractionated real particle samples with aerodynamic diameters of 0.4-2.5 um were successfully collected on a heavy
haze day, allowing ready observation of morphology and identification of chemical components, such as soot, nitrates,
and sulfates. These results suggest that the Ag foil based SERS technique can be effectively used to determine the
microscopic characteristics of individual fine particles, which will help to understand haze formation mechanisms

and formulate governance policies.

20 1 Introduction

Atmospheric particulate matter (PM), one of the most complex pollutants, can have negative effects on visibility, climate
change, regional air quality, and human health (Adachi et al., 2010; Dockery and Pope, 1994). Therefore, obtaining detailed
information of both morphology and chemical compositions of individual particles during air pollution episodes is of
fundamental importance for explaining haze formation. Several analytical techniques have been used for single particle
25 analysis, including electron microscopy (Li et al., 2016), aerosol-time-of-flight mass spectrometry/single particle aerosol
mass spectrometry (Zhang et al., 2015), atomic force microscopy (AFM) (Posfai et al., 1998), and scanning transmission X-
ray microscopy with near-edge X-ray absorption fine-structure spectroscopy (Pohlker et al., 2012). Raman spectroscopy
offers obvious advantages in non-destructive, ultrasensitive, and rapid detection, making it a promising technology for single

particles analyses (Batonneau et al., 2006; Nelson et al., 2001; Sobanska et al., 2012; Ault et al., 2013; Sobanska et al., 2014;
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Zhou et al., 2014). However, Raman microscopy is not widely used in the field of atmospheric studies due to the poor

detection limits and insufficient spatial resolution.

Raman signals can be strongly increased when molecules are attached to nanometer-sized gold and silver structures called
Surface-enhanced Raman scattering (SERS) phenomena (Kneipp, 2002). SERS provides a rapid and efficient platform

5 for chemical analyses due to the explosive development of nanofabrication and improvements in instrumentation (Li et al.,
2010; Halvorson and Vikesland, 2010). This technique has great potential in the field of atmospheric science and has been
applied preliminarily (Craig et al., 2015; Ayora et al., 1997; Fu et al., 2017; Ofner et al., 2016). For instance, Craig et al
(Craig et al., 2015) first applied it to atmospheric aerosol particles and showed rich vibrational spectra for individual
submicron particles with Ag nanoparticles (NPs) as SERS substrates. Recently Fu et al. (Fu et al., 2017) used commercial

10 Klarite for a chemical component study of individual atmospheric aerosols, and further increased substrate sensitivity by an
enhancement factor of 6. However, continued improvements of the feasibility and practicality of SERS spectroscopy are
needed to probe the most important individual particles affecting the climate and human health (Ault and Axson, 2016)
(Ofner et al., 2015). Our previous work focused on NP design and fabrication (Sun et al., 2016b) for SERS detection

of environmental pollution in solution, such as mercury ions (Sun et al., 2016a), hexavalent chromium (Lv et al.,

15 2017), polycyclic aromatic hydrocarbons (Du et al., 2016), and polybrominated diphenyl ethers (Sun et al., 2014).
These studies will provide the theoretical and experimental basis for the application of SERS technology in the

atmospheric sciences.

The purpose of the present study was to effectively identify fine particles (with an aerodynamic diameter of less

than 2.5 um, PM,s) collected on a winter haze day by using a novel SERS method. We selected Ag foil as the

20 SERS substrate and sampling film as an alternative to the traditional quartz filter, Teflon filter, and Al foil.
Moreover, the SERS effect of the Ag foil was studied with a finite-difference time-domain (FDTD) simulation
accompanied with a SERS experiment for crystal violet (CV). We built a spectral library by further scanning pure
reagents related to three main types of components from PM,s. Based on our observation, the morphology and
typical chemical components (e.g., soot, nitrates, and sulfates) of size fractioned PM, s captured on a heavy haze

25 day in Beijing, China, were successfully identified.

2 Experiment section

2.1 Single particle collection The sampling site was located on the campus of Tsinghua University, Beijing, China
(116.33°E, 40.01°N), as reported in our previous studies (Hu et al., 2016a). Knowledge of the size distribution of PM is
essential in modeling PM formation processes in atmospheric aerosol processes and is useful for developing emissions
30 control strategies. A single particle collection and analysis system for size-fractionated aerosols was set up by combining a

Dekati Low Pressure Impactor (DLPI) instrument and confocal Raman spectroscopy (Fig. 1). For PM particle collection, the

2
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DLPI was operated at a flow rate of 10 L-min™". The collection time was selected according to the Air Quality Index (AQI,
http://www.aqistudy.cn) of the Olympic Center Station in Beijing to ensure particle monodispersion (Hu et al., 2016a). The
DLPI has 13 stages and a backup filter, which can collect particles based on size classification by aerodynamic diameter as
follows: > 10 um, 6.8-10 um, 4.4—6.8 pm, 2.5-4.4 um, 1.6-2.5 pm, 1.0-1.6 um, 0.65-1.0 pm, 0.40-0.65 um, 0.26—0.40 pm,
0.17-0.26 pm, 0.108-0.17 pm, 0.060-0.108 pum, 0.030-0.060 pm, and <0.030 pm.

2.2 Chemicals and materials

All reagents were of analytical grade and used without further purification. CV was purchased from Aldrich Scientific Ltd.

(China). The chemicals for the Raman spectra library were purchased from Sinopharm Chemical Reagent Co., Ltd (China).

2.3 Apparatus

For the micro-Raman analysis of single PM, s particles, an inVia Renishaw confocal Raman microspectrometer (Renishaw,
Gloucestershire, UK) coupled to a Leica microscope was used. Various excitation lasers (532 nm, 633 nm, and 785 nm) and
magnification lenses (100x%, 50x, 20x, and 5x) were used to perform the measurements. Data acquisition was carried out
using the Wire 3.4 software package. The AFM images of Ag foil were obtained in tapping mode using a Veeco Dimension

3100 AFM with a Nanoscope IVa controller.

2.4 FDTD calculations

The electromagnetic (EM) field intensity distribution on the Ag foil was simulated using the FDTD method. The FDTD
Solutions software package (Lumerical Solutions Inc., Vancouver, Canada) was used to perform the computational
calculations and numerical analysis. The mesh size was 1 nm. The simulation time was 1000 fs. Ag NPs with a diameter of 5

nm and distance of 1 nm were set according to the AFM analysis results.

3 Results and discussion
3.1 Sampling film for Raman signal enhancement

In previous studies, for aerosol chemical components and individual particle analysis, the main types of PM collecting
included quartz filter, Teflon filter, Nylon filter and Polyester film (He et al., 2001). In addition, Ag foil and Al foil, which
widely used in the materials field, were also used for PM collection (Hu et al., 2016; Eom et al., 2014). In this study, four
types of commercial filters were selected for PM, 5 collection and Raman analysis, including Ag foil, Al foil, traditional
quartz filter, and Teflon filter. PM, s samples were simultaneously collected on October 18, 2016 (16:00 in the afternoon,
PM, 5 = 148 ug'm™), and could be clearly observed on the four films (Fig. 2A-D). Images taken under the microscope of the

Raman instrument indicated that the blank Teflon film and quartz filter had rough surfaces (Fig. 2E—F), which could cause
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interference with the particle morphology identification (Fig. 21-J). The flat surfaces of the Al and Ag foils provided suitable
backgrounds that facilitated particle observation (Fig. 2G-L).

Raman signals of 25 random points for PM, s were further collected on Al foil and Ag foil. The average Raman peak
intensity of 1589 cm™ on the Ag foil was found to be 4,500 a.u., about an order of magnitude higher than the intensity of 418
a.u. on the Al foil (Fig.3). In addition, Raman peaks close to 987 cm™ and 1040 cm™ were also identified on Ag foil (inset of
Fig. 3). The result indicated more Raman peaks and higher intensities can be obtained on Ag foil compared to Al foil. Since
SERS effects generally occur when molecules are attached to nanometer-sized noble metals, such as gold and silver
structures (Schlucker, 2014), we hypothesize that the Ag foil worked here both as a PM, s SERS substrate and a PM; 5

collection film in the following experiments.

3.2 SERS effect of Ag foil

To validate the SERS effect of Ag foil, we further simulated the distribution of the local electric field following the FDTD
methods. FDTD simulations have been used extensively to study the optical properties of NPs, as reported in leading
scientific publications (Li et al., 2010; Klinkova et al., 2014; Liu et al., 2015). The FDTD model was set up for Ag foil
according to the AFM results with a surface roughness of Ag NPs of about 5 nm (Fig. 4A-C). The FDTD results indicated
the local EM field was greatly enhanced between Ag NPs (Fig. 4B-D). The SERS enhancement factor (EF), as estimated
from Ejocal, max/Eo’ (Gopinath et al., 2009), was about 4.6 x 10*. The FDTD simulations provided theoretical support for the
significant SERS enhancement of the Ag foil substrate. CV was used as a Raman probe at different concentrations. The
SERS spectra exhibited strong Raman bands corresponding to CV at 924, 1184, 1379, and 1628 cm™ (Fig. 4E, F). The
detection limit was determined to be about 1 x 10°® M. The EF factor was 4.3 x 10*, as calculated using the following
equation: EF = (/sgrs/Irs) (Crs/Csers), Where Isgrs = SERS intensity at 1628 cm’', Irs = normal Raman intensity at 1628 cm’,
and Crs/Csgrs = the CV concentration ratio in normal Raman over the SERS sample (Le Ru et al., 2007). Generally, both
EM and charge-transfer (i.e., chemical) enhancements contribute to the overall SERS enhancement (Hu et al., 2007).
However, the experimental SERS enhancement factor in this work (4.3 x 10%) was very close to the FDTD simulation result
(4.6 x 10", indicating that the SERS effect of Ag foil was mainly due to the EM mechanism, which did not involve the
formation of chemical bonds between the analyte and substrate. Thus, the SERS effect results experimentally and
theoretically indicate that Ag foil can function as an effective SERS substrate for acrosol particles from real environmental
samples. Therefore, Ag foil had the advantage that it could not only give low background readings, but also enhance

the signal intensity in the Raman analysis.

3.3 Optimization of signal identification for PM, 5

One challenge that must frequently be overcome for Raman microspectroscopy is auto-fluorescent emissions from the

particle itself after excitation by the Raman laser (Ault and Axson, 2016). To minimize the absorption and subsequent

4
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fluorescent emissions, three laser wavelengths (532 nm, 633 nm, and 785 nm) were tested for the SERS spectra acquisition.
The results indicated that a higher spectral quality was obtained at a wavelength of 532 nm (Fig. S1). This may be explained
by the phenomenon that Raman signals can be greatly enhanced when the laser excitation line is moved close to the peak of

the localized surface plasmon resonance band (Tan et al., 2013).

To identify the chemical species of particulate matter, measured Raman spectra (band wavenumber and relative intensities)
with a flat baseline are needed for comparison with spectra in established libraries (Batonneau et al., 2006). Although several
printed compendia of Raman spectra and characteristic frequencies are available (Nakamoto, 2008; Griffiths, 1991; Schrader,
1989; Dollish et al., 1974) and electronic versions are beginning to emerge, specialized libraries for particular problems are
required to mitigate differences in instrumental functions. Based on our previous studies, PM, s is composed of various
chemical species, which can be divided into three main groups based on bulk analysis: (1) inorganic ions; (2) carbonaceous
species; and (3) trace elements (Cheng et al., 2016; Xu et al., 2017). By scanning the pure reagents related to the main
types of components mentioned above, we built a spectral library for the PM,; 5 analysis (Fig.S2, Table S2). In the
case of inorganic ions, spectra for 14 types of nitrates (Fig. S2A), nine types of sulfates (Fig. S2B), and seven types of
ammonium salts (Fig. S2C) were obtained. For carbonaceous species, two types of graphene were collected (Table
S2). Trace elements could not be directly detected by Raman spectroscopy due to their small scattering cross section, and

thus, nine types of oxides were added (Table S2).

3.4 Physicochemical analysis of individual PM, 5

We performed an aerosol particle collection on a heavy haze day (June 1, 2017) with a PM, 5 concentration of 301 pg-m™.
The particles on the Ag collection film were divided into 13 stages, and we selected four stages with diameters in the range
of 0.4-2.5 pum to study, because the highest resolution of the instrument was 0.7 um (Table S1). The two-dimensional optical
images from the Raman microscope clearly show particles of various sizes, physical states, and morphologies (Fig. 5A-D).
The size distribution measured with the Nano Measurer software corresponded well with the theoretical values (Fig. SE-H,
Table S1). Most of the particles in the four diameter stages were monodispersed with irregular shapes and mixed states. This

single PM, s particle collection method provided a basis for the SERS analysis.

For the SERS analysis, 60 spectra of particles on the Ag foil of the 1.6-2.5 um stage were randomly selected (Fig. 6A).
Five main peaks near 979 cm'l, 1045 cm'l, 1051 cm'l, 1350 cm'l, and 1589 cm™ were observed. The peaks at 1350 em’ and
1589 cm™ in the PM, ; samples are similar to the standard graphitic band (especially activated carbon) (Rosen and Novakov,
1977). The pronounced G- and D-band Raman emissions of the peaks reflect the nano-crystalline order within soot NPs
(Niessner, 2014). A peak close to 979 cm™ was attributed to vibration of the sulfate ion (SO,*) (Fig. S2B, Table S2). Two

peaks at 1045 cm’ and 1051 cm’, present in some samples, were attributed to the vibrations of the nitrate ion (NO3')
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(Fig.S2A, Table S2). There were many small peaks between 1250 cm™ and 1750 cm™ in the Raman spectra of the PM, 5
particles, possibly from organic components (Cordeiro and Corio, 2009; Kuo et al., 2011).
The highest intensity of v(NO;") for the atmosphere was about 10,000 a.u. around 1045 em’! (Fig. 6B). The highest
intensities of two previously reported works for real particles were about 500 a.u. (Craig et al., 2015) at 1370 cm™ and about
5 300 a.u. (Fu et al., 2017) at 1039 cm™, respectively. The SERS intensity can be influenced by the chemical concentration in
aerosol sample, but our PM, 5 particles were collected on a heavy haze day (PM,s = 301 pg-m™), the PM, 5 mass was only
about three times higher than that in the reported work (PM, s index of 91) (Fu et al., 2017). After eliminating the influence
of chemical concentration, the SERS intensity in this study for v(NOj)is still 7-11 times higher than the highest EF of 8-30
reported in previous SERS studies (Craig et al., 2015; Fu et al., 2017). This indicates that our work has made great

10 improvements on the sensitivity of the SERS technique for PM, s study, with an EF factor of at least 56.

The Ag foil with nanoscale gaps is desirable for SERS detection of target PM, s with highly localized regions of enhanced
electromagnetic fields (Fig.7A). Those highly localized regions, also called “hot spots”, usually occur at gaps between two
adjacent coupling metal NPs with a distance of a few nanometers (Ge et al., 2013). When PM, 5 particles were collected on
Ag foil, the particles were positioned on the hotspots of Ag NPs, which facilitated Raman signal enhancement. Figure 7B

15  exhibits a typical example of a fine particle collected on a winter haze day in Beijing. The point-by-point Raman scanning
acquisition over 5 x 5 pm® area around a fine particle with a step of 0.5 um, generates a set of 100 pixel spectra. A careful
analysis of each spectrum indicates that typical spectra are characteristic of mixtures with particularly severe spectral overlap.
The four main peaks of SO,%, NOy, and soot near 979 cm™, 1051 em™, 1350 cm™, and 1589 cm™ were  observed (Fig. 7C-F).
The Raman images demonstrate a mixture of SO42‘, NOj5’, and soot in fine particle.

20 Typical chemical components (e.g., soot, nitrate, and sulfate) could be identified by this method. However,
organic component identification is a great challenge due to the varied composition of aerosol particles and the trace
concentrations of organic compounds. To solve this problem, on one hand, we need to have more information about organics
in these particles with the help of other powerful techniques, such as mass spectrometry, while on the other hand, the
optimization of the SERS substrate for greater sensitivity is also needed. In addition, efforts should be made to develop the

25 SERS method for quantitative analysis of chemical components of particles to better understand the interface reaction

process.

4  Conclusions

Our results show that Ag foil can act as both a collection film and SERS substrate, reducing background noise while
enhancing the signal intensity of the Raman spectra. The SERS EF factor of Ag foil was studied experimentally and
30 theoretically and has a value of the order of ~10*. The enhancement effect was reduced for real aerosol particles, because
only the particle surface could make contact with the SERS substrate. Nevertheless, the highest intensity of v(NO5) for the
atmosphere was still about 10000 a.u. around 1045 cm™. The SERS intensity in this study for v(NO;)is 7-11 times higher

6
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than the highest EF of 8-30 reported in previous SERS studies (Craig et al., 2015; Fu et al., 2017). This indicates that our
work has made great improvements on the sensitivity of the SERS technique for PM, 5 study, with an EF factor of at least 56.
We believe that our study makes a significant contribution to individual particle analysis because the proposed method can
be effectively used to analyze particulate matter, and could further provide the basis for haze formation mechanisms and

5 governance policies.
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Figure 1. Schematic diagram of the SERS strategy for size-fractionated collection and physicochemical analysis of individual PM, 5
aerosol particles using a Raman analysis system.

Figure 2. Images of the films and aerosols collected on (A, I) Teflon filter, (B, J) quartz filter, (C, K) Al foil, and (D, L) Ag foil.
Images of blank film for (E) Teflon filter, (F) quartz filter, (G) Al foil, and (H) Ag foil.
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Figure 3. Average Raman spectrum of 25 random points for PM, 5 particles on Al foil (black) and Ag foil (red). The inset provides
a magnified view of the average Raman spectrum for fine particles on Ag foil.
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Figure 4. (A) AFM image, and (B) surface roughness of Ag foil. (C) FDTD model and (D) simulation results for Ag foil as SERS
substrate. (E) SERS spectra of CV on Ag foil with concentrations from 1 x 102 M to 1 x 10° M. (F) Raman spectra of CV on a
silicon wafer with concentrations of 1 x 107 M.
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Figure 5. Optical images of aerosol obtained on Ag foil with particle diameters of (A) 0.40-0.65 pm, (B) 0.65-1.0 pm, (C) 1.0-1.6
pm, and (D) 1.6-2.5 pm. (E-H) The size distribution of the particle samples in A-D, respectively.
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Figure 6. (A) SERS spectra of 50 randomly selected points of aerosols on Ag foil. (B) Raman intensity for the peaks near 979 cm’,
1045 cm™, 1051 cm™, 1350 cm™, and 1589 cm™.
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Figure 7. (A) Schematic of a fine particle impacted onto a SERS Ag foil substrate. (B) Optical image, and (C-F) Raman images of a
single fine particle with peaks near 979 cm’! (red), 1051 em™ (yellow), 1350 em™ (green) and 1589 em™ (purple). The scale bars
represent 1000 nm.

5

13



