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technique was employed to investigate the morphology, chemical composition, and mixing
state of the multiple components in the individual fine particles. Optical image and SERS
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opaque particles mixed with transparent particles (nitrates and sulfates) were generally ob-
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served. Direct classical least squares analysis further identified the relative abundances of
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the three major components of the single particles: soot (69.18%), nitrates (28.71%), and sul-
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fates (2.11%). A negative correlation was observed between the abundance of soot and the
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mass concentration of PM2.5 . Furthermore, mapping analysis revealed that on hazy days,
PM2.5 existed as a core-shell structure with soot surrounded by nitrates and sulfates. This
mixing state analysis method for individual PM2.5 particles provides information regarding
chemical composition and haze formation mechanisms, and has the potential to facilitate
the formulation of haze prevention and control policies.
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Introduction
Regional haze episodes have occurred frequently in East Asia
in recent years and attract significant research interest (Fu and
Chen, 2017; Tan et al., 2009; Wang et al., 2014; Zhuang et al.,
2014). Haze episodes have direct and indirect negative impacts on human health and climate change (Kulmala, 2015;
Zhang et al., 2015). The effects of haze depend on the physical and chemical properties of the individual PM2.5 particles, which are affected by the relative abundances and mixing states of their different components. Studies indicate that
the most abundant components of these particles are soot
and secondary matter, including secondary inorganic aerosols
(SNA, which mainly include sulfates, nitrates, and ammonia salts) and secondary organic aerosols (SOA, which form
from primary pollutants, SO2 , NOx, and volatile organic compounds) (Li et al., 2014a; Lu et al., 2015; Wang et al., 2018).
Owing to the universality of atmospheric aging and the diversity of pollution sources, PM2.5 particles usually exist as internal mixtures of multiple components, and interactions within
particles further change their original properties (Li et al.,
2014b; Riemer et al., 2019). In previous studies, bulk techniques have predominantly been applied for haze analysis to
obtain the mass concentrations of various types of aerosols
(Guo et al., 2014; Wang et al., 2009). Although these data can
enhance understanding of emission sources and climate impact, they cannot provide specific information about the single
particle mixing state.
More advanced methods have been developed for single particle analysis. These include electronic spectroscopy
(e.g., transmission electron microscopy [TEM] and scanning
electron microscopy [SEM]) and vibrational spectroscopy (e.g.,
Raman scattering and surface-enhanced Raman scattering
[SERS]) (Ault and Axson, 2017; Li et al., 2016a). TEM and SEM
both offer high resolution and high magnification particle
morphological observations. However, owing to their operation under vacuum conditions, they cause the loss of volatile
and semi-volatile components (e.g., sulfates and nitrates),
leading to decreased accuracy of analysis results (Li et al.,
2013). SERS is an optimized Raman scattering technique;
therefore, it is advantageous in that the samples are not destroyed, which can maximize the integrity of the particle
components and reveal more persuasive information about
mixing state. Furthermore, owing to the chemical enhancement and electromagnetic field enhancement on the surface of the precious metal substrate, SERS can achieve an
order-of-magnitude increase in the detection signal, and can
detect trace substances in the atmosphere of single particles (Dong et al., 2019; Sun et al., 2019a). Previous studies had established highly sensitive particle identification
methods for practical applications using the SERS technique.
Minutolo et al. (2011) used SERS to perform spectral characterization of soot particles with three C/O ratios in the flame
process. Craig et al. (2015) was the first to use SERS to directly detect trace organic and inorganic substances in atmospheric aerosols, and to observed differences in the SOA components of different particles. Fu et al. (2017) used a commercial substrate Klarite as the SERS substrate; its inverted pyramid structure can achieve laser concentration and convenient
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sample collection, realizing the portable detection of sulfate
and naphthalene. However, these studies on haze particles
mostly focused on component identification, without a thorough analysis of the mixing state during haze episode.
The aim of this study was to investigate the morphology,
chemical composition, and mixing state of the multiple components in ambient particles using the SERS strategy during
real haze episodes. Measurements were made during a particulate matter pollution event that occurred in Beijing from
September 5 to 11 2017. Spectral analysis and direct classical
least squared (DCLS) analysis of the SERS off-line data combined with on-line observation data revealed the major chemical components of the fine particles and their relative abundances during the haze episode. Mapping analysis successfully showed a distinct type of mixing state of the fine particles during the haze days. These results provide a reference
for haze prevention and control.

1.

Materials and methods

1.1.

Sampling site description and fine particle collection

Beijing, the capital city of China, is severely affected by haze
pollution in Autumn and Winter (Yang et al., 2020). Online
hourly ambient observations were conducted from September
5 to 11 2017 at a sampling site on the campus of Tsinghua University, Beijing (116.33°E, 40.01°N) (He et al., 2001). The site is
approximately 15 m above ground level and can represent an
urban environment in Beijing according to our previous study
(Xu et al., 2017). Online mass concentration of PM2.5 were measured with a PM-712 monitor (Kimoto Electric Co., Ltd., Japan)
based on the β-ray absorption method. The hourly average
mass concentrations of water-soluble inorganic ions (NO3 − ,
SO4 2− ) in the online PM2.5 were measured using an ACSA-08
monitor (Kimoto Electric Co., Ltd., Japan). Relative humidity
(RH), temperature (T), pressure (P), wind speed (WS), and wind
direction (WD) were obtained simultaneously using a WXT
monitor (Kimoto Electric Co., Ltd., Japan).
For individual fine particle collection, the mass concentration of PM2.5 for haze trend analysis and sample collection time were selected according to the Air Quality Index
(AQI) observed at the Olympic Center Station in Beijing (http:
//www.aqistudy.cn). The Dekati Low Pressure Impactor (DLPI)
instrument was operated at a flow rate of 10 L/min. The DLPI
has 13 stages and a backup filter, and the particle aerodynamic
diameter of the stage was 1.6–2.5 μm. Commercial impaction
films with a diameter of 2.2 cm were used (Ag foils 10 μmthick, Nanjing Company, China).

1.2.

Materials and SERS analysis

All reagents were of analytical grade and were used without
further purification. Standard (NH4 )2 SO4 (AS), NH4 NO3 (AN),
and graphene oxide (GO) were purchased from Sinopharm
Chemical Reagent Co., Ltd (China).
For the micro-Raman analysis, an inViaTM Renishaw confocal Raman micro-spectrometer (Renishaw, Gloucestershire,
UK) coupled with a Leica microscope was used. Excitation
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lasers (633 nm, nominal laser power 7 mW, diffraction grating 1800 l/mm) and a magnification lens (100 × , 0.85 Numerical Aperture) were used to perform the measurements. Data
acquisition and analysis were carried out using the WiRE 3.4
software package for SERS analysis. Between 24 and 104 effective spectra for each sample on the Ag foil of the 1.6–2.5 μm
stage were randomly selected to conduct spectral, quantity
abundance, and DCLS analyses to obtain more comprehensive
information on the composition of the fine particles. In quantity abundance analysis, the relative abundance of the PM2.5
component was calculated as by Eq. (1):
RA = (NA /NT ) × 100%

(1)

where, NA is the number of spectra containing component A,
and NT is the number of total spectra. DCLS is a robust mathematical method of curve fitting that is applied in Raman analysis (Liu et al., 2017b; Vajna et al., 2010). By integrating DCLS
into the WiRE software and inputting the known reference
spectra, we can fit the unknown spectrum into a linear combination of known reference spectra. The results not only image
the specified area, but also provide semi-quantitative compositional information of the reference spectra in the imaging
area. The mapping scanning acquisition of fine particles for
clear and hazy weather were chosen and analyzed at a 0.5 μm
step.

2.

Results and discussion

2.1.

Haze event overview

A haze event was observed from September 5 to 11 2017;
the related air quality parameters are shown in Table 1.
According to the Ambient Air Quality Standard (HJ 6332012), our sampling period was divided into four levels: clear
(PM2.5 ≤ 75 μg/m3 , no pollution, green in Fig. 1), lightly polluted (75 μg/m3 < PM2.5 ≤ 115 μg/m3 , orange in Fig. 1), moderately polluted (115 μg/m3 < PM2.5 ≤ 150 μg/m3 , red in Fig. 1),
and heavily polluted (150 μg/m3 < PM2.5 ≤ 250 μg/m3 , purple
in Fig. 1). During this event, PM2.5 varied from 3 to 164 μg/m3 ,
with 39.05% of the samples indicating that the PM2.5 concentration exceeded the daily threshold (75 μg/m3 ). On hazy days,

the PM2.5 concentration was 85.6 times greater than that observed on clear days. The average values of RH and T were
51.5% and 25.9°C, respectively; they varied reversely between
day and night. Moreover, hazy days were always accompanied
by higher RH and lower WS.
To investigate the mixing state of the fine particles during
the haze event, 12 off-line PM2.5 particle samples were collected from clear to moderately polluted days over the study
period (Fig. 1, six samples on clear days, two on lightly polluted days, and four on moderately polluted days). The relative parameters of the 12 samples are shown in Table 1. Of
all the parameters, the PM2.5 concentration is the most important because it is indicative of the degree of haze pollution. From samples 1 to 3, pollution became worse as the PM2.5
mass concentration increased from 3 to 116 μg/m−3 . In samples 3 to 6, the PM2.5 mass concentration exceeded 115 μg/m3 ,
indicating moderate pollution, while samples 7 and 8 showed
light pollution (97 and 105 μg/m3 , respectively). Then, the haze
dissipated gradually and the air quality index level reverted
to “good” until sample 12. The average PM2.5 mass concentration was 114.67 μg/m3 on hazy days, which was 4.5 times
higher than the average values before and after the haze event
(25.5 μg/m3 ; Table 1).

2.2.

Single-particle composition analysis

2.2.1.

SERS spectral and optical images analysis

To investigate the topography and chemical composition of
fine particles, we scanned the optical images and SERS spectra of 12 off-line samples (Fig. S1, Fig. 2), and selected 24–104
effective Raman spectra for every sample. To study changes
in particle characteristics during the haze episode, among the
particles, three representative samples were picked (Fig. 2),
one before (Sample 1), one during (Sample 6), and one after
the event (Sample 12). Before the haze event, based on the Raman optical images, predominantly opaque particles were observed (Fig. 2a1). Further spectral analysis illustrated that the
characteristic peaks of these opaque particles were mainly at
1350 cm−1 (D-band) and 1589–1600 cm−1 (G-band) (Rosen and
Novakov, 1977; Sze et al., 2001), which were assigned to soot,
and represented a lattice defect and a perfect crystal form of
crystalline graphite, respectively (Fig. 2b1). When PM2.5 pol-

Table 1 – Parameters of individual PM2.5 samples.
Sample

Date and Time

AQI

PM2.5 ( μg/m3 )

T (°C)

RH (%)

WS (km/hr)

1
2
3
4
5
6
7
8
9
10
11
12

9.5 14:00
9.6 14:00
9.7 21:00
9.8 9:00
9.8 14:00
9.8 21:00
9.9 9:00
9.9 14:00
9.9 21:00
9.10 14:00
9.10 21:00
9.11 9:00

25
27
151
160
161
164
128
138
86
49
61
14

3
10
116
122
123
125
97
105
59
34
44
3

30.1
30.7
28.3
26.1
32
29
24.2
29
28.1
23.2
23.3
24.4

18.1%
18.1%
57.1%
58.9%
41.2%
63.5%
71.7%
51.8%
56.8%
71.7%
66.6%
32.7%

9
6.48
3.6
2.52
5.76
9.36
2.52
3.24
2.88
2.52
2.52
9.36
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Fig. 1 – Temporal variations of PM2.5 , relative humidity (RH), temperature (T), pressure (P), wind speed (WS), and wind
direction (WD) during the haze event from September 5 to 11 2017, in Beijing, China. The sampling period is marked green
(PM2.5 ≤ 75 μg/m3 , clear days), orange (75 μg/m3 < PM2.5 ≤ 115 μg/m3 , lightly polluted days), red (115 μg/m−3 < PM2.5 ≤
150 μg/m−3 , moderately polluted days), and purple (150 μg/m3 < PM2.5 ≤ 250 μg/m3 , heavily polluted days). The black
dashed lines represent the collection times of the 12 individual particle samples during the haze episode.

Fig. 2 – Surface-enhanced Raman scattering (SERS) spectrum corresponding to samples collected before, during, and after
the haze event (1–3, respectively). (a1–a3) Raman optical images of PM2.5 particles (red arrows in a2 indicate core-shell
structures), and (b1–b3) SERS spectra of individual PM2.5 particles.
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Fig. 3 – (a1–a3) Relative abundance of soot, nitrates, and sulfates during the haze event. (b1–b3) Relationship between PM2.5
mass concentration and the abundance of soot, nitrates, and sulfates.

lution increased, the opaque material remained with a layer
of transparent material surrounding them, forming a coreshell structure (red arrows in Fig. 2a2). According to spectral
analysis, the opaque particles were still soot particles with
their characteristic peaks mainly at 1350 and 1589–1600 cm−1 ;
the characteristic peaks corresponding to the transparent material were mainly at ˜1007 and ˜1045 cm−1 , which were assigned to sulfates and nitrates, respectively (Fig. 2b2) (Ling and
Chan, 2007; Sun et al., 2019a). As the haze event dissipated,
the particles became less transparent again, owing to the increased soot component and decreased sulfate and nitrate
components (Fig. 2a3–b3). In conclusion, the PM2.5 particles
consisted of three main components: soot, nitrates, and sulfates. Soot existed in the form of opaque material and was
more abundant on clear days. Nitrates and sulfates existed in
the form of transparent material and were more abundant on
hazy days.

2.2.2.

Quantity abundance analysis

To conduct a more specific analysis of the relationship between the PM2.5 pollution degree and the relative abundances
of the three main PM2.5 particle components (soot, nitrates,
and sulfates), spectrum quantity statistics was performed
using data corresponding to the 12 samples, and the characteristic peaks of every spectrum were analyzed (Fig. S2,
Table 2). According to the SERS standard spectra, the characteristic peaks of the spectra, at 1350–1360 cm−1 (D-band) and
1580–1600 cm−1 (G-band), were assigned to soot. The characteristic peaks at 724, 1015, 1045, 1050, 1061, and 1066 cm−1
were assigned to nitrates; those at 608, 614, 620, 979, 1007,
and 1129 cm−1 were assigned to sulfates (Sun et al., 2019a;
Wang et al., 2011). In addition to soot, sulfates, and nitrates, there were a certain number of spectra assigned as
unidentified characteristic peaks. These were concentrated at

618–635, 665–680, 1080-1097, 1290–1320, 1560–1570, and 1606–
1655 cm−1 . We speculated that these peaks possibly belonged
to SOA (Craig et al., 2015; Ofner et al., 2016).
Further relationship analysis showed that the average
abundance of soot was 62.87% on clear days and 33.58%
on moderately polluted days. Moreover, the average relative
abundance of soot before and after the haze event was 1.5
times the value observed during the haze event. There was
a reverse correlation between the abundance of soot and the
PM2.5 mass concentration (Fig. 3). However, the relative abundance of nitrates during the haze event (90.87%) was significantly greater than that before and after the event (46.22%),
indicating that more nitrates were generated on hazy days. In
addition, the proportion of sulfate increases slowly with increasing pollution.

2.2.3.

DCLS analysis

To perform a major analysis of the abundance of the different components in the 12 collected samples, DCLS analysis
was employed. The standard spectra of AS, AN, and GO, which
were used to represent sulfates, nitrates, and soot, respectively, were input as reference spectra (Fig. S3). Then, we input
the spectra of 12 offline samples to obtain compositional information for sulfates, nitrates, and soot in each sample (Fig. 4,
Table S1).
The results indicate that before the haze event, soot was
the most abundant PM2.5 component in samples 1 and 2
(89.49% and 60.12%, respectively). As pollution increased, the
abundance of sulfates remained almost unchanged, that of nitrates increased, and that of soot decreased; the lowest abundance of soot was 41.47 (sample 6). Next, the proportion of
soot gradually increased as the PM2.5 concentration decreased
(Fig. 4a). The relative abundance of soot and the PM2.5 concentration were inversely related (R2 = 0.50, Fig. 4b). We specu-
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Table 2 – Abundance analysis of the chemical components of PM2.5 particles.
Sample

Number of effective spectra

Sulfates

Nitrates

Soot

Unidentified characteristic peaks

1
2
3
4
5
6
7
8
9
10
11
12

58
85
93
68
68
73
67
53
104
57
24
82

5.20%
9.40%
19.40%
25%
17.60%
31.50%
38.80%
28.30%
30.80%
22.80%
33.30%
73.20%

17.20%
80%
83.90%
89.70%
95.80%
98.60%
86.60%
90.60%
69.20%
40.40%
58.30%
12.20%

86.20%
28.20%
52.70%
41.20%
17.10%
23.30%
70.10%
49.10%
57.70%
73.70%
70.40%
61%

25.90%
11.80%
11.80%
17.60%
29.40%
11%
13.4%
20.80%
30.80%
22.80%
16.70%
40.20%

Fig. 4 – (a) Time series of the relative abundance of sulfates, nitrates, and soot during the haze event. (b) Relationship
between PM2.5 and the abundance of soot, nitrates, and sulfates on clear, lightly polluted, and moderately polluted days.

late that this is because during atmospheric aging, increasing
RH brought about an increase in the sulfate and nitrate contents of the particles, decreasing the relative abundance of hydrophobic soot (Liu et al., 2017a; Sun et al., 2018; Xu et al., 2017).
In addition, the results also indicate that soot was the most
abundant component of the particles, with an average relative abundance of 69.18%, followed by nitrates (28.71%), and
sulfates (2.11%). The relatively less abundance of nitrates and
sulfates were also observed in online data (Table S2). Furthermore, we conducted pie analysis of the abundance of soot, nitrates, and sulfates on clear days, lightly polluted days, and
moderately polluted days (Fig. 4b). The results illustrate that
as PM2.5 pollution increased, the abundance of soot decreased,
that of nitrates increased, and that of sulfates showed no obvious change. DCLS was becoming a fast and effective way
to obtain relative concentration information. However, due
to the limitation of method principle, DCLS results were depended on reference spectra while not able to accommodate
nonlinearities in the response (Zhang et al., 2005). In future
research, we will combine a variety of powerful technologies
to obtain more comprehensive information about the particle

component. The quantity abundance analysis and DCLS analysis both provided abundant information regarding the chemical composition of the fine particles. They also provided theoretical support for developing haze prevention and control
targets.

2.3.

Mixing state analysis

To more intuitively explore the difference between the mixing states of the fine particles on clear and haze event days,
Raman mapping analysis was performed (Fig. 5a1–e3 for clear
days, Fig. 5a4–e6 for hazy days). Raman peaks in the ranges
of 975–980, 1045–1050, 1350–1360, and 1580–1600 cm−1 represented sulfates (red in Fig. 5), nitrates (green in Fig. 5), the Dband (magenta in Fig. 5), and the G-band (blue in Fig. 5), respectively. On clear days, nitrates accounted for a majority of
the fine particles, while sulfate abundance was relatively low.
On hazy event days, the abundance of sulfates and nitrates
increased and the signals corresponding to sulfates and nitrates partially overlapped. Further spectral analysis revealed
that Raman peaks at 1045 and 1050 cm−1 coexisted on haze
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Fig. 5 – Mapping analysis of the mixing state of fine particles on clear days (a1–e3) and hazy days (a4–e6). (a) Raman optical
image of fine particles and the Raman mapping signals of: (b) sulfates (red), (c) nitrates (green), (d) the D-band (magenta),
and (e) the G-band (blue).

Fig. 6 – Conceptual graph showing the mechanism for the production of the core-shell structure of PM2.5 .

event days, indicating the formation of 2NH4 NO3 •(NH4 )2 SO4
and 3NH4 NO3 •(NH4 )2 SO4 (Ling and Chan, 2007; Sun et al.,
2019b; Wang et al., 2011). This confirmed the internal mixing
of sulfates and nitrates, in accordance with the mapping results. The location of soot within the fine particles changed
from the edge on clear days to the center on hazy days, resulting in a core-shell structure with soot as the core and SNA
as the shell.
We speculate that the mechanism for the production of
this interesting phenomenon was as follows: on clear days,
several types of particles mixed simply. There were freshly
soot particles, and the different composition of soot, nitrates,
and sulfates. Fresh soot existed in the form of hydropho-

bic chain spherules, whose irregular geometry and onion-like
microstructure resulted in excellent adsorption performance
(Fu et al., 2012; Zhang et al., 2008). During atmospheric aging,
soot provided action sites on its surface that catalyzed the
conversion of NOX and SO2 to nitrates and sulfates, respectively (Adachi et al., 2010; Han et al., 2013a, 2013b; He et al.,
2018; Huang and Yu, 2008; Khalizov et al., 2010; Li et al.,
2016b; Zhao et al., 2017). During this period, RH increased and
hydrophilic nitrates and sulfates mixed internally and surrounded the soot, causing the original irregularly shaped particles to change to compact spherical particles (Fig. 6) (Ao et al.,
2019; Li et al., 2017; Niu et al., 2012; Sarangi et al., 2019;
Yuan et al., 2019). At this time, polluted fine particles collected,
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forming a core-shell structure on the SERS sampling membranes, centered on soot (Fig. 5). Detailed mixture information
on this core-shell structure could better explain the haze formation mechanism.

3.

Conclusions

In this study, SERS was used to investigate the morphology,
chemical composition, and mixing state of PM2.5 particles during a haze episode. It was observed that the major components of PM2.5 particles were soot, nitrates, and sulfates, with
soot showing the highest relative abundance. Furthermore, a
reverse correlation was observed between the abundance of
soot and PM2.5 mass concentration, which is because on hazy
days, the former declined, while SNA concentration increased.
We also observed that the polluted fine particles had an interesting core-shell structure, which can enhance understanding
regarding the mechanism for the formation of haze. Our research results build on previous works conducted on the mixing states of particles, and can serve as the basis for policy
formulation regarding haze prevention and control.
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