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anisms. However, there is no comprehensive Raman spectral library of fine particles. Furthermore, various studies that used SERS for fine-particle composition analysis showed that
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the uniqueness of the SERS substrates and different excitation wavelengths can produce a
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different spectrum for the same fine-particle component. To overcome this limitation, we

Surface-enhanced Raman scattering

conducted SERS experiments with a portable Raman spectrometer using two common SERS

(SERS)

substrates (silver (Ag) foil and gold nanoparticles (Au NPs)) and a 785 nm laser. Herein, we

Spectral library

introduced three main particle component types (sulfate-nitrate-ammonium (SNA), organic

Fine-particle

material, and soot) with a total of 39 chemical substances. We scanned the solid Raman, liquid Raman, and SERS spectra of these substances and constructed a fine-particle reference
library containing 105 spectra. Spectral results indicated that for soot and SNA, the differences in characteristic peaks mainly originated from the solid-liquid phase transition; Ag
foil had little effect on this difference, while the Au NPs caused a significant red shift in
the peak positions of polycyclic aromatic hydrocarbons. Moreover, with various characteristic peak positions in the three types of spectra, we could quickly and correctly distinguish
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substances. We hope that this spectral library will aid in the future identification of fine
particles.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Frequent haze pollution in autumn and winter seriously
affects human health, production, and lifestyle activities
(Gao et al., 2015; Li et al., 2017). Haze particles, which are
mainly fine particles, are composed of various chemical
species, which can be divided into three main categories, (1)
sulfate-nitrate-ammonium (SNA), (2) organics, and (3) soot
(Li et al., 2016). Fine particles from different sources and
regions have various composition ratios and mixing states,
which cause the diversity of physical and chemical properties, thereby affecting the formation mechanism of haze.
Therefore, component analysis of fine particles is vital for
the understanding and mitigation of haze pollution. Many
single-particle recognition technologies, such as transmission
electron microscopy (TEM) and scanning electron microscopy,
can be used to obtain detailed information about particle
morphologies and compositional information (Ault and Axson, 2017). However, owing to technical limitations, the analytical process leads to the loss of volatile and semi-volatile
particle components.
Raman and surface-enhanced Raman scattering (SERS)
technologies have non-destructive fingerprint identification
features with respect to the sample, which can realize the
characteristic identification of each component based on ensuring the integrity of the sample. Although the current Raman spectroscopy technology is competent, the analysis of its
spectra is quite complicated and requires expertise or complex calculations to identify the unknown sample. The library
can integrate spectra of numerous standard samples and extract information such as Raman characteristic peaks as identification marks.
Although international scholars have established dozens
of Raman libraries in the fields of arts, materials science,
and medicine (Czamara et al., 2015; Marucci et al., 2018;
Talari et al., 2015), specialized libraries for fine-particle analysis are required to mitigate differences in experimental conditions. In the field of fine-particle recognition, previous researchers have focused on individual particle types, such as
soot, sulfates, and nitrates. However, there is no comprehensive Raman spectral library of fine particles (Jentzsch et al.,
2013; Uraoka et al., 2017). In addition, various SERS substrates
and excitation wavelengths were used in previous studies, creating differences in the peak position and intensity of the
spectrum, even when analyzing the same substance. This
leads to difficulties in subsequent spectral analyses (GarciaBucio et al., 2016).
In this study, we measured three types of fine-particle
components (SNA, organics, and soot) using Raman and the
most common and readily available SERS-active substrates,
namely gold nanoparticles (Au NPs) and silver (Ag) foil, and
the most common excitation wavelength of a portable Raman

spectrometer (785 nm). Then, we obtained the solid Raman
(SR), liquid Raman (LR), and SERS spectra of 39 representative
chemical substances and established a spectral reference library containing 105 spectra, which can be used to comprehensively identify the composition and mixing state of fine
particles. Moreover, this study can be used as a reference for
identifying particle samples in the future by simply using an
on-site portable Raman spectrometer, contributing to the convenience of particle identification research.

1.

Materials and methods

1.1.

Chemicals and materials

All reagents were of analytical grade and were used without further purification. HAuCl4 •4H2 O, NaCl, sodium citrate,
graphite oxide (GO, represents soot), and SNA were purchased
from Sinopharm Chemical Reagent Co., Ltd. Twelve polycyclic
aromatic hydrocarbons (PAHs, represent organics) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Milli-Q water (>18.2 M) prepared using a Milli-Q Plus system (Millipore)
was used for sample dilution. Ag foils (10 μm-thick) were obtained from Nanjing Company, China. After purchase, the Ag
foils were stored in a sealed bag to isolate oxygen. The Au NPs
were synthesized according to a previous method with some
modification (Xu et al., 2014). In brief, 1 mL of 2 wt.% HAuCl4
solution was mixed with 23 mL of water in a three-neck roundbottom flask and heated to 100°C in an oil bath. Then, 1 mL of
50 mg/mL sodium citrate was added to this solution, which reacted for 15 min. Thereafter, the mixture was allowed to cool
to room temperature (20°C), and the obtained Au colloid solution was used within 48 hr. The TEM image showed that the
Au NPs had a particle size of 20 nm.

1.2.

Instruments and spectral acquisition

Raman and SERS spectra were obtained using a portable
Raman spectrometer (Accuman-SR510, Ocean Optics, China)
with a 4 cm−1 resolution at an excitation wavelength of 785
nm. The portable Raman spectrometer can obtain the same
accurate Raman spectra as the confocal Raman spectrometer.
In addition, the portable Raman is smaller in size, easier to
carry, simpler to operate, and can be applied to a variety of
detection environments. The data were acquired using 5 s accumulations for each spectrum at a laser power of 175 mW.
The Raman signals were directly measured by placing the
solid sample on a silicon wafer. For the SERS spectral acquisitions, we selected Ag foil as the SERS substrate for soot and
SNA according to our previous study (Sun et al., 2019a). The
samples of SNA and soot were prepared by diluting the stock
solution with deionized water to reach a final concentration of
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Fig. 1 – Workflow for constructing a spectral library of fine particles. SERS: surface-enhanced Raman scattering; NPs:
nanoparticles; SNA: sulfate-nitrate-ammonium.

5 × 10−2 mol/L. A 10 μL solution of SNA and soot was dropped
onto the Ag foil to measure the SERS spectra. The Ag foil is a
super flake of silver, and its uneven surface improves the signal of adsorbed soot or SNA molecules. For PAHs, Au NPs were
used as the SERS substrate according to our previous study
(Sun et al., 2014). The PAH samples were prepared by diluting
the stock solution with deionized water to reach a final concentration of 1 × 10−5 mol/L. The samples (0.5 mL) were mixed
with the Au NPs (0.5 mL) and centrifuged at 8000 r/min for 20
min. Approximately 10 μL of the solution was placed onto a
silicon wafer and subjected to SERS analysis. The enhancement factors for fine-particle analysis are listed in Table S1.
All spectral lines have undergone flat baseline processing. The
morphologies of the soot particles were characterized using
a high-resolution transmission electron microscope (HR-TEM,
JEM-2010, JEOL, Japan).

2.

Results and discussion

Based on their elemental compositions, chemical functional
groups, and morphological characteristics, fine particles are
classified into three main particle types, SNA, organics, and
soot. Among the three fine-particle components, we selected
39 common representative substances, used a portable Raman instrument to measure the Raman and SERS spectra and
then constructed a fine-particle spectral library containing 105
spectra. The workflow for constructing the spectral libraries is
shown in Fig. 1.

2.1.

Sulfate-nitrate-ammonium

SNA, which contains sulfate, nitrate, and ammonium, is an
important type of PM2.5 particle. A total of 26 common salts
in fine particles were selected to measure average Raman and
SERS spectra with Ag foil as the SERS substrate (Li et al., 2014a).
For solid salts, the Raman spectra are determined from the
space group; therefore, the same crystal form has similar Raman spectra (Jentzsch et al., 2013). In the following discussion
on peak positions, we first classify each salt according to the
crystal form in their solid state at room temperature (20°C) and
then discuss the band assignments and spectral differences in
different phases.

2.1.1.

Sulfate

Sulfate particles constitute a minor but important type of
fine particle, predominantly produced by coal burning. Sulfate particles contain S and O, and their major component
is (NH4 )2 SO4 . In the atmosphere, metal and mineral particles
in the aqueous phase can convert SO2 into sulfates (Li et al.,
2011). In addition, the reaction pathway of reactive oxygen
species (OH radicals, H2 O2 , and O3 ) and NO2 leads to sulfate
production (Cheng et al., 2016; He and Zhang, 2019). Raman
spectroscopy has been widely used to detect sulfate formation
and its mixture with other particle types during haze episodes
(Sun et al., 2019b). Benefiting from the characteristics of Raman fingerprint recognition, sulfate salts can be identified according to their Raman spectra. In this study, we investigated
eight sulfate salts (NH4 + , Na+ , Mg2+ , K+ , Zn+ , Fe2+ , Hg+ , and
Mn2+ ). Owing to the influence of metal ions, the peak posi-
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Fig. 2 – Solid Raman (SR), liquid Raman (LR), and surface-enhanced Raman scattering (SERS) spectra of (a) K2 SO4 , (b)
(NH4 )2 SO4 , (c) Na2 SO4 , (d) ZnSO4 •7H2 O, and (e) MgSO4 •7H2 O. The four common vibration modes are marked in red (ν1 ),
orange (ν2 ), blue (ν3 ), and green (ν4 ).

Fig. 3 – Solid Raman (SR), liquid Raman (LR), and surface-enhanced Raman scattering (SERS) spectra of (a) HgSO4 , (b)
MnSO4 •H2 O, and (c) FeSO4 •4H2 O. The four common vibration modes are marked in red (ν1 ), orange (ν2 ), blue (ν3 ), and green
(ν4 ).

tions of each salt in four bands were biased, allowing them to
be easily distinguished.
Crystalline K2 SO4 , (NH4 )2 SO4 , Na2 SO4 , ZnSO4 •7H2 O, and
MgSO4 •7H2 O are orthorhombic. Their SR (blue line in Fig. 2),
LR (red line in Fig. 2), and SERS (black line in Fig. 2) spectra are shown in Fig. 2. The strongest bands in the Raman
spectra of the sulfate salts were related to the SO4 2− ion. The
four common vibration bands of SO4 2− were as follows: ν 1 (SO symmetric stretching), ν 2 (S-O symmetric bending), ν 3 (SO asymmetric stretching), and ν 4 (S-O asymmetric bending).
Among the five salts, four common vibration modes of sulfate
salts were measured, and the strongest (ν 1 ) in the SERS spec-

tra was observed at 981 cm−1 , which was the same as that in
LR spectra. Owing to the low signal of the liquid spectra, the
LR spectra of these five salts only measured the SO4 2− ν 1 vibration mode; however, this shortcoming was solved in the
SERS spectra. Both K2 SO4 and (NH4 )2 SO4 did not contain crystal water, but due to the difference in metal ions, the peak positions of the same vibration mode were different, which allowed us to easily distinguish both substances. For solid crystals, the ν 1 vibration mode of K2 SO4 and (NH4 )2 SO4 occurred at
983 and 975 cm−1 , respectively, and the other three vibration
peaks also had certain wave number deviations. Na2 SO4 undergoes a phase change when heated, and commercially avail-
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Fig. 4 – Solid Raman (SR), liquid Raman (LR), and surface-enhanced Raman scattering (SERS) spectra of (a) NH4 NO3 , (b) AgNO3 ,
(c) KNO3 , and (d) Al(NO3 )3 •9H2 O. The three common vibration modes are marked in red (ν1 ), orange (ν2 ), and green (ν4 ).

Fig. 5 – Solid Raman (SR), liquid Raman (LR), and surface-enhanced Raman scattering (SERS) spectra of (a) Ca(NO3 )2 •4H2 O, (b)
Cd(NO3 )2 •4H2 O, (c) Mg(NO3 )2 •6H2 O, and (d) Fe(NO3 )3 •9H2 O. The three common vibration modes are marked in red (ν1 ), orange
(ν2 ), and green (ν4 ).
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Fig. 6 – Solid Raman (SR), liquid Raman (LR), and surface-enhanced Raman scattering (SERS) spectra of (a) Li(NO3 )3 , (b)
NaNO3 , (c) Ba(NO3 )2 , (d) Pb(NO3 )3 , (e) La(NO3 )3 , and (f) Bi(NO3 )3 •5H2 O. The three common vibration modes are marked in red
(ν1 ), orange (ν2 ), and green (ν4 ).

able sodium sulfate is generally in phase V. The ν 1 vibration
mode of its SR spectra occurred at 991 cm−1 , and the ν 2 , ν 3 ,
and ν 4 were all split.
Both ZnSO4 •7H2 O and MgSO4 •7H2 O contain the same
amount of crystal water, and their isomorphism provided
spectral similarity; the ν 1 of the SR spectra was split into two
small peaks, 983 and 1022 cm−1 (ZnSO4 •7H2 O), and that of
MgSO4 •7H2 O peaked at 983 and 999 cm−1 . In addition, the ν 2
and ν 3 of ZnSO4 •7H2 O and the ν 3 of MgSO4 •7H2 O were split
into three small peaks, which were also combined into a unified peak in the SERS spectra. In addition to the four major
vibration modes, the SR spectra of these two salts exhibited
some weak peaks in the range of 239−310 cm−1 , and these
spectral characteristics allowed us to distinguish them from
other substances.

Crystalline HgSO4 , MnSO4 •H2 O, and FeSO4 •4H2 O are monoclinic. Their SR (blue line in Fig. 3), LR (red line in Fig. 3), and
SERS (black line in Fig. 3) spectra are shown in Fig. 3. They
were similar in the ν 1 mode of the SERS spectra, all of which
occurred at 981 cm−1 . However, because of the differences in
the amounts of metal ions and crystal water, the spectral characteristics of these three salts were somewhat different. In the
SR spectra, the ν 1 vibration mode of HgSO4 , MnSO4 •H2 O, and
FeSO4 •4H2 O occurred at 987, 1020, and 989 cm−1 , respectively.
Although the peak position difference of the ν 1 mode between
HgSO4 and FeSO4 •4H2 O was smaller than the instrument resolution, the other three vibration modes had peak position shift
and different splitting situations, allowing us to distinguish
them.
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Fig. 7 – Solid Raman (SR), liquid Raman (LR), and surface-enhanced Raman scattering (SERS) spectra of (a) (NH4 )2 C2 O4 , (b)
NH4 COOH, (c) CH3 COONH4 , and (d) (NH4 )2 MoO4 .

2.1.2.

Nitrate

Nitrate aerosols, dominated by ammonium nitrate, are transformed from trace gas NOx emitted from fossil fuels (Li et al.,
2016). In recent years, due to reductions in industrial SO2
emissions, nitrate contents have exceeded those of sulfates,
with nitrate becoming the dominant type of SNA (Li et al.,
2019). In previous electron microscopy studies, nitrates could
not be detected because of vacuum conditions, resulting in incomplete information on particle mixing states (Riemer et al.,
2019). Raman techniques can compensate for this shortcoming and have been used to analyze mixtures with other particle components during haze episodes (Sun et al., 2019a). In
this study, 14 nitrate salts (NH4 + , Na+ , Mg2+ , Al3+ , K+ , Ca2+ ,
Fe3+ , Li3+ , Ba2+ , Ag+ , Pb2+ , La3+ , Cd2+ , and Bi3+ ) were investigated.
Crystalline NH4 NO3 , AgNO3 , KNO3 , and Al(NO3 )3 •9H2 O are
orthorhombic. Their SR (blue line in Fig. 4), LR (red line in
Fig. 4), and SERS (black line in Fig. 4) spectra are shown in
Fig. 4. Nitrates displayed two main bands as follows: ν 1 (NO symmetric stretching vibration) and ν 4 (N-O in-plane deformation). Moreover, there were two bands with negligible
intensities attributed to N-O out-of-plane deformation (ν 2 )
and N-O anti-symmetric stretching vibration (ν 3 ), respectively.
Although they belonged to the same crystal system, there
were interesting differences in the spectra of the four salts.
First, their strongest ν 1 mode occurred at 1047 cm−1 (NH4 NO3 ,
AgNO3 , and Al(NO3 )3 •9H2 O) and 1053 cm−1 (KNO3 ) in SERS
spectra. Moreover, compared to the other three salts, KNO3
had a ν 2 vibration mode in addition to ν 1 and ν 4 . Although

NH4 NO3 , AgNO3 , and Al(NO3 )3 •9H2 O had the same peak position in SERS spectra, their ν 1 and ν 4 mode in SR spectra had
obvious differences, which could help in distinguishing each
salt.
Cd(NO3 )2 •4H2 O,
Crystalline
Ca(NO3 )2 •4H2 O,
Mg(NO3 )2 •6H2 O, and Fe(NO3 )3 •9H2 O are monoclinic. Their
SR (blue line in Fig. 5), LR (red line in Fig. 5), and SERS (black
line in Fig. 5) spectra are shown in Fig. 5. Ca(NO3 )2 •4H2 O
and Cd(NO3 )2 •4H2 O were both tetrahydrates. The strongest
ν 1 peaks of the two solid crystals were 1049 and 1051 cm−1 ,
respectively, and the ν 4 mode was split into two peaks.
However, Cd(NO3 )2 •4H2 O appeared in the ν 2 mode and had a
unique characteristic peak at 320 cm−1 . Mg(NO3 )2 •6H2 O and
Fe(NO3 )3 •9H2 O had the same ν 1 modes, which belonged to
N-O symmetric stretching vibration in SERS spectra. However,
because they contain different numbers of crystal waters,
there was a difference in the spectra of these two salts. In SR
spectra, the strongest ν 1 peak of Mg(NO3 )2 •6H2 O occurred at
1059 cm−1 , and that of Fe(NO3 )3 •9H2 O was split into two peaks
at 1047 and 1057 cm−1 . Moreover, ν 2 mode was measured in
Fe(NO3 )3 •9H2 O in addition to ν 1 and ν 4 modes.
Crystalline Li(NO3 )2 and NaNO3 belong to the trigonal system, Ba(NO3 )2 and Pb(NO3 )2 belong to the cubic system, and
La(NO3 )3 and Bi(NO3 )3 •5H2 O belong to the triclinic system.
Their SR (blue line in Fig. 6), LR (red line in Fig. 6), and SERS
(black line in Fig. 6) spectra are shown in Fig. 6. Li(NO3 )2 and
NaNO3 had similar spectra. The strongest ν 1 peaks of the solid
crystals were at 1069 and 1067 cm−1 , respectively, with a difference of only 2 cm−1 , which was the same as the differences
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Fig. 8 – Classification tree for sulfate-nitrate-ammonium (SNA) according to their strongest peaks. The letters in parentheses
are the crystal systems in the solid phase. For the crystal system, the following abbreviations are used: o = orthorhombic,
m = monoclinic, c = cubic, tr = trigonal, and t = triclinic.

in the SERS spectra. Nonetheless, they exhibited obvious deviations in peak positions of ν 4 mode, and Li(NO3 )2 had a unique
characteristic peak at 236 cm−1 . The two types of cubic salts
also exhibited similarity; the ν 1 and ν 4 modes in SR spectra
had the same peak positions, but ν 1 mode in SERS occurred
at 1047 and 1045 cm−1 , respectively. Both triclinic salts had
three vibration modes (ν 1 , ν 2 , and ν 4 ), as well as ν 4 splits. However, due to the differing amounts of crystal water, the characteristic peak positions of La(NO3 )3 and Bi(NO3 )3 •5H2 O deviated. The strongest ν 1 peak of La(NO3 )3 was at 1043/1053 cm−1 ,
whereas that of Bi(NO3 )3 •5H2 O was at 1035 cm−1 . The peak positions of the other two vibration modes were also different.

2.1.3.

Ammonium

Compared to sulfates and nitrates, ammonium is the smallest
component of SNA and has not been classified into individual types in previous studies (Li et al., 2016). However, ammonium and its precursor substance NH3 play increasingly im-

portant roles in atmospheric chemistry (Cheng et al., 2016).
In addition to NH4 NO3 and (NH4 )2 SO4 , four ammonium salts
(C2 O4 2− , COOH− , CH3 COO− , and MoO4 2− ) were investigated in
this study. Their spectra are shown in Fig. 7. Obvious differences between the Raman spectra of these salts indicated that
the spectra were determined by various acid roots and functional groups. In contrast to those of sulfate and nitrate, most
of the peak positions in the SR, LR, and SERS spectra of ammonium did not vary significantly.

2.1.4.

Clarification and identification

Spectral results showed that the peak positions of the substances in SERS spectra were almost the same as those in LR
spectra, indicating no chemical enhancement between Ag and
SNA. Compared with those of the SR spectra, the peak positions of the substances in LR and SERS spectra had certain degrees of deviation. Therefore, the peak position shift between
the spectra of the same substance of SNA was caused by solid-
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Fig. 9 – (a) High-resolution transmission electron microscope (HR-TEM) image of soot particles. (b) Solid Raman (SR), liquid
Raman (LR), and surface-enhanced Raman scattering (SERS) spectra of soot particles. Two-band fitting results from Raman
spectra of (c) graphite oxide (GO) sample and (d) actual PM2.5 sample.

liquid phase transition rather than the SERS effect. The SERS
substrate only had a signal-enhancement effect. Furthermore,
we compared our results with those of other studies using
different excitation wavelengths (532 nm) to explore the influence of wavelength on peak position, and detailed shifts in
the characteristic peaks of each salt are listed in Tables S2−S4.
That peak positions were similar to those of our results, with
differences < 4 cm−1 for most salts. Further, some other peaks
were measured for the same salt in these studies because the
absorption effects of SNA on different excitation wavelengths
varied. When the wavelength was close to the SNA absorption band, the resonance Raman phenomenon led to higher
sensitivity, whereas some absorption led to an increase in the
fluorescence background, which masked the Raman signals of
some weak peaks (Garcia-Bucio et al., 2016).
To help researchers match the unknown peak position to a
specific salt quickly and accurately, we established a peak position classification tree for SNA (Fig. 8). The strongest peak
of each type of salt was selected as a reference. Since the
strongest peak positions of the same types of salts in SERS
and LR spectra were mostly similar and specific spectral differences appeared in SR spectra, we classified the peak positions in the order of SERS, LR, and SR. First, we could classify
the substance types according to the peak positions in SERS
spectra as follows: 981 cm−1 belonged to sulfate, 1045–1053
cm−1 was nitrate, and ammonium salt had other characteristics peaks. Then, we accurately distinguished the substances
further according to the unique peak positions in LR and SR

spectra. However, some substances such as NH4 NO3 , AgNO3 ,
and Ba(NO3 )2 still had similar peak positions in the three types
of spectra. The peak positions of their SERS and LR spectra
were the same but differed only by 2 cm−1 in SR spectra. In
this case, we could continue to refer to the other three vibration peaks, which could further help us distinguish the three
salts effectively.

2.2.

Organics

Organics, which are common components in PM2.5 particles,
are composed of primary and secondary organic aerosols derived from different sources (Li et al., 2016). Recent studies
have shown that organics account for more than 50% of the
particles during haze episodes, especially during the winter
heating period and in the cold northeastern regions (Xu et al.,
2017). Organics easily mix internally with other particle types,
which changes the physical and chemical properties of the
fine particles. In addition, because of their toxicity to the environment and human health, organics have received extensive
attention from researchers (Zhang et al., 2016).
In this study, 12 types of priority PAHs (one of the
representative types of toxic organics) recommended by
the European Union were selected as follows: naphthalene
(NAP), acenaphthene (ACN), acenaphthylene (ACL), fluorene
(FLU), anthracene (ANT), phenanthrene (PHE), fluoranthene
(FLA), pyrene (PYR), chrysene (CHR), benzo[a]anthracene (BaA),
benzo[b]fluoranthene (BbF), and benzo[a]pyrene (BaP). Their
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Table 1 – Structure, spectra, and surface-enhanced Raman scattering (SERS) shift of 12 polycyclic aromatic hydrocarbons
(PAHs).

Name

Structure

Spectra

Reference 633
nm SERS (Au)
(cm-1 )

Reference 785 nm
SERS (Ag) (cm-1 )

Naphthalene

-

1382 (Jiang et al.,
2012)

Acenaphthene

-

640, 803, 1433, 1607
(Jiang et al., 2012)

550, 1421
(He et al., 2017)

-

Acenaphthylene

Fluorene

-

746, 1024, 1158
(Jiang et al., 2012)

Anthracene

394, 755, 1398
(He et al., 2017)

395, 754, 1403, 1558
(Xie et al., 2010)

Phenanthrene

545, 708, 1438
(He et al., 2017)

410, 547, 1044, 1441
(Du and Jing, 2011)

Fluoranthene

670, 1100
(He et al., 2017)

553, 665, 785, 1013,
1097, 1605 (Qu et al.,
2013)

Pyrene

407, 591, 1066,
1240, 1405
(Zhao et al., 2015)

401, 585, 1061, 1401
(Qu et al., 2013)

(continued on next page)
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Table 1 (continued)
Reference 633
nm SERS (Au)
(cm-1 )

Reference 785 nm
SERS (Ag) (cm-1 )

Chrysene

-

567, 680, 767, 1382
(Lopez-Tocon et al.,
2011)

357, 722
(He et al., 2017)

-

Benzo[a]anthracene

-

-

612, 1234
(He et al., 2017)

336, 614, 637, 1240,
1583 (Du and
Jing, 2011)

Name

Structure

Spectra

Benzo[b]fluoranthene

Benzo[a]pyrene

SR: solid Raman.

Table 2 – Two-band fitting parameters obtained from Raman spectra of soot particles from various sources.
Soot
source

Excitation
wavelength (nm)

D-band (cm−1 )

Diesel

785

∼1330

Gasoline

633
532
633
532
532

∼1340
∼1369
∼1343
∼1361
∼1359
∼1366
∼1337
∼1345
∼1330

Coal
Biomass
GO
PM2.5

785
785
633

G-band (cm−1 )

ID /IG
HD /HG

AD /AG

References

∼1589

-

3.960

∼1590
∼1587
∼1593
∼1581
∼1592
∼1594
∼1590
∼1587
∼1589

0.834
0.956
0.993
0.803
1.401
0.851
-

∼2.550
1.997
∼2.400
2.068
2.197
2.213
2.768
1.886
3.61

Ferrugiari et al.,
2015
Ge et al., 2019
Feng et al., 2019
Ge et al., 2019
Feng et al., 2019
Feng et al., 2019
This work
Chen et al., 2021
Ferrugiari et al.,
2015

ID /IG : D/G intensity ratio; HD /HG : D/G peak height ratio; AD /AG : D/G peak area ratio.

structure, Raman, and SERS spectra, with Au NPs used as
the SERS substrate, are shown in Table 1. Because they had
the same characteristic groups, the vibration modes of the
12 PAHs were similar (i.e., peaks at 300–1000 cm−1 were assigned to the C–C bending mode, and peaks at 1200–1600
cm−1 were assigned to the C–H bending mode) (Chen et al.,
2015). However, the differences in the number of benzene rings
and molecular structures gave each PAH unique fingerprint
peaks. The centrifugal process promoted hydrophobic PAHs
approaching Au, bringing them in close contact with more
“hot spots” and realizing a great physical enhancement of the
signal (Sun et al., 2014).

Compared with Raman spectroscopy, the SERS peak positions exhibited significant red shifts of varying degrees (i.e.,
762 to 754 cm−1 for NAP; 1151 to 1145 cm−1 for FLU), which
was due to the charge transfer between Au and PAHs (Du et al.,
2016). This phenomenon indicated that there was not only
electromagnetic field enhancement between PAHs and the Au
substrate but also a chemical enhancement. To compare spectral differences due to various excitation wavenumber and
SERS substrates, we compared our results with those of other
studies (Du and Jing, 2011; Jiang et al., 2012). Different rules
for the peak position shift were found when Ag was used
as the SERS substrate; peak positions in SERS spectra had a
more blue shift relative to that in SR spectra (i.e., 1425 to 1433
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cm−1 for ACN; 1151 to 1158 cm−1 for FLU; 1035 to 1044 cm−1
for PHE), which indicated that there were different chemical reaction mechanisms between PAHs and Au and between
PAHs and Ag. Compared with the difference in peak positions
caused by different substrates, those under different excitation wavelengths were not apparent. More details about shifts
in the characteristic peaks and vibration mode distributions
are listed in Tables S5–S16.

2.3.

Soot

Soot particles, which are a dominant type of fine particle, originate from the incomplete combustion of biomass, biofuel, and
fossil fuels. They mainly contain C and O (Li et al., 2014b),
as well as other elements based on their various origins, including S, K, Ca, and Si (Fu et al., 2012). They possess light
absorption characteristics; therefore, soot plays an important
role in global warming and changes in atmospheric optical
radiation (Sharma et al., 2018). Fresh soot particles are composed of aggregated chain-like carbon spheres and exhibit a
curved onion-like graphitic layered structure in HR-TEM images (Fig. 9a). As haze worsens, soot could provide an adsorption interface and the reaction sites required to convert
SO2 and NOx to SNA, forming complex internal mixing states
(He et al., 2018). In this study, we used GO to represent soot
particles, for which Raman and SERS spectra with Ag foil as
the substrate are shown in Fig. 9b.
As shown in Fig. 9b, the characteristic peaks in Raman and
SERS spectra of soot were all at ∼1340 cm−1 (D-band) and
∼1600 cm−1 (G-band), representing the disordered defects and
ordered lattice structure, respectively, of graphite (Rosen and
Novakov, 1977). The lack of changes in the peaks indicated
little chemical enhancement between the soot and the Ag
substrate, and the peak position had nothing to do with the
solid-liquid state of soot particles. However, previous studies showed that excitation wavelengths had almost no effect
on the peak position of the G-band, but owing to the phenomenon of double resonant Raman scattering, as the excitation light energy increases, the D-band shifts in the direction of high energy (Thomsen and Reich, 2000; Vidano et al.,
1981). Moreover, soot particles from various sources and formation methods varied significantly in the disorder degree of
the structure and the ratio of D to G peak intensities (ID /IG ),
which can be used as important evidence for source appointment (Feng et al., 2019). We performed two-band Gaussian fitting for GO and referenced the actual sample from the atmosphere in our previous study (Chen et al., 2021) to obtain the
information of spectral parameters (fitting results are listed
in Fig. 9c-d) and compared it with that of soot particles from
various sources in other literature (Table 2).

3.

and SERS substrates. This study aimed to provide a basic reference for future Raman identification of particles and has
important applications in haze prevention. However, particle
components are still under continuous identification and development, especially the components of complex organics.
Future studies should focus on these substances and further
improve the spectral library of particle components, thereby
making Raman technology a more reliable technical method
for particle identification.

Conclusions

In fine-particle analysis, different excitation wavelengths and
SERS substrates will produce shifts in the spectral peak positions and changes in the relative intensities, making it difficult
to identify the composition of fine particles. In this study, we
reported a Raman and SERS spectral library of common fineparticle components using common excitation wavelengths
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