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Abstract

We present electrospray-surface enhanced Raman spectroscopy (ES-SERS) as a new approach
to measuring the surface chemical compositions of atmospherically relevant particles. The
surface-sensitive SERS is realized by electrospraying Ag nanoparticle aerosols over analyte
particles. Spectral features at v(SO4%), v(C-H) and v(O-H) modes were observed from the
normal Raman and SERS measurements of laboratory-generated supermicron particles of
ammonium sulfate (AS), AS mixed with succinic acid (AS/SA) and AS mixed with sucrose
(AS/sucrose). SERS measurements showed strong interaction (or chemisorption) between Ag
nanoparticles and surface aqueous sulfate [SO4?] with [SO4*]asisucrose > [SOs*]asisa >
[SO4*]as. Enhanced spectra of the solid AS and AS/SA particles revealed the formation of
surface-adsorbed water on their surfaces at 60% relative humidity. These observations of
surface aqueous sulfate and adsorbed water demonstrate a possible role of surface-adsorbed
water in facilitating the dissolution of sulfate from the bulk phase into its water layer(s).
Submicron ambient aerosol particles collected in Hong Kong exhibited non-enhanced features
of black carbon and enhanced features of sulfate and organic matter (carbonyl group),

indicating an enrichment of sulfate and organic matter on the particle surface.
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1. Introduction

Atmospheric aerosols are emitted from a variety of sources and complex mixtures of organic
and inorganic substances (Ault and Axson, 2017). Due to the complex components, aerosols
have a wide range of physical and chemical properties (Hinds, 1999; Sullivan and Prather,
2005; Ault and Axson, 2017). Aerosols affect both the climate and human health on a global
scale (IPCC, 2013; Pope and Dockery, 2006). They scatter and absorb solar radiation and alter
the properties of clouds, potentially affecting radiative transfer and precipitation behaviors
(IPCC, 2013; DeMoitt et al., 2016). Exposure to particulate matter (PM) has adverse effects on
cardiopulmonary health (Pope and Dockery, 2006).

Thin film water is ubiquitous and can cover the surfaces of many materials (Ewing,
2006). Earlier work has reported the formation of a monolayer of adsorbed water on the surface
of solid AS at 60% relative humidity (RH) (Romakkaniemi et al., 2001). Surface-adsorbed
water plays a potential role in facilitating the heterogeneous chemistry of atmospheric aerosols
(Trainic et al., 2012; Chu and Chan, 2016). Yet the relative role of surface chemistry and bulk
processes is poorly understood due to the lack of surface-sensitive techniques available for
studying individual atmospheric particles (Ault et al., 2013).

Spectroscopic methods, particularly Raman spectroscopy, are useful for investigating
the physical properties and chemical components of complex atmospheric particles. Raman
studies have been carried out to probe the phase state (Bertram et al., 2011), hygroscopic
properties (Yeung et al., 2009), and heterogeneous reactivity (Lee and Chan, 2007) of
laboratory-generated atmospherically relevant particles at precisely controlled RHs. However,
Raman measurements of atmospherically relevant particles have been limited to the highly
Raman-active modes of v(SO4+%) (Yeung et al., 2009), v(NOz’) (Lightstone et al., 2000), v(C-

H) (Chu and Chan, 2016) and black carbon (BC) (Sze et al., 2001), due to insufficient
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sensitivity to other modes. In addition, Sobanska et al. (2012) reported a strong fluorescence
signal from the humic substances in clay mineral aerosols, which can mask Raman signals
(Sobanska et al., 2012). Expanding the detection range of Raman as well as enhancing Raman
signals can help elucidate particle phase processes occurring in the atmosphere.

Recently surface enhanced Raman spectroscopy (SERS) and tip enhanced Raman
spectroscopy (TERS) have been applied for characterizing atmospheric particles (Craig et al.,
2015; Ofner et al., 2016). SERS has the potential to overcome the limitations of insufficient
sensitivity and spatial resolution in conventional Raman spectroscopy. The technique relies on
the localized surface plasmon resonances in noble metal nanoparticles (e.g. silver and gold) to
trigger Raman enhancement (Jeanmaire and VVan Duyne, 1977; Albrecht and Creighton, 1977).
Raman signals can be enhanced by up to 10'° times (Le Ru et al., 2007). Earlier works detected
not only the highly Raman-active modes but also other important modes such as v(C-C), v(C-
N), v(C=0) and v(O-H) modes in atmospheric particles (Craig et al., 2015; Ofner et al., 2016).
Craig et al. (2015) made use of SERS substrates coated with silver (Ag) nanoparticles for
collection of ambient or analyte particles (Craig et al., 2015). Despite the successful
enhancement of Raman signals within individual analyte particles, approaches using SERS
substrates may not be able to detect the surface chemical compositions of particles. This
limitation is attributable to the configuration of SERS active spots that are formed between the
SERS substrate and the analyte particle.

In most microscopic Raman studies, backscattered Raman signals of analyte particles
are collected in a microscopic configuration. When the analyte particles are deposited on the
Ag-coated SERS substrate (Craig et al., 2015), SERS active spots are located beneath the
particles. In other words, the photons must pass through the particle with a refractive index
greater than air, which would scatter/absorb light and reduce the signals received by the Raman

microscope. Furthermore, the SERS-substrate method collects enhanced Raman signals from
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interfaces between the substrate and deposited particles but not the gas/particle interfaces,
which are important for heterogeneous processes. A significant enhancement was observed
only at the edge of particles likely due to spatially non-uniform SERS active spots distributed
across individual particles (Craig et al., 2015).

Gen and Lenggoro (2015) recently developed an SERS approach to probe surfaces
coated with an organic thin film by electrospraying Ag nanoparticle aerosols over the probed
surfaces (Gen and Lenggoro, 2015). A number concentration of 11.6 particles/um? and a
narrow distribution of separation distance between deposited particles peaking at 100 nm
confirmed the concentrated and uniform deposition pattern of Ag nanoparticles on a substrate
respectively. They employed the electrospray deposition of positively charged Ag
nanoparticles on a silicon wafer that had been dip-coated with an organic thin film. The
concentration of the organics on the substrate ranged from ~1 to 30 nanograms/m?. The Raman
mapping allows direct measurement of a spatial distribution of organic molecules on a solid
surface with the detection limit above 3.54 molecules/um?. Numerical electrodynamic
simulations have revealed that singly charged Ag nanoparticles (50 nm) can be deposited on
any surface, i.e., from metallic to non-metallic substrates, under an electric field of > 10* V/m.
Following that approach, we devise an SERS technique to detect the surface chemical
compositions of deposited analyte particles by creating uniform SERS active spots on the
particle surface. Figure 1 shows a comparison of approaches using an SERS substrate with pre-
deposited metal nanoparticles and our proposed method of depositing metal nanoparticle
aerosols on collected analyte particles. Deposition of metal nanoparticle aerosols on an analyte
particle creates SERS active spots on the surface of the analyte particle facing the microscope,
similar to the TERS configuration (Uzayisenga et al., 2012; Yang et al., 2009) and therefore
the photons from the enhancement can be directly transferred to a detector without passing

through the analyte particle.
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Aerosol technology has been used to generate aerosols with a wide range of sizes across
five orders of magnitude (Hinds, 1999; Okuyama and Lenggoro, 2003; Jaworek, 2007). Among
the techniques, the electrospray technique is a unique method that atomizes liquid using
electrical forces (de la Mora, 2007). It can produce submicron highly charged droplets, thus
preventing their coagulation and facilitating their self-dispersion. After solvent evaporation,
dried aerosols form rapidly at ambient temperatures and pressure. Since charges on droplets
can remain in dried aerosols, the motion of highly-charged dried aerosols can be precisely
controlled using electric fields (Kim et al., 2006; Lenggoro et al., 2006).

We report for the first time a technique called electrospray-SERS (ES-SERS) which is
designed to probe atmospherically relevant particles. We employ the electrospray technique to
deposit Ag nanoparticles on analyte particles. We present ES-SERS experiments on laboratory-
generated supermicron particles of ammonium sulfate (AS), AS mixed with succinic acid (SA)
and AS mixed with sucrose (AS/sucrose). The dependence of Raman enhancement at the
v(S04?") mode on surface sulfate anions is discussed. Effects of analyte particle size on Raman
signals are investigated with agqueous AS/sucrose particles. We then describe the direct
observation of surface adsorbed water on solid AS and AS/SA particles from enhanced Raman
signals of v(O-H) mode. Lastly, we apply the technique to examine submicron ambient

particles.

2. Experimental

2.1. Materials and sample preparation

In this study, atmospherically relevant particles of AS, AS mixed with SA, and AS mixed with
sucrose were examined (Ling and Chan, 2008; Zobrist et al., 2008; Freedman et al., 2010; Chu

and Chan, 2016). AS (Sigma-Aldrich) and sucrose (Affymetrix USB Products) were dissolved
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in ultrapure water (18.2 MQ cm) to prepare an AS/Sucrose stock solution of 5 wt% at 1:1 molar
ratio. A 5-wt% aqueous solution of AS only and another of AS and SA (Sigma-Aldrich) mixed
at 1:1 weight ratio were also prepared. The prepared solution was atomized to produce droplets
using a piezoelectric particle generator (Model 201, Uni-Photon Inc.) and the analyte droplets
were deposited on a substrate of silicon wafer (100, N type, Y Mart, Inc.) that had been coated
with gold using a sputtering device (Q150T, Quorum Technologies Ltd.). The gold coating was
used to mask peaks of Si wafer at 520 and 900-1000 cm™*. Ambient PM was collected on gold-
coated Si substrates at the South Gate of the Hong Kong University of Science and Technology
using a cascade impactor (Model MPS-4G1, California Measurements Inc.) on the morning of
9 May 2016. Collected particles between 0.05 and 0.15 pm in aerodynamic diameter were used
as analyte particles. The samples were kept in a desiccator at < 10% RH prior to use and Raman
measurements were taken at the ambient RH of 60%. All chemicals were used as received

without further purification.

2.2. SERS agent nanoparticles

Ag nanoparticles were deposited on the analyte particles (Fig. 1b) using the
electrospray technique (Gen and Lenggoro, 2015). An aqueous suspension of Ag nanoparticles
was prepared by reducing silver nitrate with sodium citrate (Lee and Meisel, 1982). The Ag
nanoparticles deposited on the substrate and in the suspension were characterized by scanning
electron microscopy (SEM; EVO 10, Carl Zeiss Inc. and JSM-6390, JEOL) and UV-vis
spectroscopy (UV-3600, Shimadzu), respectively. Ag nanoparticles suspended in the gas phase
produced from the electrospray were characterized with a differential mobility analyzer (DMA,;

Model 3081A, TSI Inc.) and a condensation particle counter (CPC; Model 3025A, TSI Inc.).
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2.3. Deposition of Ag nanoparticles

Figure 2 shows the electrospray system consisting of a generation and a deposition
chamber. The suspension was diluted with an equal volume of ethanol to reduce the surface
tension and to facilitate the evaporation of solvents (Gen and Lenggoro, 2015). The diluted
suspension was fed to a stainless-steel capillary tube (SUS304; 32 gauge, Hamilton) which
serves as a spray nozzle using a syringe pump (KDS-100, KD Scientific) at a liquid flow rate
of 0.2 mL/h. The spray nozzle was inserted to a six-way cross chamber and positively charged
at 2.0 - 2.5 kV with a high-voltage module (HV1, S1-5P(A)-L2, Matsusada Precision Inc.).
The spray current, which is induced by charged droplets, was measured with an electrometer
(Model 6485, Keithley Instruments Inc.). CO2z gas at a flow rate of ~1 L/min was introduced
into the chamber to suppress electric discharge (i.e. to maintain stability of electrospraying)
(Zeleny, 1915) and carry Ag nanoparticles from the generation chamber to the deposition one.
The spray nozzle and the deposition chamber were electrically separated from the generation
chamber. The substrate was set perpendicular to the spray nozzle in the deposition chamber
and negatively charged at - 2.0 kV using another high-voltage module (HV2, S1-5N(A)-L2,
Matsusada Precision Inc.). Ag nanoparticles were deposited on the substrate at ambient
pressure (1 atm) and the spraying time was 1 hour based on earlier work (Gen and Lenggoro,
2015). The Ag nanoparticles produced were electrically neutralized with a Kr-85 aerosol
neutralizer (Model 3077A, TSI Inc.) before entering the DMA for size distribution
measurements. Size classification in the DMA was performed by applying a negative voltage
to the center rod of the DMA with a high-voltage supplier (HAR-15R2-L, Matsusada Precision
Inc.). The voltage supplier was controlled with a data acquisition system (NI PCle-6361,

National Instruments) through a LabVIEW program using the necessary voltage for a specific
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range of particle sizes based on the pressure and temperature of the flow in the DMA (Hinds,

1999; Knutson and Whitby, 1975).

2.4. SERS analysis

Analyte particles with and without Ag nanoparticles were characterized using a Raman
spectroscope (Renishaw inVia Raman Microscope). Instrument control was performed with
the Renishaw WIRE (Renishaw). Through microscopic observations, analyte particles
exceeding 20 pum in diameter were selected for most cases of normal Raman and SERS
measurements. A 633 nm (17 mW) laser was used and an integration time of 10 s was applied.
The sample was irradiated with the laser through a 50X objective lens (N PLANEPI, NA =0.75,
Leica) and the laser spot size was estimated to be ~1 pum. Spectra from multiple positions on
an analyte particle were acquired with a step size of 2 um. Over 10 Raman spectra of 300-4000
cmt were obtained for each particle. Raman enhancement was observed for vibration modes
of v(SO4%), V(NO3), v(C-H), and v(O-H) at ~970, ~1034, ~2930 and 3200 ~ 3500 cm™,
respectively. Ambient RH and temperature were 60% and 20-21 °C, respectively. An
enhancement factor is used to quantitatively examine the performance of SERS. This factor
can be expressed as (Isers/Nsurf)/(INr/Nvol), Where Nvol is the average number of analyte
molecules within the scattering volume for normal Raman experiments; Nsurf IS the average
number of analyte molecules physically and/or chemically adsorbed on a nanoparticle surface
within the scattering volume for SERS experiments; Inr and Isers are Raman intensities for
normal Raman and SERS measurements, respectively (Le Ru et al., 2007). In the current study,
we simply used Isers/Inr for comparing experimental results later because it is difficult to

calculate Nvol/Nsurf.
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3. Results and discussion

We first characterize the electrospray technique. Next, SERS measurements of supermicron
(1-40 um) AS, AS/SA and AS/sucrose particles are reported. The presence of surface-adsorbed
water is then discussed. Finally, ES-SERS is used to characterize submicron ambient PM. The
SERS experimental results are shown in Table 1. More than 10 spectra for normal Raman and
SERS measurements were quantified to estimate Isers/Inr. All spectra for quantification of
Isers/Inr (except for AS /sucrose particles smaller than 20 um) are shown in Figs. S1, S2 and

S3.

3.1. Characterization of the electrospray system

The stability of the electrospraying system was characterized using the current (1)—
voltage (V) curve (Figure S4 in the Supporting Information). Stable electrospraying can be
obtained within a certain range of V where | does not change (de la Mora and Loscertales,
1994; Lenggoro et al., 2000). In Figure S4, | increases with V at lower V’s (<2.0 kV). As V
approaches 1.9 kV, | starts to level off and stays almost constant until V reaches 2.3 kV. In the
present study, V ranged between 1.9 to 2.3 kV was used for electrospraying.

The dispersion of SERS nanoparticles and their interaction with analyte molecules
determine the enhancement behavior (Ko et al., 2008; Oh et al., 2009; Addison and Brolo,
2006; Makiabadi et al., 2010; Sun et al., 2011). Therefore, Ag nanoparticles in the suspension,
in the gas phase and deposited on the substrate were characterized. Figure S5 presents the
absorption spectra of Ag nanoparticles in the suspension as prepared and as diluted with ethanol
ata 1:1 volume ratio. The aqueous suspensions exhibited maximum absorption at ~ 400 nm as

a result of the localized surface plasmon resonance, whereas the suspension diluted with
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ethanol showed a slight shift to ~420 nm. This insignificant change in the absorption spectrum
suggests that the size distribution of Ag nanoparticles is similar before and after dilution. Figure
S6 shows the gas-phase size distribution of Ag nanoparticle aerosols with a mode of 53 nm in
electrical mobility diameter. The nanoparticles dried from the original suspension and those
deposited (electrosprayed) on the gold-coated silicon substrate were observed with SEM as
shown in Fig. S7 a and c, respectively. The size distribution of the deposited particles (Fig. S7
d) shows a peak of ~67 nm which is close to the primary particle size (56 nm in Fig. S7 b) and
the particle size (53 nm in Fig. S6) of the aerosol from the electrospray. The size of Ag
nanoparticles in suspension has been reported to be ~ 50 nm (Gen and Lenggoro, 2015). The
similarity in size between particles in the suspension, particles in the gas phase and particles
deposited on the substrate gives us confidence that the Ag nanoparticles produced in the current
system can be delivered from the suspension onto the substrate surface without much

aggregation.

3.2. SERS of laboratory-generated PM

Normal and enhanced Raman spectra of the AS/sucrose particles are shown in Fig. 3.
Normal Raman measurement of an AS/sucrose particle (without Ag nanoparticles) shows SO4*
vibration modes at 450, 633, and 979 cm and NH4* vibration modes at 1461, 1700 and 3153
cm? (Dong et al., 2007). A broad band v(O-H) of water at ~3400 cm™ can also be seen,
indicating that the particle contained bulk water at ambient RH (i.e. 60%). The addition of
sucrose delays efflorescence of the mixed particle (Chu and Chan, 2016). Bands v(C-O) of
sucrose at 1067 and 1130 cm™ and a broad band v(C-H) at 2930 cm™ were also observed
(Brizuela et al., 2014). In the presence of Ag nanoparticles, a significant Raman enhancement

was found at the v(SO4*) mode of 967 cm™ with Isers/INg = 12.4. The Isers/Inr at v(SO4%)

11
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mode is approximately 7.6 times higher than that at v(C-H) mode (Table 1). This is likely due
to the strong interaction between sulfate and Ag nanoparticles. Furthermore, a redshift from
980 to 967 cm occurred. A commercially available Ag-coated SERS substrate (SERStrate,
Silmeco) (Schmidt et al., 2012) was also used to investigate the Raman enhancement of the
AS/sucrose particles (Fig. 4). Likewise, the selective enhancement and the redshift at the
v(SO4*) mode were observed. In addition, the spectrum obtained with the SERS substrate
(green) is almost identical to the current SERS spectrum (red), giving us confidence that the
enhancement observed in the present study was triggered by the deposition of Ag nanoparticle
aerosols.

The electrospray system has been proven to be effective in depositing nanoparticles
onto any surface (Gen and Lenggoro, 2015). We believe that Ag nanoparticles are deposited
onto the analyte particle surfaces because Raman enhancement was observed only when
electrospraying Ag nanoparticles was performed. Ag nanoparticles used in the current study
were synthesized by the citrate-reduction method. If the nanoparticles were aggregated, SERS
spectrum would show enhanced peaks of citrate adsorbed on Ag nanoparticle surface as
stabilizer (Munro et al., 1995). In our measurements of AS particles, we observed strong citrate
peaks only for one particle (Figure S1(e)), but absent for all other SERS spectra. This gives us
confidence that the enhancement is mainly coming from individual Ag nanoparticles.

Strong charge-transfer interaction (i.e. chemisorption) between Ag nanoparticles and
analyte molecules generally leads to a peak shift and peak broadening (Campion and
Kambhampati, 1998; Stdckle et al., 2000). The strength of coupling is strongly dependent on
the orientation and binding of analyte molecules to a nanoparticle surface. Earlier work has
suggested that nitrate anions in aqueous form are chemisorbed on Ag nanoparticle surfaces,
resulting in a significant enhancement and a redshift of the v(NO3) peak (Craig et al., 2015).

Similarly, aqueous sulfate is also expected to be chemisorbed on Ag nanoparticles, leading to

12
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a significant enhancement of the v(SO4%") peak. In other words, the availability of aqueous
sulfate on the surface of analyte particles, [SO4?] could be characterized by the enhancement.
To study the Raman enhancement of [SO4*], SERS was performed on the AS and AS/SA
particles. The sample particles were first dried at below 10% RH and then exposed to 60% RH
during the normal Raman and SERS measurements. Both types of particles are in solid form
at 60% RH (Laskina et al., 2015; Choi and Chan, 2002). There is no difference in the full width
at half maximum (FWHM) and the peak position between AS and AS/SA particles (see Table
2), confirming that the presence of SA does not affect the phase state of AS at 60% RH. Figure
5 shows the normal and SERS spectra of the AS and AS/SA particles. No Raman enhancement
at the v(SO4*) mode was observed for the AS particles (i.e. Isers/Inr ~ 1). Since the AS
particles were solid during SERS measurements, a negligible amount of aqueous sulfate anions
were available. In contrast, the AS/SA particles show an enhancement at §OH---O), v(S04%)
and v(C-H) modes with the Isers/Inr Of 3.7, 3.3 and 2.6, respectively. The Isers/INr at the
v(SO4%) mode is significantly smaller than Isers/INk = 12.4 for the AS/sucrose particles,
suggesting that less surface aqueous sulfate for the AS/SA particles was available than that for
the AS/sucrose particles. SA, which is only slightly soluble in water, crystallizes and forms
nuclei during the partial efflorescence of ammonium nitrate and AS (Lightstone et al., 2000).
The presence of SA does not affect the deliquescence behavior of AS (Choi and Chan, 2002).
Nonetheless, the current results clearly demonstrate that the addition of SA into AS has a
substantial influence on the availability of aqueous sulfate anions on the analyte particle surface
but not so much on their availability in the AS particle system. Overall, SERS experiments
reveal the availability of surface aqueous sulfate in the three particle systems: [SO4%]as/sucrose
(Isers/INR = 12.4) > [SOs*]asisa (Isers/INr = 3.3) > [SO4*]as (Isers/INr = 1).

Particle phase can be inferred from the position and shape of the Raman peaks (Yeung

and Chan, 2010). Table 2 shows the peak position and FWHM of the v(SO4?>) mode obtained
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using Gaussian fittings. When AS deliquesces, the v(S04%) peak is generally blue-shifted and
broadened. In the normal Raman measurements, AS and AS/SA particles show a sharp peak at
977 cm™ with FWHM of <8 cm™ but the AS/sucrose particles show a peak at 980 cm with
FWHM of 13.5 cm™. The blueshift and band broadening strongly suggest the presence of
aqueous sulfate in the AS/sucrose particles, whereas the other particles contain sulfate in solid
form. In the SERS measurements, however, the redshift and increase in FWHM are most likely
due to strong interaction between Ag nanoparticles and surface aqueous sulfate (Niaura and
Malinauskas, 1998). The shape of the v(504%) peak for the AS particles did not change between
the two measurements, indicating no or weak interaction between Ag nanoparticles and sulfate
in solid form.

Figure 6 shows Raman intensities at the v(SO4+%) mode along the diameter of individual
AS/sucrose particles from normal Raman and SERS measurements. The laser spot transected
the particle surface from one edge to another edge with a step size of 2 um. Normal Raman
measurement showed peaks of the v(SO4+%) mode at all positions. SERS measurement showed
an enhancement at all positions, although the Raman intensity fluctuated. The results
demonstrate the high-frequency Raman enhancement across an individual particle. The higher
SERS intensities near the edges might be due to the higher densities of SERS active spots in

the sensing volume of the laser spot.

3.3. Size effect on Raman intensity

One of the essential requirements for Raman enhancement is that analyte molecules
must be located within a few nanometers of the nanoparticle surface (Dieringer et al., 2006).
Raman emissions from analyte molecules far from the surface cannot be enhanced. Hence, the

enhanced Raman spectra can provide chemical information about the surface of analyte
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particles. Here we examine the effect of analyte particle size (i.e. particle volume) on Raman
signals to confirm the surface-sensitive Raman emissions. Figure 7 shows the typical normal
Raman spectrum of AS/sucrose particles and the intensities of v(S04%) and v(C-H) as a
function of the particle size. Small particles were produced using stock solutions of AS/sucrose
diluted by a factor of 10 and 100. Above 10 um in particle size, the Raman intensity stays
almost constant for both modes. When the particle size is below 10 pm, the Raman intensity
decreases with particle size. Raman intensity is correlated with the number of analyte
molecules in the sensing volume of the focused laser spot. The size dependence indicates that
normal Raman measurements are sensitive to the particle volume and provides bulk
information about the chemical composition of analyte particles. Note that the laser spot size
is smaller than any of the particle size studied and therefore particle width has no effect on the
intensity. However, the depth of focus, h, contributes to the size effect on the intensity. If the
analyte particle depth is comparable to or smaller than h, the Raman intensity decreases with
the number of molecules within the sensing volume. The estimated h in our experiments is 2.3
um using h = 24/NA? where 4 (633 nm) and NA (0.75) are the wavelength of the laser and the
numerical aperture of the objective lens, respectively. This estimated value is smaller than the
nominal threshold of 10 um observed in the size dependence of the normal Raman signals,
because gravity had affected the shape of the analyte particles deposited on the substrate,
reducing the particle height (<10 pm). Gravity deforms the shape of droplets on a substrate,
when the size of droplet is sufficiently large (e.g. > 10 um). A contact angle of large droplet to
a substrate is much smaller than 180 degrees. Thus, the depth of substrate-deposited droplet is
typically smaller than its diameter. Earlier work using environmental SEM has shown that AS
droplets are hemispherical when in contact at 96° with a copper substrate that has been

hydrophobically modified with poly-tetrafluoroethylene (Matsumura and Hayashi, 2007).
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Figure 8 shows the typical enhanced spectra of the AS/sucrose and the intensity as a
function of particle size for the two modes. Unlike the normal Raman measurements, the
enhanced intensity as a function of particle size was almost constant. SERS active spots were
created over the surface of analyte particles and the surface area irradiated by a laser was
constant over the size range studied due to the smaller laser spot diameter. Furthermore, in the
normal Raman measurements, a change in particle size changes the Raman intensity when the
particle volume is comparable to the sensing volume of the laser spot. Considering these facts,
the constant enhanced intensity provides evidence that the enhanced spectrum contains
information about the bulk chemical compositions (non-enhanced component) as well as the
surface compositions (enhanced component), making the ES-SERS technique suitable for
surface-sensitive detection.

The Isers/INk ratio as a function of particle size for the AS/sucrose particles is
summarized in Table 1. Isers was calculated by averaging enhanced peak intensities from all
SERS measurements (the entire size range). The normal Raman intensity decreases with size
below 10 um. Hence Isers/Inr increases with decreasing size, resulting in the largest Isers/INnr
of 162.0 for the v(S04%) mode at a particle size of 1.4 um. Craig et al. (2015) reported an
enhancement factor of 2.0 at v(SO4%*) mode of ~970 cm using an SERS substrate with the AS
particles on the top of Ag nanoparticles on the substrate. Furthermore, Fu et al. (2017) reported
an enhancement factor of 6.1 for the same mode, using commercial SERS substrates with pre-
determined gold-coated structure of inverted pyramids (Klarite, Renishaw Diagnostics Ltd.).
Our results of AS/sucrose particles (Table 1) showed that the Isers/Inr, Which is the lower limit
of enhancement factor, ranged from 12.4 to 163, much higher than the above studies. Note that
Isers/InR is the lower limit of the enhancement factor (IsersNvol/INrRNsurf) conventionally used

because Nvol/Nsurf IS much greater than unity in the present case.
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3.4. Measurements of surface-adsorbed water

Taking advantage of the surface sensitiveness of ES-SERS, we examine the presence
of surface-adsorbed water on solid particles of AS and AS/SA. As shown in Fig. 3 and Table
2, AS/sucrose particles (1:1 molar ratio) at 60% RH are aqueous, which can be inferred from
the blueshift in the v(S04%) peak compared to the AS particles, a broad peak at the v(C-H)
mode and the appearance of the v(O-H) mode of water (~3400 cm™t). The enhancement at the
v(O-H) mode (Isers/Inr = 1.2) was observed in the AS/sucrose particles, but bulk water might
have contributed to the enhancement. Figure 9 presents the normal and enhanced Raman
spectra of solid AS and AS/SA particles at 3000 ~ 4000 cm* at 60% RH, and reveals a possible
role of surface-adsorbed water formed on the particles. No water peak was observed at v(O-H)
in the normal Raman measurements of either particle system (blue spectra) confirming that the
particle phases were likely solid and the bulk water in the particles was negligible
(undetectable). In contrast, the SERS experiments presented a slightly enhanced water peak for
the AS particles and a significant enhancement for the AS/SA particles. The thickness of
surface-adsorbed water on AS at 60% has been reported to be ~ 0.19 nm (a monolayer)
(Romakkaniemi et al., 2001). The slight enhancement reflects the detection limit in our
approach (i.e. a water film of monolayer thickness). The significant enhancement for AS/SA
particles, which was much larger than that for AS particles, suggests that they had more than
one layer of adsorbed water at 60% RH. The presence of water at 60% RH could explain the
gradual mass increase of AS/SA particles before abrupt water uptake at deliquescence (Ling
and Chan, 2008). The relative mass change (m/mo) obtained with an electrodynamic balance
increases with RH: m/mo = 1.0, 1.2, 1.3 and 2.0 at 50%, 80%, 81% and 82% RH, respectively.
Corresponding Raman spectra did not show a distinct peak at v(O-H) mode at RHs between 50

and 81%.
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The surface-adsorbed water may have facilitated the dissolution of sulfate anions into
its layer(s) from the bulk particle, thus contributing to an increase in aqueous sulfate anions on
the surface (Fig. 9c). In other words, the surface-adsorbed water is likely associated with the
aqueous sulfate anions on the surface, which is consistent with our observation on the
availability of aqueous sulfate anions for the AS and AS/SA particles ([SOs*]asisa> [SO4%]as).
Sulfate in the bulk solid phase dissolved in the surface-adsorbed water layer(s) and was
subsequently chemisorbed on the surface of an Ag nanoparticle, leading to a significant Raman

enhancement and a peak shift.

3.5. Ambient PM

Lastly, we present SERS experiments of ambient PM. Figure 10 shows the normal and
enhanced Raman spectra of the ambient PM and the conceptual representations of the analyte
particles for normal Raman and SERS measurements. The normal spectrum has peak bands of
S0O4? vibration at 451, 615 and 977 cm™ as well as disorder (D) and graphite (G) peak bands
at 1341 and 1598 cm respectively. The presence of D and G bands reveals that the particles
contain non-graphite and graphite components, which are often referred to as amorphous
carbon or black carbon (BC) (Sze et al., 2001). The SERS experiments show a small
enhancement at bands of 963 cm™ (Isers/Inr = 1.9) for sulfate and 1039 cm™ (Isers/Ink = 1.6)
for nitrate, but no enhancement of the D and G peaks. Isers/INk Was quantified from the
measurements from 43 different positions on the substrate. A water peak band was not found
at ~3400 cm (not shown), suggesting that the bulk water was negligible. Nonetheless, the
small enhancement at 963 cm indicates the presence of surface-adsorbed water on ambient
PM at 60% RH, which helps sulfate dissolve in the water layer(s). A peak shift from 977 to

963 cm? and an increase in FWHM from 7.6 to 26.0 cm™ indicate that sulfate anions were
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chemisorbed on the Ag particle surface (Fig. 9¢). Additionally, the enhanced spectrum presents
a peak band at 1777 cm, which can be assigned to the carbonyl group. A similar observation
using normal Raman spectroscopy has been reported for particles collected in Hamilton,
Ontario (Sze et al., 2001). The PM probably contained organics, but the amount of organics
could not be detected in mass in the normal Raman measurements. Overall, the normal Raman
spectra represent the bulk chemical compositions of BC and sulfate. The enhanced spectra
exhibit the bulk chemical compositions together with the surface compositions (e.g. sulfate and
the carbonyl group). On the basis of the selective enhancement of the sulfate peak and to a
lesser extent the carbonyl peak, we postulate that these BC particles may have been coated with
organics and sulfate. Inthe atmosphere, BC aerosols are usually internally mixed with organics
and sulfate after aging (Shiraiwa et al., 2007). An integrated approach using Raman
spectroscopy and sum frequency generation spectroscopy has shown that organic material
primarily exists at the gas/particle interface of sea spray aerosols (Ault et al., 2013). The
spectrum obtained from ES-SERS contains both bulk and surface information of chemical
compositions, but only the surface compositions are enhanced due to the distance-dependence
effect (Dieringer et al., 2006). The complementary methods of Raman spectroscopy and ES-
SERS (as surface-sensitive spectroscopy) can provide the bulk and surface chemical
compositions, respectively by comparing normal and enhanced Raman spectra. They
potentially help reveal the internal structure of individual particles such as their core/shell

structure.

4. Conclusions
We demonstrated a new technique called ES-SERS for probing atmospherically relevant

particle compositions. ES-SERS measurements showed that the Isers/Inr ratios of the v(SO4%)
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band at ~970 cm™ for laboratory-generated AS, AS/SA and AS/sucrose particles followed the
order: AS/sucrose (Isers/Inr = 12.4) > ASISA (Isers/Inr = 3.3) > AS (Isers/Inr = 1). Isers/INR
is likely associated with the availability of aqueous sulfate anions on the surface, which can be
characterized by the enhanced Raman signals, the redshift and the increase in FWHM due to
the chemisorption of aqueous sulfate anions on Ag nanoparticles.

The ES-SERS technique also allows us to probe the presence of surface-adsorbed water.
At 60% RH, the normal Raman spectra of solid AS and AS/SA particles do not exhibit a peak
band of v(O-H) at ~3400 cm but the enhanced spectra show a small enhancement for AS
particles and a significant enhancement for AS/SA particles. The latter is attributable to water
adsorbed on the surface of the solid particles. The surface-adsorbed water may promote the
dissolution of sulfate from the bulk phase into its water layer(s). The enhanced v(SO4%) peaks
also revealed that the AS/SA particles have more surface aqueous sulfate than do the AS
particles.

While the normal Raman intensity was sensitive to the particle size, the enhanced
Raman intensity was insensitive in the size range studied (1 ~ 40 um). In fact, the enhanced
intensity was constant over the entire size range. Increasing attention has been paid to
spectroscopic analysis which can provide valuable information on the physicochemical
properties of atmospheric particles at the single-particle level (Ciobanu et al., 2009; Baustian
etal., 2012; Yeung et al., 2009). One of the biggest limitations is that particles must be at least
1 um in size for particle analysis to be possible due to the Abbe diffraction limit. Our ES-SERS
results demonstrate that the enhanced Raman signals do not drop as the particle size decreases
down to 2 um. The high sensitivity is likely due to the configuration of the SERS active spots.
This sensitive technique may be extended to submicron particles in future studies.

Normal spectra of ambient submicron PM show the D and G bands and the v(SO4%)

band, revealing that the particles contain amorphous carbon (i.e. BC) and sulfate. The enhanced
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spectra exhibit selective enhancement of v(S04?) and v(C=0) modes but no enhancement for
the D and G bands. Based on a comparison of the spectra, we postulate a particle morphology
with sulfate and organics surrounding the BC core.

The direct contact of Ag nanoparticles to analyte molecules results in a peak shift,
which could pose an obstacle to tracing the phase transition as well as identifying functional
groups. Recent studies have introduced the use of core-shell composite gold nanoparticles to
eliminate the chemical enhancement (Li et al., 2010; Li et al., 2013). The outermost inert shell
layer of the nanoparticle prevents its direct contact (i.e. coupling) with analyte molecules.
Using such novel nanoparticles could further extend the application of the proposed ES-SERS

technique in atmospheric studies.
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Table 1. Summary of intensity ratio Isers/Inr at peak bands of 937, 970, 1039 and 2930 cm!
for the AS, AS/SA and AS/sucrose particles and ambient PM. All Raman experiments were

conducted at ambient temperature and 60% RH.

Intensity ratio

Sample Particle size [um]  Particle phase 5(OH--0) v(SO42') v(NO) V(C-H)
~937cm™  ~970cm™  ~1039 cm?  ~2930 cm™
AS 31.6 Solid NA ~1* NA NA
AS/SA 24.7 Solid 3.7 3.3 NA 2.6
23.3 NA 12.4 NA 1.6
14.0 NA 14.8 NA 17
AS/sucrose
4.0 NA 51.9 NA 6.9
14 Aqueous NA 162.0 NA 21.6
Ambient PM <0.15 Solid NA 1.9 1.6 NA

*No enhancement was observed at a band of v(SO42')
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Table 2. Peak position and full width at half maximum (FWHM) at the v(SO4?) mode

Normal Raman SERS
Sample
Sulfate peak [cm™] FWHM [cm™] Sulfate peak [cm™] FWHM [cm™]
AS 977 7.9 977 7.5
AS/SA 977 7.4 965 20.0
AS/sucrose 980 13.5 967 16.9
Ambient PM 977 7.6 963 26.0
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793  Figure 1. Schematic illustration of (a) a conventional SERS substrate approach and (b) the
794  proposed ES-SERS approach.
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808  Figure 2. Schematic illustration of the electrospray system consisting of a generation and a
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Figure 3. Normal Raman spectrum of substrate (black, a) and the AS/sucrose particles (blue,

b) and SERS spectrum of the AS/sucrose particles (red, ¢). The inset provides a magnified

view of the normal Raman spectrum for comparison. The particle sizes are 23.3 and 43.7 um

for normal Raman and SERS experiments, respectively. Schematics represent (a) substrate

only, (b) analyte particles on substrate, and (c) analyte particles with Ag nanoparticles

deposited on a substrate.
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851  v(C-H) (only applicable to the AS/SA particles) modes.
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mode. (b) Raman intensity as a function of particle size for the v(SO4%) and v(C-H) modes.
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Figure 8. (a) Enhanced Raman spectra of the AS/sucrose particles as a function of particle
size in the lower energy region (920 ~ 1040 cm™). The peak band is assigned to the v(SO4?)
mode. The normal Raman spectra are also shown for comparison. (b) Raman intensity as a

function of particle size for the v(S04?) and v(C-H) modes.
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880  dissolution of aqueous sulfate anions that are subsequently chemisorbed on the surface of an

881  Ag nanoparticle.
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889  Figure 10. Normal (blue) and enhanced (red) Raman spectra of ambient PM. The particle size
890 is between 0.05 and 0.15 pum. Sulfate peaks at 451, 615 and 977 cm™, and D and G bands at
891 1341 and 1598 cm™, respectively, were observed. Enhanced spectra further showed peaks at
892 1039 (nitrate) and 1777 (carbonyl group, indicative of organic components) cm™. The
893 illustrations (not to scale) present experimental configurations for normal Raman and SERS
894  measurements. The normal spectrum includes the bulk chemical compositions of BC and
895 sulfate and the enhanced one includes the bulk compositions as well as the surface

896  compositions (i.e. sulfate and organics).
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