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 26	

Abstract 27	

We present electrospray-surface enhanced Raman spectroscopy (ES-SERS) as a new approach 28	

to measuring the surface chemical compositions of atmospherically relevant particles. The 29	

surface-sensitive SERS is realized by electrospraying Ag nanoparticle aerosols over analyte 30	

particles. Spectral features at v(SO4
2-), v(C-H) and v(O-H) modes were observed from the 31	

normal Raman and SERS measurements of laboratory-generated supermicron particles of 32	

ammonium sulfate (AS), AS mixed with succinic acid (AS/SA) and AS mixed with sucrose 33	

(AS/sucrose). SERS measurements showed strong interaction (or chemisorption) between Ag 34	

nanoparticles and surface aqueous sulfate [SO4
2-] with [SO4

2-]AS/sucrose > [SO4
2-]AS/SA > 35	

[SO4
2-]AS. Enhanced spectra of the solid AS and AS/SA particles revealed the formation of 36	

surface-adsorbed water on their surfaces at 60% relative humidity. These observations of 37	

surface aqueous sulfate and adsorbed water demonstrate a possible role of surface-adsorbed 38	

water in facilitating the dissolution of sulfate from the bulk phase into its water layer(s). 39	

Submicron ambient aerosol particles collected in Hong Kong exhibited non-enhanced features 40	

of black carbon and enhanced features of sulfate and organic matter (carbonyl group), 41	

indicating an enrichment of sulfate and organic matter on the particle surface. 42	

 43	
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 51	

1. Introduction 52	

Atmospheric aerosols are emitted from a variety of sources and complex mixtures of organic 53	

and inorganic substances (Ault and Axson, 2017). Due to the complex components, aerosols 54	

have a wide range of physical and chemical properties (Hinds, 1999; Sullivan and Prather, 55	

2005; Ault and Axson, 2017). Aerosols affect both the climate and human health on a global 56	

scale (IPCC, 2013; Pope and Dockery, 2006). They scatter and absorb solar radiation and alter 57	

the properties of clouds, potentially affecting radiative transfer and precipitation behaviors 58	

(IPCC, 2013; DeMott et al., 2016). Exposure to particulate matter (PM) has adverse	effects on 59	

cardiopulmonary health (Pope and Dockery, 2006). 60	

Thin film water is ubiquitous and can cover the surfaces of many materials (Ewing, 61	

2006). Earlier work has reported the formation of a monolayer of adsorbed water on the surface 62	

of solid AS at 60% relative humidity (RH) (Romakkaniemi et al., 2001). Surface-adsorbed 63	

water plays a potential role in facilitating the heterogeneous chemistry of atmospheric aerosols 64	

(Trainic et al., 2012; Chu and Chan, 2016). Yet the relative role of surface chemistry and bulk 65	

processes is poorly understood due to the lack of surface-sensitive techniques available for 66	

studying individual atmospheric particles (Ault et al., 2013). 67	

 Spectroscopic methods, particularly Raman spectroscopy, are useful for investigating 68	

the physical properties and chemical components of complex atmospheric particles. Raman 69	

studies have been carried out to probe the phase state (Bertram et al., 2011), hygroscopic 70	

properties (Yeung et al., 2009), and heterogeneous reactivity (Lee and Chan, 2007) of 71	

laboratory-generated atmospherically relevant particles at precisely controlled RHs. However, 72	

Raman measurements of atmospherically relevant particles have been limited to the highly 73	

Raman-active modes of v(SO4
2-) (Yeung et al., 2009), v(NO3

-) (Lightstone et al., 2000), v(C-74	

H) (Chu and Chan, 2016) and black carbon (BC) (Sze et al., 2001), due to insufficient 75	
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sensitivity to other modes. In addition, Sobanska et al. (2012) reported a strong fluorescence 76	

signal from the humic substances in clay mineral aerosols, which can mask Raman signals 77	

(Sobanska et al., 2012). Expanding the detection range of Raman as well as enhancing Raman 78	

signals can help elucidate particle phase processes occurring in the atmosphere. 79	

 Recently surface enhanced Raman spectroscopy (SERS) has been applied for 80	

characterizing atmospheric particles (Craig et al., 2015; Ofner et al., 2016). SERS has the 81	

potential to overcome the limitations of insufficient sensitivity and spatial resolution in 82	

conventional Raman spectroscopy. The technique relies on the localized surface plasmon 83	

resonances in noble metal nanoparticles (e.g. silver and gold) to trigger Raman enhancement 84	

(Jeanmaire and Van Duyne, 1977; Albrecht and Creighton, 1977). Raman signals can be 85	

enhanced by up to 1010 times (Le Ru et al., 2007). Earlier works detected not only the highly 86	

Raman-active modes but also other important modes such as v(C-C), v(C-N), v(C=O) and v(O-87	

H) modes in atmospheric particles (Craig et al., 2015; Ofner et al., 2016). Craig et al. (2015) 88	

made use of SERS substrates coated with silver (Ag) nanoparticles for collection of ambient 89	

or analyte particles (Craig et al., 2015). Despite the successful enhancement of Raman signals 90	

within individual analyte particles, approaches using SERS substrates may not be able to detect 91	

the surface chemical compositions of particles. This limitation is attributable to the 92	

configuration of SERS active spots that are formed between the SERS substrate and the analyte 93	

particle.  94	

In most microscopic Raman studies, backscattered Raman signals of analyte particles 95	

are collected in a microscopic configuration. When the analyte particles are deposited on the 96	

Ag-coated SERS substrate (Craig et al., 2015), SERS active spots are located beneath the 97	

particles. In other words, the photons must pass through the particle with a refractive index 98	

greater than air, which would scatter/absorb light and reduce the signals received by the Raman 99	

microscope. Furthermore, the SERS-substrate method collects enhanced Raman signals from 100	
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interfaces between the substrate and deposited particles but not the gas/particle interfaces, 101	

which are important for heterogeneous processes. A significant enhancement was observed 102	

only at the edge of particles likely due to spatially non-uniform SERS active spots distributed 103	

across individual particles (Craig et al., 2015). 104	

Gen and Wuled (2015) recently developed an SERS approach to probe surfaces coated 105	

with an organic thin film by electrospraying Ag nanoparticle aerosols over the probed surfaces 106	

(Gen and Lenggoro, 2015). A number concentration of 11.6 particles/µm2 and a narrow 107	

distribution of separation distance between deposited particles peaking at 100 nm confirmed 108	

the concentrated and uniform deposition pattern of Ag nanoparticles on a substrate respectively. 109	

Following that approach, we devise an SERS technique to detect the surface chemical 110	

compositions of deposited analyte particles by creating uniform SERS active spots on the 111	

particle surface. Figure 1 shows a comparison of approaches using an SERS substrate with pre-112	

deposited metal nanoparticles and our proposed method of depositing metal nanoparticle 113	

aerosols on collected analyte particles. Deposition of metal nanoparticle aerosols on an analyte 114	

particle creates SERS active spots on the surface of the analyte particle facing the microscope, 115	

similar to the tip-enhanced Raman spectroscopy configuration (Uzayisenga et al., 2012; Yang 116	

et al., 2009) and therefore the photons from the enhancement can be directly transferred to a 117	

detector without passing through the analyte particle. 118	

Aerosol technology has been used to generate aerosols with a wide range of sizes across 119	

five orders of magnitude (Hinds, 1999; Okuyama and Lenggoro, 2003; Jaworek, 2007). Among 120	

the techniques, the electrospray technique is a unique method that atomizes liquid using 121	

electrical forces (de la Mora, 2007). It can produce submicron highly charged droplets, thus 122	

preventing their coagulation and facilitating their self-dispersion. After solvent evaporation, 123	

dried aerosols form rapidly at ambient temperatures and pressure. Since charges on droplets 124	
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can remain in dried aerosols, the motion of highly-charged dried aerosols can be precisely 125	

controlled using electric fields (Kim et al., 2006; Lenggoro et al., 2006). 126	

We report for the first time a technique called electrospray-SERS (ES-SERS) which is 127	

designed to probe atmospherically relevant particles. We employ the electrospray technique to 128	

deposit Ag nanoparticles on analyte particles. We present ES-SERS experiments on laboratory-129	

generated supermicron particles of ammonium sulfate (AS), AS mixed with succinic acid (SA) 130	

and AS mixed with sucrose (AS/sucrose). The dependence of Raman enhancement at the 131	

v(SO4
2-) mode on surface sulfate anions is discussed. Effects of analyte particle size on Raman 132	

signals are investigated with aqueous AS/sucrose particles. We then describe the direct 133	

observation of surface adsorbed water on solid AS and AS/SA particles from enhanced Raman 134	

signals of v(O-H) mode. Lastly, we apply the technique to examine submicron ambient 135	

particles. 136	

 137	

 138	

2. Experimental 139	

2.1. Materials 140	

AS (Sigma-Aldrich) and sucrose (Affymetrix USB Products) were dissolved in ultrapure water 141	

(18.2 MΩ cm) to prepare an AS/Sucrose stock solution of 5 wt% at 1:1 molar ratio. A 5-wt% 142	

aqueous solution of AS only and another of AS and SA (Sigma-Aldrich) mixed at 1:1 weight 143	

ratio were also prepared. The prepared solution was atomized to produce droplets using a 144	

piezoelectric particle generator (Model 201, Uni-Photon Inc.) and the analyte droplets were 145	

deposited on a substrate of silicon wafer that had been coated with gold using a sputtering 146	

device (Q150T, Quorum Technologies Ltd.). The samples were kept in a desiccator at < 10% 147	

RH prior to use and Raman measurements were taken at the ambient RH of 60%. All chemicals 148	

were used as received without further purification. 149	
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 150	

 151	

2.2. SERS agent nanoparticles 152	

Ag nanoparticles were deposited on the analyte particles (Fig. 1b) using the 153	

electrospray technique (Gen and Lenggoro, 2015). An aqueous suspension of Ag nanoparticles 154	

was prepared by reducing silver nitrate with sodium citrate (Lee and Meisel, 1982). The Ag 155	

nanoparticles deposited on the substrate and in the suspension were characterized by scanning 156	

electron microscopy (SEM, EVO 10, Carl Zeiss Inc.) and UV-vis spectroscopy (UV-3600, 157	

Shimadzu), respectively. Ag nanoparticle aerosols (suspended in the gas phase) produced from 158	

the electrospray were characterized with a differential mobility analyzer (DMA; Model 3081A, 159	

TSI Inc.) and a condensation particle counter (CPC; Model 3025A, TSI Inc.). 160	

 161	

 162	

2.3. Particle generation 163	

Figure 2 shows the electrospray system consisting of a generation and a deposition 164	

chamber. The suspension was diluted with an equal volume of ethanol to reduce the surface 165	

tension and to facilitate the evaporation of solvents (Gen and Lenggoro, 2015). The diluted 166	

suspension was fed to a stainless-steel capillary tube (SUS304; 32 gauge, Hamilton) which 167	

serves as a spray nozzle using a syringe pump (KDS-100, KD Scientific) at a liquid flow rate 168	

of 0.2 mL/h. The spray nozzle was inserted to a six-way cross chamber and positively charged 169	

at 2.0 - 2.5 kV with a high-voltage module (HV1, S1-5P(A)-L2, Matsusada Precision Inc.). 170	

The spray current, which is induced by charged droplets, was measured with an electrometer 171	

(Model 6485, Keithley Instruments Inc.). CO2 gas at a flow rate of ~1 L/min was introduced 172	

into the chamber to suppress electric discharge (i.e. to maintain stability of electrospraying) 173	

(Zeleny, 1915) and carry Ag nanoparticles from the generation chamber to the deposition one. 174	
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The spray nozzle and the deposition chamber were electrically separated from the generation 175	

chamber. The substrate was set perpendicular to the spray nozzle in the deposition chamber 176	

and negatively charged at - 2.0 kV using another high-voltage module (HV2, S1-5N(A)-L2, 177	

Matsusada Precision Inc.). Ag nanoparticles were deposited on the substrate at ambient 178	

pressure (1 atm) and the spraying time was 1 hour. The Ag nanoparticle aerosols produced 179	

were electrically neutralized with a Kr-85 aerosol neutralizer (Model 3077A, TSI Inc.) before 180	

entering the DMA for size distribution measurements. Size classification in the DMA was 181	

performed by applying a negative voltage to the center rod of the DMA with a high-voltage 182	

supplier (HAR-15R2-L, Matsusada Precision Inc.). The voltage supplier was controlled with a 183	

data acquisition system (NI PCIe-6361, National Instruments) through a LabVIEW program 184	

using the necessary voltage for a specific range of particle sizes based on the pressure and 185	

temperature of the flow in the DMA (Hinds, 1999; Knutson and Whitby, 1975). 186	

 187	

 188	

2.4. SERS analysis 189	

Analyte particles with and without Ag nanoparticles were characterized using a Raman 190	

spectroscope (Renishaw inVia Raman Microscope). Through microscopic observations, 191	

analyte particles exceeding 20 µm in diameter were selected for most cases of normal Raman 192	

and SERS measurements. A 633 nm (17 mW) laser was used and an integration time of 10 s 193	

was applied. The sample was irradiated with the laser through a 50X objective lens (N 194	

PLANEPI, NA = 0.75, Leica) and the laser spot size was estimated to be ~1 µm. Spectra from 195	

multiple positions on an analyte particle were acquired with a step size of 2 µm. Over 10 Raman 196	

spectra of 300-4000 cm-1 were obtained for each particle. Raman enhancement was observed 197	

for vibration modes of v(SO4
2-), v(NO3

-), v(C-H), and v(O-H). Ambient RH and temperature 198	

were 60% and 20-21 ºC, respectively. An enhancement factor is used to quantitatively examine 199	
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the performance of SERS. This factor can be expressed as (ISERS/NSurf)/(INR/Nvol), where Nvol is 200	

the average number of analyte molecules within the scattering volume for normal Raman 201	

experiments; NSurf is the average number of analyte molecules physically and/or chemically 202	

adsorbed on a nanoparticle surface within the scattering volume for SERS experiments; INR 203	

and ISERS are Raman intensities for normal Raman and SERS measurements, respectively (Le 204	

Ru et al., 2007). In the current study, the enhancement factor was simply reduced to ISERS/INR 205	

for comparing experimental results later because it is difficult to calculate Nvol/NSurf.  206	

 207	

 208	

3. Results and discussion 209	

We first characterize the electrospray technique. Next, SERS measurements of supermicron 210	

(1-40 µm) AS, AS/SA and AS/sucrose particles are reported. The presence of surface-adsorbed 211	

water is then discussed. Finally, ES-SERS is used to characterize submicron ambient PM. The 212	

SERS experimental results are shown in Table 1. More than 10 spectra for normal Raman and 213	

SERS measurements were quantified to estimate ISERS/INR. 214	

 215	

 216	

3.1. Characterization of the electrospray system 217	

The stability of the electrospraying system was characterized using the current (I)–218	

voltage (V) curve (Figure S1 in the Supporting Information). Stable electrospraying can be 219	

obtained within a certain range of V where I does not change (de la Mora and Loscertales, 220	

1994; Lenggoro et al., 2000). In Figure S1, I increases with V at lower V’s (<2.0 kV). As V 221	

approaches 1.9 kV, I starts to level off and stays almost constant until V reaches 2.3 kV. In the 222	

present study, V ranged between 1.9 to 2.3 kV was used for electrospraying. 223	
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The dispersion of SERS nanoparticles and their interaction with analyte molecules 224	

determine the enhancement behavior (Ko et al., 2008; Oh et al., 2009; Addison and Brolo, 225	

2006; Makiabadi et al., 2010; Sun et al., 2011). Therefore, Ag nanoparticles in the suspension, 226	

in the gas phase and deposited on the substrate were characterized. Figure S2 presents the 227	

absorption spectra of Ag nanoparticles in the suspension as prepared and as diluted with ethanol 228	

at a 1:1 volume ratio. The aqueous suspensions exhibited maximum absorption at ~ 400 nm as 229	

a result of the localized surface plasmon resonance, whereas the suspension diluted with 230	

ethanol showed a slight shift to ~420 nm. This insignificant change in the absorption spectrum 231	

suggests that the size distribution of Ag nanoparticles is similar before and after dilution. Figure 232	

S3 shows the gas-phase size distribution of Ag nanoparticle aerosols with a mode of 53 nm in 233	

electrical mobility diameter. The nanoparticles deposited on the gold-coated silicon substrate 234	

were observed with SEM as shown in Fig. S4. The size distribution of the deposited particles 235	

shows a peak of ~67 nm which is close to the gas-phase particle size (53 nm). The size of Ag 236	

nanoparticles in suspension has been reported to be ~ 50 nm (Gen and Lenggoro, 2015). The 237	

similarity in size between particles in the suspension, particles in the gas phase and particles 238	

deposited on the substrate gives us confidence that the Ag nanoparticles produced in the current 239	

system can be delivered from the suspension onto the substrate surface without much 240	

aggregation.  241	

 242	

 243	

3.2. SERS of laboratory-generated PM 244	

Normal and enhanced Raman spectra of the AS/sucrose particles are shown in Fig. 3. 245	

Normal Raman measurement of an AS/sucrose particle (without Ag nanoparticles) shows SO4
2- 246	

vibration modes at 450, 633, and 979 cm-1 and NH4
+ vibration modes at 1461, 1700 and 3153 247	

cm-1 (Dong et al., 2007). A broad band v(O-H) of water at ~3400 cm-1 can also be seen, 248	
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indicating that the particle contained bulk water at ambient RH (i.e. 60%). The addition of 249	

sucrose delays efflorescence of the mixed particle (Chu and Chan, 2016). Bands v(C-O) of 250	

sucrose at 1067 and 1130 cm-1 and a broad band v(C-H) at 2930 cm-1 were also observed 251	

(Brizuela et al., 2014). In the presence of Ag nanoparticles, a significant Raman enhancement 252	

was found at the v(SO4
2-) mode of 967 cm-1 with ISERS/INR = 12.4. Furthermore, a redshift from 253	

980 to 967 cm-1 occurred. A commercially available Ag-coated SERS substrate (SERStrate, 254	

Silmeco) (Schmidt et al., 2012) was also used to investigate the Raman enhancement of the 255	

AS/sucrose particles (Fig. S5). Likewise, the selective enhancement and the redshift at the 256	

v(SO4
2-) mode were observed. In addition, the spectrum obtained with the SERS substrate 257	

(green) is almost identical to the current SERS spectrum (red), giving us confidence that the 258	

enhancement observed in the present study was triggered by the deposition of Ag nanoparticle 259	

aerosols.  260	

Strong charge-transfer interaction (i.e. chemisorption) between Ag nanoparticles and 261	

analyte molecules generally leads to a peak shift and peak broadening (Campion and 262	

Kambhampati, 1998; Stockle et al., 2000). The strength of coupling is strongly dependent on 263	

the orientation and binding of analyte molecules to a nanoparticle surface. Earlier work has 264	

suggested that nitrate anions in aqueous form are chemisorbed on Ag nanoparticle surfaces, 265	

resulting in a significant enhancement and a redshift of the v(NO3
-) peak (Craig et al., 2015). 266	

Similarly, aqueous sulfate is also expected to be chemisorbed on Ag nanoparticles, leading to 267	

a significant enhancement of the v(SO4
2-) peak. In other words, the availability of aqueous 268	

sulfate on the surface of analyte particles, [SO4
2-] could be characterized by the enhancement. 269	

To study the Raman enhancement of [SO4
2-], SERS was performed on the AS and AS/SA 270	

particles. The sample particles were first dried at below 10% RH and then exposed to 60% RH 271	

during the normal Raman and SERS measurements. Both types of particles are in solid form 272	

at 60% RH (Laskina et al., 2015; Choi and Chan, 2002). There is no difference in the full width 273	
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at half maximum (FWHM) and the peak position between AS and AS/SA particles (see Table 274	

2), confirming that the presence of SA does not affect the phase state of AS at 60% RH. Figure 275	

4 shows the normal and SERS spectra of the AS and AS/SA particles. No Raman enhancement 276	

at the v(SO4
2-) mode was observed for the AS particles (i.e. ISERS/INR ~ 1). Since the AS 277	

particles were solid during SERS measurements, a negligible amount of aqueous sulfate anions 278	

were available. In contrast, the AS/SA particles show an enhancement at d(OH×××O), v(SO4
2-) 279	

and v(C-H) modes with the ISERS/INR of 3.7, 3.3 and 2.6, respectively. The ISERS/INR at the 280	

v(SO4
2-) mode is significantly smaller than ISERS/INR = 12.4 for the AS/sucrose particles, 281	

suggesting that less surface aqueous sulfate for the AS/SA particles was available than that for 282	

the AS/sucrose particles. SA, which is only slightly soluble in water, crystallizes and forms 283	

nuclei during the partial efflorescence of ammonium nitrate and AS (Lightstone et al., 2000). 284	

The presence of SA does not affect the deliquescence behavior of AS (Choi and Chan, 2002). 285	

Nonetheless, the current results clearly demonstrate that the addition of SA into AS has a 286	

substantial influence on the availability of aqueous sulfate anions on the analyte particle surface 287	

but not so much on their availability in the AS particle system. Overall, SERS experiments 288	

reveal the availability of surface aqueous sulfate in the three particle systems: [SO4
2-]AS/sucrose 289	

(ISERS/INR = 12.4) > [SO4
2-]AS/SA (ISERS/INR = 3.3) > [SO4

2-]AS (ISERS/INR = 1). 290	

 Particle phase can be inferred from the position and shape of the Raman peaks (Yeung 291	

and Chan, 2010). Table 2 shows the peak position and FWHM of the v(SO4
2-) mode obtained 292	

using Gaussian fittings. When AS deliquesces, the v(SO4
2-) peak is generally blue-shifted and 293	

broadened. In the normal Raman measurements, AS and AS/SA particles show a sharp peak at 294	

977 cm-1 with FWHM of <8 cm-1 but the AS/sucrose particles show a peak at 980 cm-1 with 295	

FWHM of 13.5 cm-1. The blueshift and band broadening strongly suggest the presence of 296	

aqueous sulfate in the AS/sucrose particles, whereas the other particles contain sulfate in solid 297	

form. In the SERS measurements, however, the redshift and increase in FWHM are most likely 298	
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due to strong interaction between Ag nanoparticles and surface aqueous sulfate (Niaura and 299	

Malinauskas, 1998). The shape of the v(SO4
2-) peak for the AS particles did not change between 300	

the two measurements, indicating no or weak interaction between Ag nanoparticles and sulfate 301	

in solid form. 302	

Figure S6 shows Raman intensities at the v(SO4
2-) mode along the diameter of 303	

individual AS/sucrose particles from normal Raman and SERS measurements. The laser spot 304	

transected the particle surface from one edge to another edge with a step size of 2 µm. Normal 305	

Raman measurement showed peaks of the v(SO4
2-) mode at all positions. SERS measurement 306	

showed an enhancement at all positions, although the Raman intensity fluctuated. The results 307	

demonstrate the high-frequency Raman enhancement across an individual particle. The higher 308	

SERS intensities near the edges might be due to the higher densities of SERS active spots in 309	

the sensing volume of the laser spot.  310	

 311	

 312	

3.3. Size effect on Raman intensity 313	

One of the essential requirements for Raman enhancement is that analyte molecules 314	

must be located within a few nanometers of the nanoparticle surface (Dieringer et al., 2006). 315	

Raman emissions from analyte molecules far from the surface cannot be enhanced. Hence, the 316	

enhanced Raman spectra can provide chemical information about the surface of analyte 317	

particles. Here we examine the effect of analyte particle size (i.e. particle volume) on Raman 318	

signals to confirm the surface-sensitive Raman emissions. Figure 5 shows the typical normal 319	

Raman spectrum of AS/sucrose particles and the intensities of v(SO4
2-) and v(C-H) as a 320	

function of the particle size. Small particles were produced using stock solutions of AS/sucrose 321	

diluted by a factor of 10 and 100. Above 10 µm in particle size, the Raman intensity stays 322	

almost constant for both modes. When the particle size is below 10 µm, the Raman intensity 323	
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decreases with particle size. Raman intensity is correlated with the number of analyte 324	

molecules in the sensing volume of the focused laser spot. The size dependence indicates that 325	

normal Raman measurements are sensitive to the particle volume and provides bulk 326	

information about the chemical composition of analyte particles. Note that the laser spot size 327	

is smaller than any of the particle size studied and therefore particle width has no effect on the 328	

intensity. However, the depth of focus, h, contributes to the size effect on the intensity. If the 329	

analyte particle depth is comparable to or smaller than h, the Raman intensity decreases with 330	

the number of molecules within the sensing volume. The estimated h in our experiments is 2.3 331	

µm using h = 2λ/NA2 where λ and NA are the wavelength of the laser and the numerical aperture 332	

of the objective lens, respectively. This estimated value is smaller than the nominal threshold 333	

of 10 µm observed in the size dependence of the SERS signals, because gravity had affected 334	

the shape of the analyte particles deposited on the substrate. Earlier work using environmental 335	

SEM has shown that AS droplets are hemispherical when in contact at 96º with a copper 336	

substrate that has been hydrophobically modified with poly-tetrafluoroethylene (Matsumura 337	

and Hayashi, 2007).  338	

Figure 6 shows the typical enhanced spectra of the AS/sucrose and the intensity as a 339	

function of particle size for the two modes. Unlike the normal Raman measurements, the 340	

enhanced intensity as a function of particle size was almost constant. SERS active spots were 341	

created over the surface of analyte particles and the surface area irradiated by a laser was 342	

constant over the size range studied due to the smaller laser spot diameter. Furthermore, in the 343	

normal Raman measurements, a change in particle size changes the Raman intensity when the 344	

particle volume is comparable to the sensing volume of the laser spot. Considering these facts, 345	

the constant enhanced intensity provides evidence that the enhanced spectrum contains 346	

information about the bulk chemical compositions (non-enhanced; minor component) as well 347	
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as the surface compositions (enhanced; major component), making the ES-SERS technique 348	

suitable for surface-sensitive detection. 349	

The ISERS/INR ratio as a function of particle size for the AS/sucrose particles is 350	

summarized in Table 1. ISERS was calculated by averaging enhanced peak intensities from all 351	

SERS measurements (the entire size range). The normal Raman intensity decreases with size 352	

below 10 µm. Hence ISERS/INR increases with decreasing size, resulting in the largest ISERS/INR 353	

of 162.0 for the v(SO4
2-) mode at 1.4 µm. Craig et al. (2015) reported an enhancement factor 354	

of 2.0 at the v(SO4
2-) mode obtained with SERS substrates (Craig et al., 2015). Note that 355	

ISERS/INR is an underestimate of the enhancement factor conventionally used because Nvol/NSurf 356	

is much greater than unity in the present case.  357	

 358	

 359	

3.4. Measurements of surface-adsorbed water 360	

Taking advantage of the surface sensitiveness of ES-SERS, we examine the presence 361	

of surface-adsorbed water on solid particles of AS and AS/SA. As shown in Fig. 3 and Table 362	

2, AS/sucrose particles (1:1 molar ratio) at 60% RH are aqueous, which can be inferred from 363	

the blueshift in the v(SO4
2-) peak compared to the AS particles, a broad peak at the v(C-H) 364	

mode and the appearance of the v(O-H) mode of water (~3400 cm-1). The enhancement at the 365	

v(O-H) mode (ISERS/INR = 1.2) was observed in the AS/sucrose particles, but bulk water might 366	

have contributed to the enhancement. Figure 7 presents the normal and enhanced Raman 367	

spectra of solid AS and AS/SA particles at 3000 ~ 4000 cm-1 at 60% RH, and reveals a possible 368	

role of surface-adsorbed water formed on the particles. No water peak was observed at v(O-H) 369	

in the normal Raman measurements of either particle system (blue spectra) confirming that the 370	

particle phases were likely solid and the bulk water in the particles was negligible 371	

(undetectable). In contrast, the SERS experiments presented a slightly enhanced water peak for 372	
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the AS particles and a significant enhancement for the AS/SA particles. The thickness of 373	

surface-adsorbed water on AS at 60% has been reported to be ~ 0.19 nm (a monolayer) 374	

(Romakkaniemi et al., 2001). The slight enhancement reflects the detection limit in our 375	

approach (i.e. a water film of monolayer thickness). The significant enhancement for AS/SA 376	

particles, which was much larger than that for AS particles, suggests that they had more than 377	

one layer of adsorbed water at 60% RH. The presence of water at 60% RH could explain the 378	

gradual mass increase of AS/SA particles before abrupt water uptake at deliquescence (Ling 379	

and Chan, 2008). The relative mass change (m/m0) obtained with an electrodynamic balance 380	

increases with RH: m/m0 = 1.0, 1.2, 1.3 and 2.0 at 50%, 80%, 81% and 82% RH, respectively. 381	

Corresponding Raman spectra did not show a distinct peak at v(O-H) mode at RHs between 50 382	

and 81%.  383	

The surface-adsorbed water may have facilitated the dissolution of sulfate anions into 384	

its layer(s) from the bulk particle, thus contributing to an increase in aqueous sulfate anions on 385	

the surface (Fig. 7c). In other words, the surface-adsorbed water is likely associated with the 386	

aqueous sulfate anions on the surface, which is consistent with our observation on the 387	

availability of aqueous sulfate anions for the AS and AS/SA particles ([SO4
2-]AS/SA > [SO4

2-]AS). 388	

Sulfate in the bulk solid phase dissolved in the surface-adsorbed water layer(s) and was 389	

subsequently chemisorbed on the surface of an Ag nanoparticle, leading to a significant Raman 390	

enhancement and a peak shift. 391	

 392	

 393	

3.5. Ambient PM 394	

Lastly, we present SERS experiments of ambient PM. Ambient PM was collected on 395	

gold-coated Si substrates at the South Gate of the Hong Kong University of Science and 396	

Technology using a cascade impactor (Model MPS-4G1, California Measurements Inc.) on the 397	
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morning of 9 May 2016. Collected particles between 0.05 and 0.15 µm in aerodynamic 398	

diameter were used as analyte particles for the ES-SERS experiments. The samples were dried 399	

and then exposed to a 60% RH environment for the normal Raman and SERS measurements. 400	

Figure 8 shows the normal and enhanced Raman spectra of the ambient PM and the conceptual 401	

representations of the analyte particles for normal Raman and SERS measurements. The 402	

normal spectrum has peak bands of SO4
2- vibration at 451, 615 and 977 cm-1 as well as disorder 403	

(D) and graphite (G) peak bands at 1341 and 1598 cm-1 respectively. The presence of D and G 404	

bands reveals that the particles contain non-graphite and graphite components, which are often 405	

referred to as amorphous carbon or black carbon (BC) (Sze et al., 2001). The SERS 406	

experiments show a small enhancement at bands of 963 cm-1 (ISERS/INR = 1.9) for sulfate and 407	

1039 cm-1 (ISERS/INR = 1.6) for nitrate, but no enhancement of the D and G peaks. ISERS/INR was 408	

quantified from the measurements from 43 different positions on the substrate. A water peak 409	

band was not found at ~3400 cm-1 (not shown), suggesting that the bulk water was negligible. 410	

Nonetheless, the small enhancement at 963 cm-1 indicates the presence of surface-adsorbed 411	

water on ambient PM at 60% RH, which helps sulfate dissolve in the water layer(s). A peak 412	

shift from 977 to 963 cm-1 and an increase in FWHM from 7.6 to 26.0 cm-1 indicate that sulfate 413	

anions were chemisorbed on the Ag particle surface (Fig. 7c). Additionally, the enhanced 414	

spectrum presents a peak band at 1777 cm-1, which can be assigned to the carbonyl group. A 415	

similar observation using normal Raman spectroscopy has been reported for particles collected 416	

in Hamilton, Ontario (Sze et al., 2001). The PM probably contained organics, but the amount 417	

of organics could not be detected in mass in the normal Raman measurements. Overall, the 418	

normal Raman spectra represent the bulk chemical compositions of BC and sulfate. The 419	

enhanced spectra exhibit the bulk chemical compositions together with the surface 420	

compositions (e.g. sulfate and the carbonyl group). On the basis of the selective enhancement 421	

of the sulfate peak and to a lesser extent the carbonyl peak, we postulate that these BC particles 422	
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may have been coated with organics and sulfate.  In the atmosphere, BC aerosols are usually 423	

internally mixed with organics and sulfate after aging (Shiraiwa et al., 2007). An integrated 424	

approach using Raman spectroscopy and sum frequency generation spectroscopy has shown 425	

that organic material primarily exists at the gas/particle interface of sea spray aerosols (Ault et 426	

al., 2013). The complementary methods of Raman spectroscopy and ES-SERS (as surface-427	

sensitive spectroscopy) can provide the bulk and surface chemical compositions respectively, 428	

which helps reveal the internal structure of individual particles such as their core/shell structure. 429	

 430	

 431	

4. Conclusions 432	

We demonstrated a new technique called ES-SERS for probing atmospherically relevant 433	

particle compositions. ES-SERS measurements showed that the ISERS/INR ratios of the v(SO4
2-) 434	

band at ~970 cm-1 for laboratory-generated AS, AS/SA and AS/sucrose particles followed the 435	

order: AS/sucrose > AS/SA > AS. ISERS/INR is likely associated with the availability of aqueous 436	

sulfate anions on the surface, which can be characterized by the enhanced Raman signals, the 437	

redshift and the increase in FWHM due to the chemisorption of aqueous sulfate anions on Ag 438	

nanoparticles. 439	

The ES-SERS technique also allows us to probe the presence of surface-adsorbed water. 440	

At 60% RH, the normal Raman spectra of solid AS and AS/SA particles do not exhibit a peak 441	

band of v(O-H) at ~3400 cm-1 but the enhanced spectra show a small enhancement for AS 442	

particles and a significant enhancement for AS/SA particles. The latter is attributable to water 443	

adsorbed on the surface of the solid particles. The surface-adsorbed water may promote the 444	

dissolution of sulfate from the bulk phase into its water layer(s). The enhanced v(SO4
2-) peaks 445	

also revealed that the AS/SA particles have more surface aqueous sulfate than do the AS 446	

particles. Adsorbed water has been investigated by limited techniques such as Fourier 447	
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transform infrared spectroscopy (Al-Hosney and Grassian, 2005) and differential mobility 448	

analyzers (Romakkaniemi et al., 2001), which provide direct and indirect observations, 449	

respectively. ES-SERS can also contribute to elucidating the role of surface-adsorbed water in 450	

future studies. 451	

While the normal Raman intensity was sensitive to the particle size, the enhanced 452	

Raman intensity was insensitive in the size range studied (1 ~ 40 µm). In fact, the enhanced 453	

intensity was constant over the entire size range. Increasing attention has been paid to 454	

spectroscopic analysis which can provide valuable information on the physicochemical 455	

properties of atmospheric particles at the single-particle level (Ciobanu et al., 2009; Baustian 456	

et al., 2012; Yeung et al., 2009). One of the biggest limitations is that particles must be at least 457	

1 µm in size for particle analysis to be possible due to the Abbe diffraction limit. Our ES-SERS 458	

results demonstrate that the enhanced Raman signals do not drop as the particle size decreases 459	

down to 2 µm. The high sensitivity is likely due to the configuration of the SERS active spots. 460	

This sensitive technique may be extended to submicron particles in future studies.  461	

Normal spectra of ambient submicron PM show the D and G bands and the v(SO4
2-) 462	

band, revealing that the particles contain amorphous carbon (i.e. BC) and sulfate. The enhanced 463	

spectra exhibit selective enhancement of v(SO4
2-) and v(C=O) modes but no enhancement for 464	

the D and G bands. Based on a comparison of the spectra, we postulate a particle morphology 465	

with sulfate and organics surrounding the BC core. 466	

The chemical enhancement resulting in a peak shift could pose an obstacle to tracing 467	

the phase transition as well as identifying functional groups. Recent studies have introduced 468	

the use of core-shell composite gold nanoparticles to eliminate the chemical enhancement (Li 469	

et al., 2010; Li et al., 2013). The outermost inert shell layer of the nanoparticle prevents its 470	

direct contact (i.e. coupling) with analyte molecules. Using such novel nanoparticles could 471	

further extend the application of the proposed ES-SERS technique in atmospheric studies. 472	
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Table 1. Summary of intensity ratio ISERS/INR at peak bands of 937, 970, 1039 and 2930 cm-1 691	

for the AS, AS/SA and AS/sucrose particles and ambient PM. All Raman experiments were 692	

conducted at ambient temperature and 60% RH. 693	

 694	

 695	

 696	

 697	

 698	

 699	

 700	

 701	

 702	

 703	

 704	

 705	

 706	

 707	

 708	

δ (OH∙∙∙O)        
~937 cm-1

v (SO4
2-)         

~970 cm-1
v (NO3

-)                        
~1039 cm-1

v (C-H)         
~2930 cm-1

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 1.7

4.0 NA 51.9 NA 6.9

1.4 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 (SO4
2-)

Intensity ratio

Particle phaseSample Particle size [µm]

AS/sucrose
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 709	

Table 2. Peak position and full width at half maximum (FWHM) at the v(SO4
2-) mode 710	

 711	

 712	

 713	

 714	

 715	

 716	

 717	

 718	

 719	

 720	

 721	

 722	

 723	

 724	

 725	

 726	

 727	

 728	

Sulfate peak [cm-1] FWHM [cm-1] Sulfate peak [cm-1] FWHM [cm-1]

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

Normal Raman SERS
Sample
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 729	

 730	

 731	

 732	

 733	

 734	

 735	

 736	

Figure 1. Schematic illustration of (a) a conventional SERS substrate approach and (b) the 737	

proposed ES-SERS approach. 738	
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 746	

 747	

 748	

 749	

 750	

 751	

 752	

 753	

 754	

Figure 2. Schematic illustration of the electrospray system consisting of a generation and a 755	

deposition chamber. 756	
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 764	

 765	

 766	

 767	

 768	

Figure 3. Normal Raman spectrum of substrate (black, a) and the AS/sucrose particles (blue, 769	

b) and SERS spectrum of the AS/sucrose particles (red, c). The inset provides a magnified 770	

view of the normal Raman spectrum for comparison. The particle sizes are 23.3 and 43.7 µm 771	

for normal Raman and SERS experiments, respectively. Schematics represent (a) substrate 772	

only, (b) analyte particles on substrate, and (c) analyte particles with Ag nanoparticles 773	

deposited on a substrate. 774	
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 780	

Figure 4. Normal and SERS spectra for (a) AS and (b) AS/SA particles at v(SO4
2-) and (c) v(C-781	

H) (only applicable to the AS/SA particles) modes.  782	

(a)
v(SO42-)

Wavenumber [cm-1]

In
te

ns
ity

Wavenumber [cm-1]

Wavenumber [cm-1]

(b)

(c)

AS

AS/SA

AS/SA

δ(OH∙∙∙O) v(SO42-)

v(C-H)

In
te

ns
ity

In
te

ns
ity

850 900 950 1000 1050
0

5x103

1x104

1.5x104

2x104

2.5x104

2800  2900  3000  3100
0

2x103

4x103

6x103

8x103

1x104

1.2x104

950 960 970 980 990 1000
0

5x103

1x104

1.5x104

2x104

SERS
Normal

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-361, 2017
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 8 May 2017
c© Author(s) 2017. CC-BY 3.0 License.



	 35	

 783	

 784	

 785	

 786	

Figure 5. (a) Normal Raman spectra of the AS/sucrose particles as a function of particle size 787	

in the lower energy region (920 ~ 1040 cm-1). The peak band is assigned to the v(SO4
2-) 788	

mode. (b) Raman intensity as a function of particle size for the v(SO4
2-) and v(C-H) modes. 789	
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 791	

 792	

Figure 6. (a) Enhanced Raman spectra of the AS/sucrose particles as a function of particle 793	

size in the lower energy region (920 ~ 1040 cm-1). The peak band is assigned to the v(SO4
2-) 794	

mode. The normal Raman spectra are also shown for comparison. (b) Raman intensity as a 795	

function of particle size for the v(SO4
2-) and v(C-H) modes. 796	
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 798	

Figure 7. Normal (blue) and enhanced (red) Raman spectra of (a) AS and (b) AS/SA 799	

particles at 3000 ~ 4000 cm-1. The sizes of the AS particles are 31.6 and 30.3 µm for normal 800	

Raman and SERS experiments, respectively. The sizes of the AS/SA particles are 24.7 and 801	

25.5 µm for normal Raman and SERS experiments, respectively. (c) Schematic 802	

representation (not to scale) of a possible role of surface-adsorbed water in facilitating 803	
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dissolution of aqueous sulfate anions that are subsequently chemisorbed on the surface of an 804	

Ag nanoparticle. 805	

 806	

 807	

 808	

 809	

 810	

 811	

 812	

Figure 8. Normal (blue) and enhanced (red) Raman spectra of ambient PM. The particle size 813	

is between 0.05 and 0.15 µm. The illustrations (not to scale) present experimental 814	

configurations for normal Raman and SERS measurements. The normal spectrum includes 815	

the bulk chemical compositions of BC and sulfate and the enhanced one includes the bulk 816	

compositions as well as the surface compositions (i.e. sulfate and organics). 817	
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