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Abstract 
 

The direct probing of dynamics at electrochemical interface 

has been attracting much attention because it provides 

important insight into in-depth understanding of heterogeneous 

catalysis that is the key to solving problems concerning energy 

storage and conversion. Surface-enhanced Raman 

spectroscopy (SERS) is particularly one of the most promising 

techniques to monitoring electrode/solution interface, because 

SERS provide rich molecular information and most solvent 

present extremely weak Raman scattering cross section. 

Nonetheless, SERS has intrinsic disadvantages, namely that 

surface enhancement is only strong on the roughened coinage 

metals such as Ag, Au, and Cu. 

We report herein an extraordinary Raman probe, the gold 

microshell, which has numerous hot spots on its own surface 

and enables exploring any electrode/solution interface. By 

simple modifying its surface with w-hydroxyalkanethiol, 

electric contact between the gold microshell and probed 

electrode is blocked. We experimentally confirmed that the 

proposed gold microshell worked successfully on in situ 

monitoring the interfacial reaction on non-SERS-active 
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electrode. Because the gold microshell can be individually 

manipulated using a micropipette, it is expected that this work 

opens a new way in practical electrochemical SERS application 

as well as profound understanding of heterogeneous interfaces.  

 

 

Keywords : Raman spectroscopy, Electrochemistry, Gold 

microshell, Surface-enhanced Raman scattering, Non-SERS-

active surface 
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1. Introduction 

 

 

The direct probing of structure and dynamics at 

electrode/solution interface can provide important insights into 

understanding of heterogeneous catalysis including biological 

system,[1,2] fuel cell,[3,4] solar cell,[5,6] and batteries.[7] To 

investigate the interfacial reaction, vibrational spectroscopy 

such as surface-enhanced infrared absorption spectroscopy 

(SEIRAS),[8] attenuated total reflection-infrared (ATR-IR)[9-

11] spectroscopy, and surface-enhanced Raman scattering 

(SERS)[12-14] spectroscopy have been employed. Among these 

methods, SERS is particularly one of the most promising 

techniques to monitoring the surface reaction or intermediates 

at electrode/solution interface, because SERS provide rich 

molecular information with ultrahigh sensitivity down to single 

molecular level[15-21] and most solvent including water present 

extremely weak Raman scattering cross section. Nonetheless, 

SERS has intrinsic disadvantages, namely that surface 

enhancement is only strong on the roughened coinage metals 

such as Ag, Au, and Cu. For example, to obtain large 

enhancement, the electrode surface should be undergone 
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roughening process like electrochemical oxidation and reduction 

cycle (ORC).[22-24] These strict conditions restrict the range of 

probed surface. With the development of nanotechnology, 

SERS-compatible substrates have been fabricated using 

various kinds of nanoparticles like Pt group metals as well as 

coinage metals.[25-28] However, SERS is still hampered to 

probing single crystal and non-metallic surfaces that are of 

interest to the electrochemistry and surface chemistry 

community, and practical application of SERS is limited under 

electrochemical condition. 

The development of tip-enhanced Raman spectroscopy 

(TERS) led to a breakthrough in Raman spectroscopic studies 

on more general substrates.[29,30] The locally confined 

enhancement of electromagnetic field arises from a metallic 

scanning probe microscopy tip, thus there is no limitations on 

probed substrate. But a collected Raman scattering signal is 

quite weak due to the narrow tip area and very sophisticated 

setup for TERS is needed. Recently, Tian et al. addressed an 

elegant technique named shell-isolated nanoparticle-enhanced 

Raman spectroscopy (SHINERS), in which Raman signal 

amplification is provided by gold nanoparticles encapsulated 
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with ultrathin silica shell.[31] Because each nanoparticle acts as 

an Au tip in the TERS system, jointly enhanced Raman signal 

can be obtained from any substrate regardless of material and 

roughness. There have been several reports on obtaining 

SHINERS spectra at interface between aqueous electrolyte and 

well-defined single crystal surfaces, such as Au (111), Pt 

(111), and Cu (100) et al.[32-34] 

In our previous research, we demonstrated that the gold 

microshell on a polystyrene microsphere of 2 mm in diameter 

resulted in a strong SERS-active platform.[35] The proposed 

microshells can be easily discovered and individually 

manipulated under a conventional optical microscope. Moreover, 

because the gold microshell provides hot spots on its own 

surface, probed substrate does not require special surface 

morphology or modification for inducing SERS activity. To take 

advantage of the gold microshell, our group has been suggested 

the on-chip microfluidic SERS decording strategy for a micro 

suspension array,[36] the micro-SERS sensor to mercury (II) 

ions,[37] and the well-defined electrochemical-SERS tip.[38] 

Despite these favorable features, the enhancement from the 

proposed gold microshell was relatively lower than that 
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reported in recent years. Also, due to the possibility that the 

gold microshell can work as an electrode, probing the pristine 

electrochemical reaction on concerned electrode has been 

hindered. 

In this study, we present significant improvements in all 

aspects of the gold microshell. The fabrication process is 

simplified and the SERS signal from optimized gold microshell is 

much larger than that obtained previously. The gold microshell 

is also modified with 11-mercaptoundecanol (MCU), then 

direct contact with electroactive molecules or probed electrode 

is blocked. We report also in situ SERS spectra of an interfacial 

reaction on flat platinum electrode under electrochemical 

conditions. In addition, we demonstrate as a proof of concept 

that the gold microshell acts as an unprecedented SERS probe 

to study non-metallic surfaces. 



 

 11

2. Experimental 

 

 

2.1. Materials  
 

Amine-terminated polystyrene bead (PS-NH2, ca. 1.8 mm 

in diameter, 10% dispersed in water) was purchased from 

Bangs Laboratories, Inc. and used as received. Hydrogen 

tetrachloroaurate (Ш) hydrate were obtained from Kojima 

chemicals CO., LTD. Tetrakis(hydroxymethyl)phosphonium 

chloride (THPC), potassium carbonate, formaldehyde (solution 

in water, 37 wt.%), 4-aminobenzenethiol and indium tin oxide 

coated glass were purchased from Sigma-Aldrich. Sulfuric acid 

and hydrogen peroxide were purchased from J.T. Baker. p-

Aminophenyltrimethoxysilane (p-APhTMS) was purchased 

from Gelest, Inc. All chemical reagents were used without 

further purification. Deionized water (NANOpure Diamond, 

Barnstead, USA) was used to prepare all the solutions. 



 

 12

2.2. Synthesis of gold nanoparticles 
 

0.5 mL of sodium hydroxide (1 M) and 1 mL of THPC 

solution (prepared by adding 12 mm of 80% THPC in water) 

were added to 45 mL of deionized water with vigorous stirring. 

Next, HAuCl4 aqueous solution (2 mL, 1% w/v) was added 

quickly to the solution and was stirred. The color of the solution 

changed from colorless to dark brown. The resulting solution 

was stored at 4˚C until needed. 
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2.3. Preparation of gold microshell 

 

0.5 mL of PS-NH2 solution and 5 mL water were mixed in 

a centrifuge tube. The mixture was centrifuged at 2000 rpm for 

5 min and redispersed in water after the supernatant was 

removed. This cleaning process was repeated three more times 

and redispersed in 0.5 mL water. And then, 5 mL of fresh or 

aged AuNPs was added to the PS-NH2 solution. The centrifuge 

tube was shaken gently for a few minutes and then kept 

quiescent for 2 h. After the mixture solution was centrifuged at 

2000 rpm for 5 min, the supernatant was decanted and 5 mL 

water was added. The sequential processes of centrifugation, 

decanting, and adding water were repeated several times. 

Finally the slightly pink particles (PS-NH2/AuNPs) were 

dispersed again in 5 mL water. For growing the gold microshell, 

20 mL of Au plating solution and 140 mm of formaldehyde were 

added to 1 mL of PS-NH2/AuNPs solution. The mixture was 

shaken gently, and a dark blue-colored suspension was 

obtained within 2 min. This solution was centrifuged at 2000 

rpm for 5 min and the supernatant was decanted. The cleaning 

process as described above was followed. This electroless 

plating process was repeated 5 times for preparing SERS-
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active gold microshell. In order to prepare an Au plating 

solution, HAuCl4 aqueous solution (15 mL, 1% w/v) was added 

to potassium carbonate solution (1 L, 1.8 mmol) in water and 

stirred until the solution was to be colorless. 
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2.4. Surface preparation 

 

Silicon wafer and microscope slide glass were placed in 

freshly prepared piranha solution (concentrated H2SO4/30% 

H2O2, 3/1 in volume) for 20 min. The ITO substrate was 

cleaned by successive 5 min ultrasonications in methanol, 

ethanol, acetone, and deionized water and treated with oxygen 

plasma for 5 min. Each of the substrates was washed copiously 

with deionized water and blown dry with nitrogen. Cleaned 

wafers were immersed in methanol solution of p-

aminophenyltrimethoxysilane (1 mM) for 24 h. The wafers 

were removed from the solution, rinsed with copious amounts 

of methanol and sonicated in methanol for 10 min. Finally, the 

wafers were blown dry with nitrogen. 
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2.5. Instrument 

 

Raman spectra were obtained using a homemade Ramboss 

Micro-Raman system spectrometer with a TE cooled (-60˚C) 

charged-coupled device (CCD) camera (1024 × 128 pixels). 

The 632.8 nm line from He-Ne laser (LASOS Lasertechnik 

GmbH, USA) is employed as excitation source and focused 

through a 100× objective except for 50× in case of in situ 

electrochemical SERS experiment. The grating (1200 grooves 

mm-1) and the slit provided a spectral resolution of 4 cm-1. 

Calibration of the spectrometer was conducted with Raman 

bands of silicon wafer at 520 cm-1 and indene at 730.4, 1018.3, 

1205.6, 1552.7, and 1610.2 cm-1. Field Emission-Scanning 

Electron Microscopy (FE-SEM) measurements were made 

using a SUPRA 55VP (Carl Zeiss, Germany) at an accelerating 

voltage of 15 kV. TEM images were acquired using a JEM1010 

(JEOL, Japan) transmission electron microscope. Cyclic 

voltammogram curves were measured using electrochemical 

analyzer (CHI440, CH Instruments Inc., Austin, TX). 
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3. Results and Discussion 
 

 

3.1. Principle of SERS detection using a gold 
microshell 

 

Figure 1 shows a simplified schematic diagram showing 

SERS detection using a single gold microshell. The gold 

microshell contains numerous hot spots on its own surface. 

When the gold microshell is placed on any surface, the analyte 

is adjacent to the gold microshell or caught in hot spot. Thus, 

the SERS signals can be obtained regardless of substrate 

material and morphology. 
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Fig. 3-1 Schematic diagram showing the principle of SERS detection using a single gold microshell. The SERS 

signal originates from molecules caught in hot spot. 
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3.2. Optimization of gold microshell 
 

  3.2.1. Effect of the number of electroless plating step 

The surface morphology of gold microshell is controlled by 

the number of electroless plating steps.[35] The adsorbed 

AuNPs on polystyrene microsphere grow and some of which 

coalesce with each other as electroless plating progresses, the 

gaps enough to be hot spots begin to emerge. Fig. 3-2 shows 

the SERS spectra of 4-nitrobenzenethiol (4-NBT) adsorbed on 

gold microshell with different surface morphology as a function  

of the number of electroless plating steps. There is the optimal 

number of electroless plating steps, 5 times, to make the 

maximum SERS signals. 
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Fig. 3-2 SERS spectra of 4-NBT adsorbed on a single gold 

microshell as a function of the number of electroless plating 

steps. The TEM image for zero plating steps is in Figure 3-3. 

All spectra were taken using a 632.8 nm line from 1 mW He-

Ne laser focused through a 100× objective and the integration 

time was 1 s. 
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3.2.2. Effect of aging time of gold nanoparticles 

The influence of the age of gold nanoparticles on 

characteristics of them has been observed,[39,40] surface 

morphology of gold microshell is also affected by aging time of 

gold nanoparticles. The surfaces of the polystyrene 

microspheres used in this work terminated in protonated amine 

groups. A zeta potential measurement indicates that the 

polystyrene micospheres are positively charged in water, i.e., 

+35.50 mV, suggesting that a fair number of the surface amine 

groups are protonated in water. On the contrary, the gold 

nanoparticles prepared by THPC reducing agent exhibit 

negative zeta potential, thus, the attachment of gold 

nanoparticles onto the amine-terminated microspheres is 

conducted by the electrostatic attractions. Meanwhile, 

formaldehyde, the mild reducing agent, is derived from THPC at 

alkaline condition,[39] and the gold nanoparticles are induced by 

the continuous reduction. As a result, pH and zeta potentials of 

AuNP solutions are decrease and the size of AuNPs is increase 

as AuNP solutions are aged (Fig. 3-3). Accordingly, there is 

the size and zeta potential of gold nanoparticles to provides 

adequate nucleation sites. The SERS spectra from 4-NBT on 
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gold microshells fabricated by different aging time of AuNP 

solutions are shown in Fig. 3-4. 3 days of aging for gold 

nanoparticles produce the maximum SERS intensity. 
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AuNP 
aging time 1 day 3 days 5 days 7 days 

Zeta potential 
of AuNPs (mV) -33.44 -27.87 -21.14 -16.52 

pH of AuNPs 10.68 9.52 6.93 6.46 

TEM images of 
PS-NH2/AuNPs 

    

SEM images of 
gold microshell 

    
Fig. 3-3 Zeta potential and pH of gold nanoparticle solution, and TEM and FE-SEM images of the gold microshell 

as a function of the aging time of gold nanoparticle solution. All of scale bar represents 100 nm.  
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Fig. 3-4 SERS spectra of 4-NBT adsorbed on a single gold 

microshell as a function of the aging time of Au nanoparticle 

solution. Inset: Cross-sectional TEM images of the gold 

microshell. All spectra were taken using a 632.8 nm line from 1 

mW He-Ne laser focused through a 100× objective and the 

integration time was 1 s. 



 

 25

3.2.3. Field emission scanning electron microscopy 

images 

The optimized gold microshell has been characterized by 

field emission scanning electron microscopy (FE-SEM). Fig. 

3-5 is shown the FE-SEM images of the fabricated gold 

microshell. These figures confirm that the gold microshell has 

numerous hot spots on its own surface. 
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Fig. 3-5 FE-SEM images of the gold microshell. 
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3.3. Modification of gold microshell surface with 

11-mercaptoundecanol 

  

The proposed gold microshell can work as an electrode 

under electrochemical condition. To prevent electric contact of 

the gold microshell with monitored electrode and obtain the 

correct SERS signals without interference of gold, the gold 

microshell was simply treated with MCU. A self-assembled 

monolayer of MCU is calculated at about 1.8 nm in length[41] 

which is insufficient to not only induce charge transfer[42] 

between the gold microshell and probed electrode but also 

attenuate SERS effect on hot spots.[43] To confirm that the MCU 

modified gold microshell does not act as an electrode, cyclic 

voltammogram (CV) of MCU modified gold microshell on 

platinum electrode was obtained in 0.5 M H2SO4 (Fig. 3-6). In 

comparison with CV of bare gold microshell on Pt electrode 

(Fig. 3-6), the peak at 0.46 V (vs Hg/Hg2SO4) corresponding 

to Au surface reduction completely decreased. Thus the MCU 

modified gold microshell barely work as an electrode, it is 

possible to study electrode/solution interface without distorted 

vibrational information caused by gold surface. In addition, MCU 
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does not affect any SERS spectrum due to its weak Raman 

signal. Before and after the modification of gold microshell with 

MCU, the SERS spectra of 4-nitobenzenethiol (4-NBT) on 

platinum surface are almost the same (Fig. 3-7).  
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Fig. 3-6 Cyclic voltammograms of (A) 1.6 mm in diameter flat 

Pt, (B) Au disk electrode, and (C) bare gold microshells on Pt 

disk electrode in 0.5 M H2SO4. (D) Cyclic voltammogram of 

MCU modified gold microshells on Pt disk electrode in 0.5 M 

H2SO4. Scan rate: 0.1 V s-1. 
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Fig. 3-7 SERS spectra of 4-NBT on flat Pt surface using bare 

gold microshell (upper) and MCU modified gold microshell 

(bottom).
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3.4. In situ electrochemical SERS 
 

To demonstrate the applicability of MCU modified gold 

microshell for SERS detection at generic surface/solution 

interface, electrochemical reduction of 4-NBT was monitored 

on flat platinum electrode. Thanks to the size of the gold 

microshell, 2 mm in diameter, it can be easily recognized by a 

conventional optical microscope and individually manipulated 

using a micropipette. A single gold microshell is carried to any 

place of our interest and even removed from the surface after 

SERS measurements (Fig. 3-8). These features enable precise 

and contamination-free SERS experiment, by extension, more 

practical application than the system using nanoparticles which 

is too small to ensure where they are present. Fig. 3-9 

displays in situ potential-dependent SERS spectra of a 

monolayer of 4-NBT on flat Pt electrode in 0.1 M NaOH. 

Electrochemical SERS measurement was performed using a 

three-electrode cell. Ag/AgCl electrode was used as reference 

electrode and a Pt wire was used as counter electrode. All the 

spectra were taken during linear sweep voltammetric reduction 

from -0.2 V to -1.1 V. The initial spectra distinctly exhibit the 

characteristic bands of unreduced 4-NBT at 1080, 1331, and 
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1570 cm-1.[44,45] Sweeping the potential to more negative values, 

the change of several bands is found. The strong NO2 

symmetric stretching band at 1331 cm-1 gradually diminishes. 

The band at 1570 cm-1 assigned to C=C stretching mode shifts 

toward slightly higher value, 1587 cm-1, which represents C=C 

stretching mode of 4-aminobenzenethiol (4-ABT).[44] A 

dominant single band around 1080 cm-1 instead of two bands at 

the early stage also supports electrochemical reduction of 4-

NBT to 4-ABT. These results indicate that the MCU modified 

gold microshell has excellent potential for observing interfacial 

reaction without special morphology or surface modification of 

substrate. Thus an in-depth research on the process of 

catalysis will be available on transition metals including 

platinum using SERS spectroscopy.  
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Fig. 3-8 Schematic diagram showing individual trapping and placing a gold microshell on the spot of interest using 

a micropipette. Inset: An optical microscopic image of a micropipette trapping a gold microshell.
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Fig. 3-9 Potential-dependent SERS spectra of a monolayer of 

4-NBT adsorbed on flat Pt electrode in 0.1 M NaOH. 

Sequential spectra were obtained during linear sweep 

voltammetric reduction of 4-NBT from -0.2 V (top) to -1.1 V 

vs Ag/AgCl. The scan rate was 5 mV s
-1

.  All spectra were 

taken using a 632.8 nm line from 3 mW He-Ne laser focused 

through a 50× objective and the integration time was 3 s.  
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3.5. SERS on non-metallic surface 

 

The MCU modified gold microshell can also be used for 

probing non-metallic surfaces, considered as non-SERS-

active substrate. As a proof of concept, a self-assembled 

monolayer of p-aminophenyltrimethoxysilane (p-APhTMS) 

was investigated on silicon, indium tin oxide (ITO), and 

microscope slide glass. The details of surface treatment are 

given in the Experimental section. Fig. 3-10 shows the SERS 

spectra of p-APhTMS from the MCU modified gold microshell 

on Si (100) single crystal and ITO electrode, which are the 

salient materials in the field of semiconductor and display 

industry, respectively. Each spectrum presents the 

characteristic bands around 838, 1132, and 1603 cm-1 which 

are normal Raman bands of p-APhTMS (Fig. 3-10). A broad 

band between 900 and 1000 cm-1 in Figure 4A is assigned to 

silicon overtones of optical phonons.[46] Furthermore, the 

similar SERS spectrum is obtained even on glass, which is the 

most widely used insulator (Fig. 3-10). Because these 

surfaces do not provide surface plasmon, the enhanced Raman 

scattering arise from the hot spots itself on the surface of gold 
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microshell rather than between the gold microshell and probed 

surface. The MCU modified gold microshell may contribute 

significantly to expand the scope of SERS beyond 

semiconductor, dielectric materials, and insulator in practical 

applications as well as fundamental studies. 
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Fig. 3-10 SERS spectra of a monolayer of p-APhTMS on (A) silicon, (B) indium tin oxide and (C) microscope 

slide glass. (D) Raman spectrum of solid p-APhTMS. All spectra were taken using a 632.8 nm line from 1 mW 

He-Ne laser focused through a 100× objective and the integration time was 1 s.
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4. Conclusions 
 

 

In summary, we have demonstrated the extraordinary SERS 

probe, the gold microshell, for exploring any electrode/solution 

interface under electrochemical condition. The optimized gold 

microshell to induce the maximum SERS signals was modified 

simply with MCU to prevent electric contact with probed 

electrode. Using the MCU modified gold microshell, in situ 

potential-dependent SERS spectra of 4-NBT were 

investigated on flat Pt electrode. In addition, the SERS spectra 

were obtained from non-metallic surfaces. It is expected that 

this work opens a new way in practical SERS applications and 

paves the way for profound understanding of the surface 

reactions at heterogeneous interfaces.  
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국  

 

  계면에  동역  직  탐험 는 것  

에 지 장과 변 에   해결에 있어  핵심이 는 

불균일 매작용에 해 면  이해를 공 다는 측면에  

주목  아 다. 특히 면 증강 라만 분  분자에  

풍부  보를 공 고 부분  용매  라만 산란 신 가 약  

때 에 극/ 해질 계면  찰   가장 망    

나이다. 그럼에도 불구 고, 면 증강 라만 산란  , , 

구리  같  질  거친 면에 만 강 다는 단  가진다.  

본 연구에 는 면 자체에  핫스  지니면  어떤 

극/ 해질 계면도 찰이 가능 게 는 라만 탐침인  

마이크  개 다. 그 면  w-hydroxyalkanethiol  

개질 어  마이크 과 찰 는 극 사이   이 

차단 다. 이러   마이크  SERS  면에  계면 

 실시간  찰 는 데에 공  작용함이 실험  

증명 었다.   마이크  마이크  펫  이용해 

개별  조작   있 므  불균일 계면에  심도 있는 

이해뿐만 아니라 실용 인  SERS 용에 새 운 장  

열 것이라고 다. 
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