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Spectroelectrochemical flow cell with
temperature control for investigation of
electrocatalytic systems with surface-enhanced
Raman spectroscopy
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We describe a method for investigating the reaction mechanism of fuel cell

systems by designing a spectroelectrochemical cell with functions of temperature

and flow control to mimic the reaction condition of fuel cell systems and utilizing

Au core Pt shell (Au@Pt) nanoparticles to enhance the Raman signal of the

surface species on the surface of electrocatalysts. The cell consists of three parts:

a thin-layer spectroelectrochemical reaction chamber with an optical window for

Raman measurement, the heating chamber right beneath the reaction chamber,

and a long spiral flow channel to preheat the solution to the desired temperature

and effectively exchange the solution. The temperature of the solution can be

easily controlled from room temperature to 80 �C, and the flow rate can be as

high as 945 ml s�1. The temperature and flow control is demonstrated by

monitoring the changes in the cyclic voltammograms and the Raman signals.

By synthesizing Au@Pt nanoparticles and assembling them on a Pt substrate,

we can significantly enhance the Raman signal of surface species on the Pt shell

surface, which allows us to detect strong signal of CO as the dissociative product

of formic acid as well as the intermediate species of the oxidation process. The

further development and perspectives of using SERS to study the electrocatalytic

systems are discussed.
Introduction

C1 molecules have attracted extensive attention in the research and development of
fuel cells due to their special advantages such as abundant resources, easy storage
and transportation, and high energy density.1–5 In aid of optimizing the reaction
condition and designing the electrocatalysts, various types of electrochemical
methods and in situ and ex situ surface techniques, including NMR, DEMS, and
IR spectroscopy, have been used to study the adsorption and reaction of C1 mole-
cules on platinum group metals or their alloys.6–12 Different mechanisms have been
proposed to understand the phenomenon observed under different experimental
conditions.
Among these methods, vibrational spectroscopic techniques manifest themselves

with their special advantages in understanding the electrocatalytic mechanisms
with the molecular level information. IR has been most widely applied to investigate
State Key Laboratory for Physical Chemistry of Solid Surfaces, College of Chemistry and
Chemical Engineering, Department of Chemistry, Xiamen University, Xiamen, 36100, China.
E-mail: bren@xmu.edu.cn; Fax: +86-592-2085349; Tel: +86-592-2186532
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the electroxidation of methanol and formic acid on bi- and multi- component cata-
lysts.7,8 It can conveniently obtain the vibrational information in the high frequency
region (higher than 1000 cm�1) of the adsorbed species on single crystal surfaces,
smooth electrode surfaces and the surfaces of low roughness. It has provided abun-
dant valuable data for the identification of the adsorbed species on surfaces.8–12

However, IR has its own limitations. For example, it is very difficult to obtain the
information in the low frequency region reflecting the interaction between the
substrate and the adsorbates unless a very strong light source, such as synchrotron,
is used and it can normally only be applied to the surfaces of a very high reflectivity.
SERS is complementary to the IR in these aspects. It can be applied not only to

the electrode surfaces of high roughness and low reflectivity that is very close to the
practically used materials, but also to detect the vibrations reflecting the interaction
between the substrate and adsorbates in the low frequency region.13–17 These two
unique features make SERS advantageous in the study of electrocatalytic systems.
Previous SERS studies were mainly limited to Ag, Cu and Au surfaces. In the
past 10 years, we have developed special surface preparation methods for generating
SERS-active surfaces of transition metals and their alloys, including Pt, Pd, Rh and
Pt–Ru, and performed electrochemical Raman study of the oxidation of carbon
monoxide, methanol and formic acid on the surfaces.13,14,18–20 We have demonstrated
using SERS that the dual-path reaction mechanism and the bi-functional mechanism
operates on Pt and Pt–Ru surfaces, respectively, during the oxidation of methanol.21

In parallel, Weaver’s group developed a strategy to coat a transition-metal thin
layer over SERS-active Au substrates to improve the SERS detection sensitivity
of the surface species on transition-metal surfaces. This strategy allowed them to
study various electrocatalytic systems, including the adsorption or dissociative
adsorption and electrooxidation of CO, methanol, and formic acid.15,22,23

It should be pointed out that most of these previous studies, especially in the case
of SERS, were performed at room temperature and in a static solution. However,
in real fuel cell systems, the reaction normally takes place at a high temperature
(ca. 80 �C) and under a flow condition.24 Therefore, in order to understand the
reaction mechanisms in the fuel cell systems, it is important to perform the SERS
studies under a similar condition to the real reaction.
It is not difficult for an electrochemical cell to have a function of temperature and

flow control. But in a spectroelectrochemical system, the detection sensitivity
becomes the major concern as there are only a monolayer species at the surface.25

It becomes a challenge to include the temperature and flow controls while maintain-
ing a good potential control over the electrochemical system and allowing an
efficient detection of the spectral signal.
In 2001, Weaver’s group reported a thin layer flow cell to allow a rapid replace-

ment of solution in 1 s, allowing study of electrochemical processes down to this
time scale by means of temporal SERS sequences.26 From 2000, our group have
also concentrated on developing new types of cell for in situ SERS studies. We
reported a three-phase Raman cell that can work under the conditions of both the
solid/liquid interface with a potential control and the solid/gas interface with a conve-
nient gas flow control.19 This cell was further applied to solid/liquid/gas interfaces
with a convenient exchange of the solution and gas flow. We found that the disso-
ciative adsorbed CO generated at the solid/liquid interface can migrate across the
three-phase region to the solid/gas interface. In order to realize temperature control
on these two types of Raman cells, the source solution has to be heated up in a sepa-
rate chamber and pumped into the Raman cell for measurement. This design will on
one hand complicate the experiment, and on the other hand lead to a significant
drop of the solution temperature in the flow path to the cell.
In this work, we design a spectroelectrochemical flow cell with a convenient

temperature control so that the room temperature electrolyte can be heated up after
being purged inside the cell body. The temperature of the solution can be controlled
from room temperature up to 80 �C by a thermocouple put right underneath
156 | Faraday Discuss., 2008, 140, 155–165 This journal is ª The Royal Society of Chemistry 2008
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the working electrode. The flow rate of the electrolyte is controlled by changing the
relative height of the source solution and the exhaust solution or the gas pressure of
the source solution chamber. Electrochemical and SERS measurements are made
todemonstrate the effectiveness of the temperature andflowcontrol. Inorder to further
enhance the surface Raman signal of the surface species on transition-metal surfaces,
we ultilize a ‘‘borrowing SERS’’ strategy, which is to coat a very thin layer of Pt over
a highly SERS-activeAu nanoparticle core (Au@Pt) to produce 2 orders ofmagnitude
enhancement over the normal electrochemically roughened pure Pt eletrode.
Experimental

Electrochemical cyclic voltammograms (CV) were recorded on a CHI631a electro-
chemical workstation. Raman spectra were obtained using a confocal microprobe
Raman system (LabRam I, Jobin-Yvon). The excitation line was 632.8 nm from
an external He–Ne laser. A 50� long working-length objective (8 mm) was used
in the present experiment. The width of the slit was 200 mm and the diameter of
the pinhole was 800 mm.
A polycrystalline Pt electrode with an exposed diameter of about 2 mm was used

as the working electrode. The Pt electrode was prepared by melting a commercially
available Pt rod with a purity of 99.99% and subsequently removing impurities
concentrating on the electrode surface in a regia aqua solution After several rounds
of melting and removing, the formed Pt sphere was inserted into a Teflon shroud.
Then, the top part of the sphere was polished to obtain a mirror finish and leakage
free Pt disk electrode. The counter and reference electrodes were a platinum ring and
a saturated calomel electrode (SCE), respectively.
HCOOH, K4Fe(CN)6, K3Fe(CN)6, KCl used in this study were of analytical

grade reagents. H2SO4 is guaranteed reagent grade. All solutions were prepared
with Mill-Q water.
Results and discussion

Cell design

As mentioned above that most of previous spectroelectrochemical cells had a sepa-
rate heating chamber to the cell to simplify the cell design. However, during the
transportation of the high temperature solution in the very thin pipe to the cell,
the temperature will drop significantly. So a temperature monitoring device, such
as a thermocouple, has to be put in the cell. On the other hand, during the experi-
ment, several setups have to be constructed together, which will lead to a difficulty
in handling. To overcome these problems, we designed and fabricated a spectroelec-
trochemical flow cell with potential control.
Fig. 1 shows a scheme of the design of the cell. According to its function, the cell

can be described in three parts: the spectroelectrochemical cell, the flow control, and
the temperature control. The spectroelectrochemical cell part consists of, from top to
bottom, the optical window, the cell body, the working electrode, the counter elec-
trode, the reference electrode, and the reaction chamber to accommodate all the
electrodes and the electrochemical reaction. Due to the special requirement of the
Raman measurement and the flow efficiency, the reaction chamber has to be as small
as possible. For example, to improve the detection sensitivity, the solution layer
between the surface of the working electrode and the optical window has to be as
thin as possible, for example, 0.5–0.7 mm, which produces a volume of the reaction
chamber less than 30 mL. The flow rate of the cell was simply controlled by elevating
the bottle containing the fresh source solution or by changing the gas pressure to
produce a continuous solution flow rather than a pulse flow when a pump is used.
In a flow cell, the pressure inside the cell will be higher than the atmospheric
pressure. To avoid solution leakage, the connection between the quartz window,
This journal is ª The Royal Society of Chemistry 2008 Faraday Discuss., 2008, 140, 155–165 | 157
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Fig. 1 The scheme of a spectroelectrochemical flow cell with temperature control, consisting
of three major parts: the reaction chamber for the electrochemical control and Ramanmeasure-
ment, the flow channel to control the flow rate and heat exchange, and the temperature control
unit with a heating plate and a thermocouple.
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the working electrode and the reference electrode with the cell body were made with
rubber O-rings. As the solution layer is very thin, it will be very difficult to purge the
generated gas bubbles out of the cell body. To solve this problem, we designed the
reaction chamber in an elliptic shape, and the working electrode is placed asymmet-
rically at one narrow end right facing the spiral outlet (or inlet of reaction chamber).
Therefore, the outlet forms almost a V shape so that the bubbles can be squeezed out
of it. The counter electrode was placed in the lower stream of the cell, so that the
reaction products generated on the counter electrode will not contaminate the
working electrode.
In the cell design, the most challenging part is the temperature control unit. It

consists of a spiral channel, a PCTFE thin plate, a heater, and a supporting base.
The spiral channel forms a close space by the PCTFE plate realized by using an
O-ring. The solution is travelling from the outer spiral inlet to the central sprial outlet
and further pushed up to the reaction chamber. The purpose of the spiral channel is
to increase the length of the flow path to ensure a sufficient exchange of heat to reach
the controlled temperature. The heating plate is also a self-designed unit, with a hole
in the center for the working electrode to go through. The power of the heating plate
can be adjusted by changing the applied voltage. The temperature is monitored with
a thermcouple placed right underneath the Pt sphere working electrode. As Pt is
a good heat conductor, the temperature difference between the surface of the
working electrode and the sensing point of the thermocouple should be very small.

Demonstration of the temperature control

In a real electrocatalytic system, it is important to have an accurate control over the
reaction temperature. For this purpose, we calibrated the temperature by simply
using the intensity ratio of the anti-Stokes (IAS) to Stokes (IS) Raman signal inten-
sities of the 520.6 cm�1 band of a silicon single crystal wafer. It is well known in
Raman spectroscopy that the ratio depends on the temperature:27

IAS

IS
¼

�
n0 þ nk

n0 � nk

�4

exp

�
�1:4� nk

T

�
(1)

where n0, nk and T are the incident laser frequency, the Raman shift frequency, and
the temperature, respectively. Therefore, if we measure the ratio, we can easily
obtain the real temperature at the sample surface. The result is shown in Fig. 2.
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Fig. 2 The calibration curve of the cell temperature. The filled squares are the measured inten-
sity ratio of the anti-Stokes to the Stokes bands of a silicon wafer using 1st phonon band at
520 cm�1. The upper line is the fitting result of the measured experimental ratio and the dash
line are the calculated ratio at the temperature of interest.
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The dash line is the calculated value based on the eqn (1), the filled squares are the
measured ratio. As the experimental temperature was read from the thermocouple,
and the thermocouple was at a closer distance to the heating plate than the sample
surface, the temperature obtained from the thermocouple will be slightly higher than
the real value estimated from anti-Stokes to Stokes ratio, i.e., the real temperature
on the sample surface. The calculated curve and the experimental curve can serve
as a working curve in the future experiment. For example, from the Raman measure-
ment, we found a deviation of about 17 �C in the real temperature to the read
temperature. So, in the future experiment, we can simply read the temperature
from the thermocouple and, subtracting the difference read from the two curves,
we can obtain the accurate temperature of the electrode surface.
To demonstrate the effect of temperature on the reaction of the electrocatalytic

system, we used the oxidation of formic acid as a model system by monitoring the
CV, and the result is shown in Fig. 3. It can be seen from the Figure that the reaction
Fig. 3 Cyclic voltammograms of a Pt electrode at elevated temperatures as indicated in the
Figure in the solution of 0.1 M HCOOH + 0.5 M H2SO4. The scan rate is 50 mV s�1.
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current increases progressively with the increasing temperature both in the positive
and negative potential scan. The oxidation potential was also obviously negatively
moved, indicating the oxidation reaction can take place more easily on the Pt
surface. Furthermore, at temperatures higher than 60 �C, due to the vigorous oxida-
tion of formic acid on the Pt surface, some noise on the CV curve can be found,
which may be due to the formation of bubbles on the surface during the oxidation
process. Another major difference is that the shape of the curve also changes quite
significantly with the temperature, which may indicate a difference in the reaction
process, especially at the lower potentials. The result demonstrates that we can easily
control the temperature of the system by integrating the heating unit in the spectroe-
lectrochemical cell body. It also demonstrates that it is necessary to control the
reaction temperature in order to study the oxidation mechanism that may change
with the temperature.
Demonstration of flow efficiency

In an electrocatalytic system, such as the oxidation of formic acid, the formic acid is
rapidly oxidized on the Pt surface and produces CO2 and other intermediate species
or by-products. The existence of products on the surface may alter the condition on
the Pt electrode surface and interfere the analysis of the reaction process or even lead
to the complication of the reaction mechanism. Therefore, it is necessary to use
a flow cell, especially to simplify the analysis of reaction mechanism.
A very important parameter for characterizing a flow cell is the flow efficiency,

which can be reflected by monitoring the reaction current from the CV curves.23

To simplify the analysis, we performed a flow rate dependent cyclic voltammetric
study of K4Fe(CN)6/K3Fe(CN)6 redox system, and the result is shown in Fig. 4.
The currents appearing at the positive potentials and negative potentials correspond
to the oxidation and reduction of K4Fe(CN)6 and K3Fe(CN)6, respectively. It can be
seen from the figure that the current increases progressively with the increasing flow
rate. When the flow rate is slower than 45 mL s�1, we can still observe the current
Fig. 4 Cyclic voltammograms of a Pt electrode obtained in a flow cell at different flow rates: (a)
17 mL s�1; (b) 45 mL s�1; (c) 127 mL s�1; (d) 183 mL s�1; (e) 274 mL s�1; (f) 650 mL s�1; (g) 945 mL s�1.
The solution is 1 mMK4Fe(CN)6 + 1mMK3Fe(CN)6 + 0.1MKCl. The scan rate is 100mV s�1.
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peak indicating the diffusion controlled process. However, when the flow rate is
higher than 127 mL s�1, no peak was observed. Instead, we only see plateaus on
both potential extremities. Further increase of the flow rate does not change the
curve form too much, but a progressive increase in the plateau current indicated
a forced convection process. The phenomenon is similar to the case of a rotating-
disk electrode configuration. As has been stated above, the volume of the reaction
chamber of the cell is only about 30 mL, we would expect the solution can be totally
replaced at the flow rate of 45 mL s�1. However, from Fig. 4 we find that a complete
exchange of the solution might occur at a flow rate between 45 mL s�1 and 127 mL s�1.
This value is in accordance with the 4.4 ml s�1, i.e. 73 mL s�1 reported by Weaver’s
group.23 It demonstrates that we can easily achieve the effective solution exchange at
the temperature controlled cell by simply changing the relative height of the source
solution to the exhaust solution or the pressure in the source solution chamber.
When the flow rate is controlled at a condition similar to the working flow of fuel
cell systems at the desired temperature, we can mimic the reaction process of an
electrocatalytic system.
Borrowing SERS strategy to enhance the detection sensitivity

From above, we have demonstrated that we can conveniently control the tempera-
ture and flow rate of the desired system by designing a proper spectroelectrochemical
flow cell with integrated heating unit. Then to use the cell for providing molecular
information using SERS, it is necessary to have a substrate that can provide suffi-
ciently high detection sensitivity.
About 12 years ago, our group have demonstrated that we were able to obtain

SERS from an electrochemically roughened Pt surface,18 which make it possible
to obtain SERS signal of some molecules with very weak SERS activities. We
have been able to obtain SERS signals of oxidation and adsorption of the dissocia-
tive product (carbon monoxide) of methanol on Pt. However, we have not been able
to obtain SERS signal of intermediate species due to the lack of sufficient sensitivity.
Recently, a borrowing SERS strategy has been proposed, which is to coat a thin

layer of transition metals (such as Pt, Pd, Ni, Co) on a highly SERS-active Au nano-
particle core surface, forming a core–shell structure.14,28–33 This kind of nanoparticles
have the chemical properties of the shell materials (such as Pt) and can still benefit
from the SERS enhancement of the Au core due to the long-range effect of the
electromagnetic enhancement. By using this method, we have been able to obtain
the very strong signals of pyridine, thiocyanide and carbon monoxide from such
nanoparticle surfaces. It provides an enhancement about 2 orders of magnitude
higher than that of pure transition-metal surfaces. The core–shell structure shows
particular advantages in investigating the system with very weak signals.
The Au core Pt shell nanoparticles (denoted as Au@Pt) were prepared by the

following method: first, Au nanoparticles with a diameter of 55 nm were synthesized
following the Frens method, and the obtained nanoparticles were used as the core or
seed. Then, to 30 ml solution containing the Au core, different amounts (to obtain
different shell thickness) of 1 mM H2PtCl6 was added, and the mixture was heated
up to 80 �C. Then, half the volume of 10 mM ascorbic acid to that of H2PtCl6 was
slowly dropped into above mixtures through a syringe controlled by a step motor
while stirring. The mixtures were then stirred for another 30min to ensure a complete
reduction of H2PtCl6. The color of the mixtures turned from red brown to dark
brown, indicating formation of products. The core–shell structure and the control
of the thickness has been well-documented in our previous paper.14

The Au@Pt nanoparticles sol was then centrifuged for three times to remove
excess reactants and to obtain a clean surface. Then, 25 mL aliquot of the remaining
sol was cast on a mechanically polished and electrochemically cleaned smooth Pt
electrode, which was dried in a desiccator for 30 min. Such an electrode is ready
for electrochemical or SERS measurements. Fig. 5(a) shows the SEM image of
This journal is ª The Royal Society of Chemistry 2008 Faraday Discuss., 2008, 140, 155–165 | 161
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Fig. 5 (Left) SEM image of Au@Pt nanoparticles assembled on a Pt electrode(Au@Pt/Pt).
(Right) SERS spectra of CO adsorbed on a roughened pure Pt electrode (bottom) and
a Au@Pt/Pt electrode surface (top).
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55 nm Au@0.7 nm Pt nanoparticles dispersed as a thin film on Pt (denoted as 55 nm
Au@0.7 nm Pt/Pt), which shows a very uniform surface assembled with nanopar-
ticles of very narrow size distribution. The surface shows a very uniform light golden
color under daylight visible to naked eyes.
It should be noted that the Au@Pt nanoparticles shows very good SERS activity

over a pure Pt electrode. To examine the SERS activity of the Au@Pt/Pt electrode,
we carried out a comparative experiment on the electrochemically roughened Pt elec-
trode and 55 nm Au@0.7 nm Pt/Pt using CO as the probe molecule. The result is
shown in Fig. 5(b). The band at about 2086 cm�1 is due to the on-top adsorbed
CO and that at about 1880 cm�1 is from the bridge-bound CO, as well recognized
according to the results obtained in a previous SERS study34 and IR spectroscopy.35

By comparing the spectral intensity, we further found that the SERS signal from the
55 nm Au@0.7 nm Pt/Pt is much more intense, about 50 fold, than the pure massive
Pt electrode and the bridge-bound CO can be clearly identified. The absolute height
of the band is meaningless as the data acquisition time and power is different. In the
former, a shorter time and a lower laser power was used, but the intensity is much
higher than the latter. This result convincingly demonstrates that by using a core–
shell strategy, we could dramatically enhance the detection sensitivity of the electro-
catalytic system.
Investigation of the electrocatalytic system—CO and formic acid oxidation on
Au@Pt/Pt electrode surfaces

Since formic acid is attracting increasing interest in using as a fuel, we use the elec-
trooxidation of formic acid on the Au@Pt/Pt surface to demonstrate the function of
our cell. Fig. 6 shows the SERS spectra obtained on the Au@Pt nanoparticles
surface when the electrode potential was changed from negative to positive values
at 40 �C. Similar to case of the CO system, we observed two bands at 2057 and
495 cm�1, which can be routinely assigned to CO and Pt–C stretch of the on-top
CO.13,34 Compared with the case of CO, we find the frequency of the CO band is
lower than the pure CO case, and the Pt–C band is higher. This difference can be
explained by a lower CO coverage on the surface, as there may exist steric resistance
during the dissociative adsorption, i.e., the dissociation of formic acid to CO needs
more than one surface Pt atom.21,35,36 The intensity increases with the positive
movement of the electrode potential up to 0.1 V, which can be understood by the
restructuring of the surface CO. Further positive movement of the electrode poten-
tial leads to the oxidation of CO, whereas a significant increase of the SERS signal in
the frequency region of 1100 to 1650 cm�1.
Our control experiment in the 0.5 M H2SO4 solution without formic acid only

shows a very weak SERS signal in this region, most possibly from the very trace
162 | Faraday Discuss., 2008, 140, 155–165 This journal is ª The Royal Society of Chemistry 2008
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Fig. 6 SERS spectra obtained on a Au@Pt/Pt electrode in a solution containing 0.1 M
HCOOH and 0.5 M H2SO4 at 40

�C. The acquisition time is 5 s.
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amount of citrate left from the synthesizing process. It should be especially noted
that the Au@Pt nanoparticles have been cleaned by centrifugation three times
and water rinsing before assembly. Furthermore, after the nanoparticles were assem-
bled on the surface, the electrode was further kept at a negative potential of �1.0 V
to repel the contaminants from the surface and then the solution was changed to
a fresh one. These efforts are to eliminate as much as possible the interference of
contaminants. The comparative experiment may lead to a conclusion that the signal
observed in frequency region of 1100 to 1650 cm�1 may have a combined contribu-
tion of intermediate species during the oxidation of formic acid and the trace
amount of citrate. At present, it is still difficult to have a good assignment of the
observed SERS signal in this region. The spectra were obtained with an integration
time of 5 s and at a shorter intergration time, the spectra show a fluctuation char-
acter. A combination of these fluctuation feature leads to several broad bands in
this region. Apparently, we need more experimental data to reach a statistic conclu-
sion of the intermediate species.
It should also be pointed out that we have no evidence to exclude the possibility

that the minor amount of impurities from formic acid may also be adsorbed on the
surface to contribute to the signal, which also needs further investigation.
Conclusions and future development

A spectroelectrochemical cell with integrated functions of flow and temperature
control was designed and fabricated. The electrochemical cyclic voltammetric results
indicates that the flow rate can be effectively controlled from 0 to 945 ml s�1, and the
temperature can be controlled from room temperature up to 80 �C. The temperature
of the electrode was calibrated by using the intensity ratio of Stokes to the anti-
Stokes Raman bands, which is slightly lower than the temperature read from the
thermal couple placed underneath the working electrode. By synthesizing Au core
Pt shell nanoparticles, the SERS activity of Au can be borrowed to enhance the
SERS activity of the Pt shell, so that the SERS signal of surface species can be signif-
icantly enhanced. It allows us to obtain an intense SERS signal of CO at the Au@Pt/
Pt electrode surface in comparison with the pure Pt electrode surface. The cell was
further used to study the electrooxidation of formic acid and the dissociative adsorp-
tion product, CO, of formic acid was detected. The control experiment demonstrates
that the signal obtained in the region from 1100 to 1650 cm�1 may have a contribu-
tion from the intermediate species.
To further develop the Raman flow cell with variable temperature into a general

technique for electrochemistry, there is still space to further improve the design and
the substrate considering the following points.
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First, the reaction chamber can be further minimized, so that the solution
exchange can be more efficient, and the detection sensitivity of Raman measurement
can be further improved. This can be done by thinning the inlet and outlet of the cell
and by designing a special type of counter electrode.
Second, by using a special type of pump, so that the flow control can be integrated

into the cell body. Thereafter, it is not necessary to have a flow pipe, which may
increase the convenience of the experiment.
Third, since the nanoparticles were synthesized by chemical reduction method

using citrate, it is inevitable that the surface will be covered with some organic
contaminants. Although we have been using centrifugation or a hydrogen bubbling
method to clean or desorb the contaminants, we still can not absolutely get rid of the
contaminants at the present stage. It will be important to find a method to obtain
contaminant free highly SERS-active substrates.
Four, in the present study, the Au core was completely covered by a Pt shell. It has

been reported that small Au clusters may be good catalysts for the oxidation of CO.
Therefore, if we reduce the amount of Pt so that submonolayer of Pt was formed on
the Au surface, then the partial exposed Au substrate with the Pt surrounding may
be good electrocatalysts. In addition, when the intermediate species are produced on
the Pt surface, the intermediate species can diffuse to the Au surface with the highest
enhancement, hopefully allowing detection the intermediate species that are very
important for understanding the electrooxidation mechanisms.
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