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Detailed abstract: The invention of the surface enhanced Raman ectroscopy
(SERS) in the mid of 1970s, opened an entirely new and very promising area. However , it was
found that SERSof practical gpplication in electrochemistry can only be found on noble metad sur-
faces, such as Ag, Au and Cu that exhibit huge surface enhancement!*!. This greatly limits the
application of SERS in dectrochemistry. In eectrocatayss, corroson inhibition, sensr, and
power ource, the most widely used materials are Pt , Fe and Ni and their aloys as wdl as S.
Thus, it isof great sgnificance to extend surface Raman study to trandtion metals and semicon-
ductors. Although the effort has been made along this direction by severa groups snce the late of
1970s, only recently , this goa has been attained!®!.

The success of our work towards the goal is benefited from the improvement of the Raman
instrumentation and the development of proper electrode surface pretreatment for trangtion meta
surfaces The employment of the charge-coupled device (CCD) detector, the confoca micro-
soope , and the notch filter in the Raman instrumentation, brought up a new generation Raman
instrument. It provides very high sengtivity that can partialy break the limitation of the sengtiv-
ity to the surface Raman investigation*). The most important is, with the confocal pinhole, the
instrument can only collect the light from the focusof the laser , thusit can efectively exclude the
interference of the solution Raman sgnal , which makes the detection of very weak Raman sgna
from surface feagble. The emphadsof thispaper isplaced on the methodology. Some examples
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are given to demonstrate the advance in this area.

1  Spectroelectrochemical setup

A ectroelectrochemica cell with aproper desgniscru-
cidly important to the Raman study. Onone hand, it should
have a minimum loss of the sgna. On the other hand it :
should retain the electrochemica reaction. Fig. 1 gives the I:f:f_:::;_‘,%\:;;,
gectroelectrochemical cell dedgned to fit for the working
condition of the LabRam | confocal microprobe Raman sys ‘

Quartz
Wmdows

tem. The Raman system utilizes a backscattering configurar
tion to collect the Raman dgnal through a microscope verti-
caly. Thus, a gectroeectrochemica cdl with the electrode
facing up is needed. In thisconfiguration, the evgporated -
lution, as well as the product generated during the eectro- U

chemica process will contaminate the microscope objective

right above the eectrode as well as the instruments, which  Fig. 1 Hectrochemica Raman cell

might lead to the etching of the lens and result in the degrar for the confocd raman s/
tem

Cell body

dation of the throughput of the sysem. To overcome this
problem , the cell was desgned with a quartz or glass cover to
form a closed system. This system hastriple functions: Firg , to ilate the olution from the mi-
crosoope objective to prevent the etching of the objective by the lution. Secondly , to eiminate
the posible contamination from the air to the electrochemica syssem. Thirdly, with a proper
holder , the cdl iscapable of standing up with the dectrode surface facing vertically or lying down
with the electrode surface facing up. Furthermore, the cdl is cgpable of serving as aflow cel or
purging gas during the experiment with proper adapters. In the case that extremely weak sgnd is
to be detected , a kind of thin trangarent and colorless plastic film is employed to wrap the objec-
tive to avoid the damage of the electrolyte to the microsoopic objective. The sgnal loss by thistac
tic isonly about 20 % compared with the 50 % loss usng a quartz window. Thistacticisvery inr
portant for the in stu study of the etching processof the slicon surface in HF, in which the HF
could etch the quartz window and the microscopic objective. The disadvantage of this method is
that this kind of configuration will very eadly introduce the contamination from the air. Howew
er, it isavery success ul tactic if the system studied is not very sendtive to the contamination for
the ambient air.

2 Surface roughening procedure for Pt eectrodes
The surface roughening procedure has been introduced in detail in Ref. 5, the surface rough-

ness factor can be calculated by comparing the charge flowing in the hydrogen region,i.e. , R=
Qrough! Qsmooth , Where the Quugh and Qsmotn Can be obtained from the corregponding cyclic
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voltammograms of smooth and roughened Pt electrodes. Although longer roughening time leads to
alarger surface area, the Raman intendty is not proportiona to the surface area. A very impor-
tant point should be mentioned here is the Pt electrodes have to be very caref ully polished , espe-
cidly those have already been subjected to an extendve roughening. The incomplete polishing will
result in the failure during the next roughening.

The STM image of a highly roughened Pt surface (with R= 200) is givesiin Fig 2. It could
be found that the Pt surface presents very rough but quite uniform structure. Humps about 200
nm ispresent. Zooming the image into a smaler range, osme fine structures around 10 to 20 nm
on the 200 nm humps can ill befound. . This may give the evidencefor the large enlargement of
the surface area.

It should be noted that , the roughened Pt shows [.8im
very good stability and reverghility after the extendve
surface pretreatment. More interestingly , the Raman
dgnal ocould be recovered completely upon returning
the electrode potentia to a more podtive vdue &ter a
very negative potentia excurdon. The most exciting is
the dectrode can be reused over along time as long as
it issubject to an electrochemica cleaning procedure by

cycling in a H,S0O4 solution previous to each new ex-
periment. It wasfound that the SERS from this sur- : 4 um
face is quite uniform. The above advantages ensure the 1
vibrationa properties of the adrbate probed by sur- Fg.2 STM image of a roughened Pt dec-
face Raman ectrosoopy to be reasonably representa trode suface with rougness factor
tive of those for the entire surface rather than some about 200

SERS active dtes. Accordingly, this development in

surface Raman spectroscopy may further prove it to be

a generd and reliable technique with the cgpability of more wide and practica applications.

On this kind of Pt surface, we have obtained high quality Raman sgna of the adorbed pyri-
dine, and the surface enhancement factor was estimated to be around 1001°"!. Our successin ob-
taining the surface Raman sgna from Pt surfaces greatly encourags us to extend the surface Rar
man study to other trandtion meta surfaces, such asNi, Fe, Co, Ru, Rhand Pd, which has a-
2 proved to be very successull®>® 7!, In thispaper , the coadsorption processon the Pt surface,
and a unique method for calculating the lution pH are d < introduced.

3 To probe the coadsor ption process and identify the surface species
With the stable and reversble SERS substrate, one is able to investigate a roughened plat-

inum electrode in an HCl solution in a wide potentia range. Fig. 3(a) givesthe cydic voltammo-

gram of the roughened Pt electrodein 1 mol/L HC . It can be seen that there are two deoiption
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and three adrption peaks, which include the ad-

rption and desorption of Cl~ . Hydrogen evolution 2
initiatesat - 0.25 V , and becomes sgnificant at
- 0.3 V. The adorption of oxygenisevident at 0.
7 V. Fig. 3(b) givesthe corresponding surface Ra £°
man ectrafrom the Pt electrodein 1 mol/L HC.
At very negative potentia , a broad band at 2082 V

cm’ ' can befound, this band can still be seen at - PG a0 B2 As 08 os 10
EA (vs SCE)

0.25 V at the garting potentia of the hydrogen

evolution. Further postive moving of the potentia (a)

into the hydrogen underpotential depostion region, 35

no band related to the underpotential deposted hy- M\*W l Wbyl () 2\

drogen can be found, as well as that related to 5

.g . . J\.«MM.. B bt 010V
Cl". When the potentid was moved into the ﬁ
strongly bound hydrogen evolution region, a band o5 a5V
at 295 cm™ ! emerges, whose frequency blue shifts whaearspyrmitan, Nimteasiipdins DASV

with the postive going of the electrode potentid. M Sy 1) Y\
This behavior , together with the previous data ob-

2090
tained in platinate chloride compounds, encourages et :%:: 025V
to us to assign this band to the Pt-C vibration. Adhise e s e
This band shift quite dramatically with the postive 200 600 1000 1400 1800 2000 2400
movement of the potentiad. A Stark efect vaue v/em™

o/ dE was estimated to be about 65 cm™ Y/ V. In (b)

teregtingly , at 0.70 V , where in the CV the oxy-

gen adsorption commences, we observed a new  Fig.3 (a) Cydic voltammogram of a Pt dec

broad band at ca. 560 cm™ !, which has been as trodein 1 mol/L HO solution and (b)
sgned to the oxygen-containing ecies at the Pt the correpponding potentia  dependent
surface in our previous study of other systems. The surface Ramen spectra.

ability of detecting three digtinctly different Raman

sgnalsoriginating from different gecies at the electrode surface demonstrates convincingly the
merit of Raman ectrosoopy.. From the result , we could characterize the interaction between
different gpecieson the surface and their interaction with the surface. It isevident that both hy-
drogen and chloride interact strongly with the platinum surface, but the existence of hydrogen re-
dststhe G~ from adsrption. This behavior could be described as a conpetitive adsorption. While
for G~ and oxygen, they can a2 interact strongly with Pt , but they can coexist at the electrode
surface in acertai n potential range. Raman pectrosoopy initself not only presentsitsadvantagein
analyzing the adorbate and substrate interaction, but as behaves as a powerful tool to identify



the behavior of the surface ecies.

4  To detect the concentration profile and estimate the solution pH
Compared with the conventional Raman gectroscopy , confocadl Raman gectroscopy has
much higher senstivity to detect the solid/ liquid interfacia structure and has a very high vertica
reolution, because only the sgnal from the laser focus can be detected by the system, the sgna
from other plane of the slution is discriminated by the pinhole. This ensures the eliminating of
the dgnal from the bulk olution. Thus, we could focus the laser at different layersof the lution
by moving the X-Y stage verticaly to perform layer
analyss, i.e. , change the distance (d) between the R 1018 1 21

laser focus and the electrode surface, to detect the con- 0 8V
centration gradients of this solution. Fig. 4 gives a gzz
good example. 1 M methanol in 0.1 M sdium sulfate 0.5V
was served as the test lution , and the potentia of the 03V
Pt working electrode was held at 0.9 V where severe 6.2V
methanol electrooxidation occurs. As can be found 01V
from the figure that , with the decrease of the dis 01V
tance , the peak at 1018 cm™ ! corregponds to the GO 0.2V

"3V

vibration of the methanol decreases as the result of the
svere eectrooxidation of methanol in the vicinity of
the electrode surface. Meanwhile, the change could al-
20 befoundon the reative intendty of the peaksat 980
and 1050 cm™! correponding to the vibration of  Fg.4 The Raman pectraof lutionsinin
S04 and HSO,” in olution, repectivdy. This terfacid regon changed with the

could be well explained by the dectrooxidation mechar change of the eectrode potentia. So-
lution:1 M methanol + 1 M N& SO,

900 950 1000 1050 1100
v/em™

nism of methanol in this solution, where
CH3OH + H,0 - CO,+ 6 H" + 6e”
Thus, it is expected that the oxidation of methanol will substantially increase the concentrar
tionof H™ near the surface, hence decrease the olutionpH. A hint from study isthat we can use
the relative intendty change of S0,%- and HSO, ™ to caculate the lution pH. The detail will be
given asfollows.
In the sulfuric acid solution, the following equilibrium exists,
HS04 — H™ + HSO, Ko =1
HSOs™ —H' + SO, Ko = 1.1x10°?
Now defining the concentration of the sulfate ion asCso}" ,according to the following equar
tion,
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=0, T HH
Kaz - CH&)A- 1 (1)
HSO
we could defineCr :—4'2_ , thus,
C304
Cy* = Kaz' Cr (2)

From the Raman ectra, we could get the ratio of the integrated intendties of HSO; and
03 peak , which could be presented aslr = |H3)‘;/ Isoj- . In a medium concentration, the Ra
man dgna from the olution ecies is thought to have a linear relationship with the concentrar
tion. Thus,

|R1/ IR2 = CRll CR2 J.e. ’|R1/ |R2 = C(H*)ll C(H*)2
After obtaining the Ir from the solution Raman gectra, and the known pH value of the bulk so-
lution, with the Irobtained in the desired region, one can calculate the C* by equation 2 hence
the lution pH. Thisprovided a unique way to caculate the olution pH by Raman spectrosoopy .
Thus the confocal microprobe Raman system provides quite a sendtive way to do the solution con-
centration profile.

The above study clearly shows that with the help of the high sendtive Raman instrument ,
proper desgn of the experiment and the gppropriate surface pretreatment procedure, one could
success ully extend Raman gectroscopy to trandtion metal surfaces. We have a9 success ully ob-
tained sgnasfrom other trandtion meta surfaces, such as Fe, Ni, and Rh, as well as ssmicorr
ductor S surface. Thiswill inevitably deepen our understanding of the SERSphenomenon and de-
velop Raman ectroscopy into a generd , powerful and versatile tool for analyzing the interfacia
structures.

Key words: Hectrochemica interface, Confocal microprobe Raman gpectroscopy , Platinum,
Roughened , Coadsorption
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