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Abstract:

Adsorbed sulfur is commonly considered as a reaction poison. However, small amounts of sulfur on

platinum significantly increase the surface reactivity toward carbon monoxide (CO) electrooxidation. For the solution CO

oxidation, the onset potential was shifted up to over 300 mV negative to that on S-free surface, and the extent of the negative

potential shift increases with the sulfur coverage (Xs) up to about 0.6. The enhanced CO oxidation also depends on the

solution pH. For the adsorbed CO, at low sulfur coverages (X5 < 0.3), the oxidation peak potential is about 40 mV negative to

that of the corresponding clean Pt. However, at higher coverages, the peak potential is about 30 mV more positive.

Surface-enhanced Raman spectra show that the adsorption of sulfur significantly redshifts the Pt—CO stretching frequency.

These observations are explained by the weakening of the Pt—CO bond and the hindrance of CO diffusion by S,
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1 Introduction

The adsorption of foreign atoms can
significantly modify the chemical and physical
properties of a metal surface, thereby changes the
surface reactivity!". Depending on the nature of the
adatom and the reaction, the adatom can be either a
reaction promoter or a reaction poison. Adsorbed
sulfur is commonly regarded as a reaction poison
for both gas phase and electrochemical reactions!'¥.
In gas phase reactions, the adsorbed sulfur is known
to reduce the reactivity of Pt toward small
molecules, such as carbon monoxide (CO)Z%*4, In
electro-chemical systems, adsorbed sulfur blocks the
hydrogen adsorption and evolution®*"!, To understand
the sulfur poisoning effect, extensive experimental
and theoretical studies have been conducted, mostly
in the ultra high vacuum®*-11 The likely effects
of adsorbed sulfur, though not completely agreed
upon, include modification of the electronic

electrooxidation; adsorbed sulfur; carbon monoxide; platinum; surface-enhanced Raman spectroscopy

Document Code: A

structure of the surface, such as lowering the metal d
band occupancy; physically blocking certain surface
sites therefore changing the reaction pathway (the
so-called third body effect); and direct interaction
with reactants through electrostatic interactions™® '*
119 These effects can be either long or short range.
On the contrary to the common perception that
adsorbed sulfur is a surface poison, there are several
reactions in which a catalytic effect has been
observed®?!, In the late 1960s, Binder et al. first
reported the electrooxidation of solution CO (i.e.
CO dissolved in solution) and formic acid on Raney
Pt was promoted by sulfur®?24, Soon after this, Lou-
cka observed the enhancement of methanol oxi-
dation on Pt by adsorbed sulfur . In 1985, Wata-
nabe and Motoo reported detailed studies of the
sulfur enhancement effect on CO oxidation by
varying the sulfur coverage and solution pH =,

Very recently, it was shown that on carbon supported
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Pt nanoparticles (Pt/C) the oxidation of the
irreversibly adsorbed CO was also enhanced by
coadsorbed sulfur ™. However, a satisfactory account
of the sulfur enhancement effect is lacking. Given
the importance of CO and methanol electro-
oxidation in methanol fuel cells and the widespread
interest in understanding the sulfur effects on
surface reactions, it is worthwhile to further study
the mechanism dictating the observed peculiar
enhancement effect.

Herein we report results from cyclic voltammetric
and chronoamperometric studies of the electro-
oxidation of CO on Pt surfaces modified with
sub-monolayer of sulfur. The effects of sulfur
coverage and solution pH on solution CO oxidation
were examined. While the results confirm the
enhancement effect of adsorbed sulfur (S.s) on
solution CO oxidation, some significant differences
w ere also observed. The influence of S, on the
oxidation of irreversibly adsorbed CO is more
complicated. At low sulfur coverages, the CO
oxidation potential is more negative than on the
S-free Pt; while at high sulfur coverages, it is more
positive. Surface-enhanced Raman spectroscopy
provides new insights into the mechanism of the S
promotion effect on the CO oxidation by probing
the adsorbed sulfur induced Pt—CO bond change
and the modification of CO adlayer structure. This
study shows that the observed effects of S,; on the
solution phase and adsorbed CO oxidation can be
understood by the weakening of the Pt—CO bond
and the hindrance of CO,4 diffusion by S
2 Experimental
2.1 Chemicals

The 0.1 mol ‘L' HCIO, was prepared from
double distilled 70% perchloric acid (HCIO,)
obtained from GFS Chemicals (Powell, OH).
Semiconductor grade (99.997%) carbon monoxide
(CO) was procured from Spectra Gas (Branchburg,
NJ). Other reagents are of analytical or highergrade.
Sodium perchlorate (NaClO,) was from Fluka (St.
Louis, MO). Sodium hydroxide (NaOH), glacial

acetic acid (CH;COOH), boric acid (H;BO:s), and
sodium sulfide (Na,S) were obtained from Fisher
Scientific (Hampton, NH). Na,S was recrystallized
twice in milli-Q water prior to use. Sodium
hydrogenphosphate (Na,HPO,) and sodium dihydro-
genphosphate (NaH,PO,) were obtained from Sigma-
Aldrich (St. Louis, MO). Solutions were made using
Milli-Q water (18.2 M) -cm resistivity, Milli-Q
Synthesis A10, Millipore, Billerica, MA).

For experiments conducted at different pHs, the
electrolyte pH was controlled by using 0.1 mol -L"!
HCI10,, 0.1 mol -L! NaOH, and different buffers.
The pH 1 experiments were conducted in 0.1 mol-L"
HCIO,. The pH 3 solution was prepared by acidify-
ing 0.1 mol -L* NaClO, through dropwise addition
of 0.1 mol -L! HCIO,. The pH 5 experiments were
conducted in an aqueous buffer solution containing
10 mmol - L' glacial acetic acid and 90 mmol - L
NaClO,, adjusted to pH 5 with 1 mol -L" NaOH.
The pH 7 solution contains 5 mmol - L' NaH,PO,, 5
mmol - L' Na,HPO, and 90 mmol -L"' NaClO,. The
pH 9 solution was 10 mmol - L boric acid and 90
mmol - L' NaClO, adjusted to the pH by addition of
1 mol-L"' NaOH. The pH 12 experiments were con-
ducted in 0.1 mol- L' NaOH.

2.2 Electrochemical Measurements

Cyclic voltammograms and chronoamperomet-
ric plots were obtained using a conventional
two-compartment, three electrode cell consisting of
a Pt wire counter electrode and a Ag/AgCl reference
electrode (CH Instruments, Austin, TX). A Pt disk
with a diameter of 2 mm from CH Instruments was
used as the working electrode. Prior to each mea-
surement, the Pt working electrode was polished
successively with 1.0 and 0.3 pm AlLO; powder on a
polishing cloth (Buehler, Lake Bluff, IL). The elec-
trode was then sonicated in water for 10 min and
rinsed with water to remove any residual powder.
The electrode was further cleaned by cycling the ap-
plied electrode potential between -0.25 and 0.8 V in
CO saturated 0.1 mol -L*' HCIO, and followed by
stripping off the irreversibly adsorbed CO in N,
purged 0.1 mol -L" HCIO,. CH Instruments Model



55 6 Mattox 45 ; — AR LRI IE 1 BA i AR L AR B -5 Pl SR AE 5 523

630 electrochemical analyzer was used for all of the
electrochemical experiments. All of the measurements
were conducted at room temperature (23 = 1) °C.
2.3 Surface-Enhanced Raman Specro-

scopy (SERS)

To obtain surface enhanced Raman effect on
Pt, the overlayer method was used™?". Briefly, a Au
electrode was polished successively with 1.0 and 0.3
pm ALO; powder on a polishing cloth and rough-
ened by electrochemical oxidation-reduction cycles
in 0.1 mol -L"' KCI to obtain SERS activity as
described by Gao et al®. Platinum thin films were
electrodeposited on the SERS active Au surface by
the redox replacement approach®, To ensure the Au
surface is entirely covered by Pt, 2 to 3 redox
replacement cycles were employed™. Raman spectra
were collected with a micro-Raman probe (Spectra-
Code, West Lafayette, IN) equipped with a Spec-
traPro300i triple grating monochromator (Acton Re-
search, Acton, MA) and a liquid nitrogen cooled
red-intensified back illumination CCD detector
(Princeton Instruments, Trenton, NJ). The laser ex-
citation at 785 nm was from a diode laser (Process
Instruments, Salt Lake City, UT) coupled to optical
fiber bundles and focused onto the sample with a
long working distance 20 X microscope objective
(NA 0.42) to a 100 pwm spot. The Raman scattering
light was collected in a back-scattering fashion with
the same objective. The laser power at the sample-
was around 5 mW. The Raman shift axis was cali-
brated with a neon light. Typical spectrum acquisi-

tion time was 30 s.

3 Results
3.1 Cyclic Voltammogram of Sulfur-
Covered Pt
Before presenting the results for CO oxidation,
it is helpful to first show the electrochemical re-
sponse of the sulfur-covered Pt electrodes in a po-
tential range where CO oxidation occurs. Displayed
in Fig. 1 is a set of cyclic voltammograms for sulfur
covered Pt with various coverages obtained in 0.1

mol - L' HCIO,. The current density was calculated

using the surface area of the clean Pt, which
was evaluated by the hydrogen desorption charge
assuming the charge density is 210 wC -cm? for
desorption of a full monolayer of adsorbed hydro-
gen (H,)™. Before sulfur adsorption, the electrode
was cleaned by cycling the applied potential be-
tween -0.25 and 0.8 V in CO-saturated 0.1 mol -L"!
HCIO, and followed by stripping off the irreversibly
adsorbed CO in Ny-purged 0.1 mol - L' HCIO,. The
sulfur adlayer was formed by holding the electrode
at -0.6 V in y mmol +L* Na,S + 0.1 mol -L"' NaClO,
+1 mmol - L' NaOH for 60 s. To obtain different sulfur
coverages, ¥ was varied from 0.01 to 2. Although in-
creasing the sulfide concentration or holding the
potential at more positive values can increase the
amount of sulfur on the surface, the sulfur coverage
achievable by this means is sufficient for our
purpose. Further increasing the sulfur coverage will
block the solution CO oxidation. More importantly,
holding the potential at -0.6 V helps to minimize the
formation of polysulfur from the oxidation of sul-
fide, as indicated by SERS experiments.

Two features are clearly evident in Fig. 1. In
the hydrogen adsorption/desorption potential region

(-0.25 to 0.1 V), the current decreases with increas-
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Fig. 1 Cyclic voltammograms of Pt electrodes covered with
various amount of sulfur in 0.1 mol -L" HCIO,. The
relative sulfur coverage X from the outer most trace
to the inner most trace is: 0, 0.24, 0.48, 0.63, 0.86.
The arrows indicate the scan direction. The scan rate
was 0.1 V-s™.
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ing amounts of sulfur on the surface (from the outer
most trace to the inner most trace). In the surface
oxidation/reduction potential region (0.3 to 0.8 V),
the adsorbed sulfur suppresses the formation of Pt
oxides and pushes the surface oxidation to higher
potentials with increasing sulfur coverage and even-
tually blocks the oxidation. These observations are
consistent with those reported in previous studies of
sulfur adsorption on Pt and indicate the adsorbed
sulfur (S,s) poisons the hydrogen adsorption and
surface oxidatiort'*-">1. Tt is noted that the sharp peak
observed on Pt(111) at high sulfur coverages was
absent in the potential region examined here, proba-
bly because the amount of sulfur on the surface is
considerably smaller (vide infra) and because of the

12-13

polycrystalline nature of the surface!™"). The cyclic
voltammogram for each S-modified Pt electrode is
stable upon several potential cycles in the region
shown in Fig. 1, indicating there is no desorption or
oxidation of S,
the

charge, it is possible to calculate the sulfur coverage.

From hydrogen adsorption/desorption
A commonly used approach assumes that one S,
blocks one H, and the sulfur coverage can be calcu-

lated as®" =%

0 S
QH_ QH
0
Oy
Where Qi and QZ are the H desorption charge from

X =

S

(1

clean and sulfur-covered Pt surfaces, respectively. In
all of the previous studies of CO and methanol oxi-
dation on sulfur-covered Pt surfaces, the sulfur cov-
erage was calculated by using Equation. (1) " =2,
However, studies on Pt(111) electrodes™ '* ! and
Pt particles™' suggest that the number of H, blocked
by a single S, is not unity, but depends on the
sulfur coverage. At low sulfur coverages, it can
be as large as ten and decreases with increasing
sulfur coverage I'0->531,
(6s) is about 0.33, the charge from H adsorption/

desoprtion is negligible, suggesting the hydrogen

When the sulfur coverage

adsorption is nearly completely blocked!'*-'>"],

Another way to measure the coverage of S, is

to use the charge for S, oxidation to SO,*, as shown
by Sung et al.['*!3;
Os
0
6x0,

where the (s is the charge involved in the S,

0s =

)

oxidation. Recently Park et al. claimed that the
adsorbed sulfur species is S* on the basis of
comparing the Pt—S stretching frequency from
SERS and that from the quantum calculations .,
This assertion disagrees with a number of previous
studies which show nearly completely charge
transfer from S* to metals upon its adsorption!t™**1,
The ratio of X5 to 6 yields the number of H
blocked by S,. The oxidation of S,4 on the present
polycrystalline Pt occurs at a much higher potential
(peaking at around 1 V) than that reported on
Pt(111)1'*5) and the oxidation peak is broad
(supporting information). S, was completely
removed after 3 to 4 potential cycles between -0.25
and 1.2 V, as indicated by the overlapping of the H
adsorption/desorption current at the consecutive
cycles. Cyclic voltammetric results show that the 6
evaluated by using Equation (2) is 2 to 4 times
lower than the corresponding Xs, indicating S,
blocks more than one H,, Therefore X is the
relative sulfur coverage, i.e. relative to the sulfur
coverage at which S, completely blocks the
hydrogen adsorption (CO adsorption as well, vide
infra). In contrast to the results from Pt(111) sur-

21012181 5t Jower 65 the S, blocks less Hy than at

face!
higher 6s. The maximum 65 obtained is around 0.3.
For 65 larger than an undetermined value at which
the Xs cannot be used, the CO oxidation is
completely blocked and is not useful for the purpose
of the present work. Therefore in the following, we
still use X, instead of 6, to denote different amount
of sulfur on the surface for better comparison with
the previous work.
3.2 CO Oxidation on Sulfur-Covered Pt
Fig. 2 shows a set of cyclic voltammograms for
solution CO oxidation on Pt electrodes covered with

various amounts of S obtained in CO-saturated 0.1
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Fig. 2 Anodic segments of cyclic voltammogram of solution CO oxidation on Pt electrodes covered with various amounts of sulfur
recorded in CO-saturated 0.1 mol-L"' HCIO,. The CVs are plotted in current (A) and current density (B) forms. The inset in

(A) is an enlargement of the portion marked by the circle. The relative sulfur coverage Xs are: solid: 0.86; dash: 0.63;

dash-dotted: 0.24; dotted: 0. Scan rate: 0.1 V-s™. The arrow indicates the scan direction.

mol-L"' HCIO,. They are plotted in both current and
current density forms. For clarity, only the anodic
segments are shown. CO was introduced by purging
the solution with the gas for 5 min. To ensure the
CO concentration is largely unchanged during the
experiment, the solution was blanketed with CO by
flowing the gas above the solution. Current density
is expressed in terms of the surface area available
for CO adsorption, which was calculated by using
the charges for hydrogen desorption from S-covered
surfaces. This practice is justified by the observation
that the number of adsorbed CO (CO,4) blocked by
S.i 18 nearly the same as that of Hy (vide infra).
The relative sulfur coverage was obtained as
described above. It is evident from Fig. 2 that the
onset potential for solution CO oxidation shifts
to more negative values with increasing amounts
of sulfur on the surface. In addition, the shape
of the voltammogram changes significantly with
sulfur coverage. At low sulfur coverages, the
voltammogram largely retains the peak shape with a
pre-wave; at high sulfur coverages, the pre-wave
becomes larger and eventually develops as the major
component. These observations are in agreement
with those reported by others!?"- 24,

To make a more quantitative assessment of the
S.s effect on the solution CO oxidation, the onset

potential difference (AFE), defined as the potential
difference at a current equal to 5% of the CO
oxidation peak current on the clean Pt surface, was
measured and plotted as a function of the X5 (Fig. 3).
The AFE increases sharply with the amount of sulfur
on the surface and approaches a plateau near Xs =
0.65. This observation is similar to that reported by
Watanabe and Motoo™?. As stated above, higher
coverage of S, (6s > 0.3) can be obtained by
increasing the sulfide concentration or the potential

o"—----.-
A

AE
()
99
A )

0.0 0.2 0.4 0.6 0.8 1.0
X,

S

Fig. 3 The onset potential difference of solution CO oxidation
on clean and S-covered Pt plotted against the relative

sulfur coverage (the dash curve serves as a guide to the

eye).
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at which the sulfur layer is formed. However, at
these coverages CO oxidation is completely blocked
by adsorbed sulfur.

To understand the sulfur effect on the solution
CO oxidation, we examined the electrooxidation of
adsorbed CO (CO,s) on sulfur-covered Pt. The
general procedure of the experiment entails
recording the CO stripping voltammogram on a
clean Pt electrode, followed by CO stripping on the
same electrode, but covered with various amounts of
sulfur. This practice is necessary for minimizing the
effects from the variation of the surface structure
from trial to trial due to the polycrystalline nature of
the surface. Fig. 4 shows a representative pair of
cyclic voltammograms of irreversibly adsorbed CO
oxidation on Pt electrodes with different Xs. The CO
adlayer was formed by sequentially purging the
solution with CO for 5 min and N, for 10 min while
the electrode potential was held at 0.0 V. Interest-
ingly, the potential shift of the adsorbed CO oxida-
tion is very different from that of the solution CO: at
Xs below 0.3, the shift is negative; above this value,
the change is positive and larger at higher Xs. Never-
theless, the potential shift is small, typically between
30 mV and -40 mV. This CO oxidation peak poten-
tial shift is not due to the variation of the polycrys-
talline structure of the surface, since the CO oxida-

60

50

40t

e o= - T

E/V(vs. Ag/AgCl)

-0.2 0.0 0.2 0.4

E/V(vs. Ag/AgCl)

06 0.8

tion potential was compared on the same electrode
before and after the S adsorption. This observation
is different from those reported by Park et al. that
show CO stripping peak potential moves to more
negative values as the sulfur coverage increases ™.
This difference likely arises from the use of
nanoparticles and the presence of the Nafion binders
in their studies. Other studies have shown that anion
adsorption, such as chloride or bromide, typically
yields higher CO oxidation potential as compared to
the clean surface, albeit the coverage of the anion is
typically high at the CO oxidation potential because
it is present in the supporting electrolyte®?. In the
present case the S, is preformed and stable after CO
is introduced into the solution free of sulfide, there-
fore the amount of Sads can be well controlled and
systematically varied. In contrast, although the ad-
layer of halides can be retained after the electrode is
removed from the solution containing the anions,
the adsorbed halides will be partially or even com-
pletely replaced by CO depending on the potential,
preventing the study of halide coverage dependence
of the CO oxidation.

From the adsorbed CO oxidation charge, it is
possible to estimate how many CO,4 are blocked by
one S, by comparing the s with the X evaluated
from CO oxidation charge, which is denoted as X

04 05 06 0.7

60
60
50t 50 A 'g
40 .'H' |=
A0F < 30  \ "
= 90 :l \ ::
30 10 ﬂ h
0 I
320' :|
]
)

10k E/N(vs. Ag/AgCl)

e

-0.2 0.0 0.2 0.40.6

EIV(vs. Ag/AgCl)

0.8

Fig.4 Cyclic voltammograms of irreversibly adsorbed CO oxidation on clean (dash traces) and sulfur covered (solid traces) Pt

electrodes in 0.1 mol-L" HCIO,. The relative sulfur coverages X are: A. 0.09; B. 0.48. The insets are the enlargement of the

peak section of the first anodic segment of the corresponding CVs, showing the peak potential shift of the adsorbed CO

oxidation. Scan rate: 0.1 V-s.
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(CO), in a similar fashion to the procedure described
above for Xg from Eqn. (1) (we will use Xs(H) for
this quantity when both are present). Alternatively,
the same information can be obtained by comparing
the Xs(H) with the Xs(CO). If the two are equal, the
S.is blocks the same amount of CO,, as H, does.
Displayed in Fig. 5 is a plot depicting the relation-
ship between Xs(H) and Xs(CO). The Xs(CO) was
obtained in a similar manner to that described in
Eqn. (1), except that the charge for CO oxidation
was used in this case. The data points in Fig. 5
distribute very close to the unit slope line (the dash
trace in Fig. 5), indicating that the Xs(H) and Xs(CO)
are nearly the same. This suggests that the S
blocks the same number of H,, and CO,4, which is
not unity as shown above.
3.3 Chronoamperometric Results of CO

Oxidation

To reveal the mechanism behind the catalytic
effect of the S,, on the CO oxidation, chronoamper-
ometry was also employed. The experiments were
all conducted in a single-potential step fashion with
an initial potential at 0.0 V and various final poten-
tials. Both the solution and the adsorbed CO oxida-
tion were examined. Since the catalytic effect for so-
lution CO oxidation is most prominent at high X,
we focus on the chronoamperometric studies in this
X5 region for now. Fig. 6 shows a selective pair of
current-time transient plots obtained on clean (dash-
traces) and S-modified (solid traces) Pt electrodes.
The Xs was fixed at 0.82. The initial potential was
0.0 V and the final potential was 0.40 V for solution
CO and 0.45 V for adsorbed CO oxidation. The cor-
responding i-t transient obtained in 0.1 mol -L*
HCIO, without CO was used as the background and
subtracted from each plot. For the solution CO oxi-
dation, consistent with the cyclic voltammetric re-
sults, the steady state current on S-covered Pt is
much higher than that on clean Pt electrode, as long
as the final potential was kept below the take-off po-
tential (around 0.6 V) of the CO oxidation on clean

Pt. The i~ plot for the final potential in the range of

1.0
4 i
0.8F /7
,V
o
/7
5 06 R
S v
= .
04F ,/. @]
/7
Ao
0.2F /
7o
0'00.0 0.2 0.4 0.6 0.8 1.0
X(H)

Fig. 5 Comparison of the relative sulfur coverage obtained
from the H desorption charge, Xs(H), with that from the
adsorbed CO oxidation charge, X5(CO), on the same
sulfur covered Pt electrode. The dash trace shows a

unit slope line as a guide to the eye.

0.35 to 0.6 V has a very similar shape. Close inspec-
tion of Fig. 6A reveals that the oxidation current de-
cays faster on the S-covered Pt at a shorter time (< 2
s), but at a longer time, the current decays more
rapidly on the clean Pt (Fig. 6A, inset). This transi-
tion of current decay rate also occurs at other final
potentials that are below the peak potential of CO
oxidation on the clean surface. The above observa-
tions indicate that CO oxidation is more facile on
the S-modified surface, leading to a larger current at
lower overpotentials. It should be pointed out that
the chronoamperometric results are plotted in the
current-time format. Given that for S-modified Pt
part of the surface is covered by S.i and CO oxida-
tion does not occur on these sites, the difference be-
tween S-covered and clean Pt electrodes will be
even larger if the results were plotted in the current
density (with respect to the Pt area available for CO
adsorption) form.

For adsorbed CO oxidation, the current-time
transient plot for S-covered Pt is drastically different
from that of the clean Pt surface. On the clean Pt
surface, the transient shows a current plateau at
shorter times (< ~ 4 s) and followed by a current
peak at about 6 s. The length of the plateau and the
position of the peak current strongly depend on the
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Fig. 6 Single potential step current-time transient plots for solution (A) and adsorbed (B) CO oxidation on Pt electrodes obtained in
CO-saturated and N,-purged 0.1 mol - L' HCIO,, respectively. Initial potential: 0.0 V; final potential: A. 0.40 V; B. 0.45 V.

Solid trace: S-covered Pt with X5 = 0.82. Dash trace: clean Pt. The inset in A shows the current-time transient in normalized

current and a shorter time scale to demonstrate the current decay rate in the two cases.

final potential. The higher the final potential, the
shorter the plateau, and the shorter time the peak ap-
pears. These results agree with those reported on Pt
(111) and its vicinity step surfaces?*". The plateau
was attributed to the relaxation of the compact CO
adlayer as a result of the oxidation of small amount
of CO,4. The appearance of the current peak can be
explained by the Langmuir-Hinshelwood reaction
mechanism P, The presence of S, changes the
shape of the i- plot significantly. Neither the plateau
nor the peak remains. The current decays monotoni-
cally shortly after the potential step. This observa-
tion is similar to that obtained from CO,4 oxidation
on Pt(111) surface with the CO coverage below 0.3,
which is reasonable since at this sulfur coverage (Xs
=0.82), the O, is below 0.2 (vide supra). However,
it is different from that observed on Pt/C or Pt black
where the current plateau and peak remain in the i-¢
plots, albeit at different times™".
3.4 Surface-Enhanced Raman Spectra
Surface-enhanced Raman spectroscopy (SERS)
with its capability of probing both the metal-adsor-
bate and the inter-adsorbate interactions provides an
excellent means to explore the influence of S, on
the Pt—CO bonding and the CO adlayer structure.

In addition, the applicability of SERS to a frequency
region below 500 cm™ facilitates direct probing of
the metal-adsorbate bonding change, which is of im-
portance here. Shown in Fig. 7 is a representative set
of SER spectra in the metal—CO and C—O stretch-
ing regions recorded in 0.1 mol-L"' HCIO, with and
without CO in the solution. Also shown is a spec-
trum on S-covered Pt taken before the introduction
of CO into the solution for comparison. The spectra
were obtained on Pt thin films deposited on a
SERS-active Au substrate as described in the exper-
imental section. All of the spectra were recorded
with the electrode potential held at -0.2 V, and each
spectrum covers a frequency region from 150 to
3000 cm™. For clarity, only the Pt-adsorbate stretch-
ing (150 to 750 cm™) and C—O stretching (1750 to
2150 cm™) regions are shown.

Starting from the lower frequency region (Fig.
7A), the two peaks at 398 and 488 cm™ in the spec-
trum a obtained on Pt without S, but with irre-
versibly adsorbed CO can be confidently assigned to
the metal—CO stretching modes from CO adsorbed
on two-fold and on-top sites, respectively™ 1. The
spectrum obtained in CO-saturated 0.1 mol-L"

HCIO, (not shown) resembles the spectrum a. Upon
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adsorption of sulfur, the spectrum changes sharply:
the 488 cm™ band downshifts to 472 cm™ and the
398 cm™ peak is buried in a new feature with a main
peak at 310 cm™ and a shoulder at around 350 cm™.
The new feature is similar to that obtained on S-cov-
ered Pt in 0.1 mol-L" HCIO, without CO (Fig. 7A,
spectrum d). Compared with the previous SERS

4142)

study of sulfur adsorption on Pt™4, the main peak in
the new feature can be assigned to the Pt-S stretch-
ing mode and the shoulder is likely from the S—S
stretching of the trace amount of adventitious poly-
sulfur, whose presence is further evident in the ap-
pearance of a weak feature at 475 cm™ in the spec-
trum d (Fig. 7A)™,

The intensity decrease in the Pt—CO stretching
mode may arise from the lower CO coverage due to
the S, site blocking, although it could also arise
from the non-uniformity of the SERS activity on the
Pt. It should be pointed out that although the peak
intensity in the SER spectrum varies from spot to
spot on the surface, the Pt—CO stretching frequency
only fluctuates 1 to 2 cm™. The redshift of the Pt—
CO stretching band frequency is a direct indication
of the weakening of the Pt—CO bond caused by the
coadsorbed S™. Another significant spectral change
can be seen by comparing the spectrum obtained on
S-covered Pt in the CO saturated solution (Fig. 7A,
spectrum b) with that acquired in the solution with-
out CO in the solution (Fig. 7A, spectrum c). The
intensity of the Pt—CO stretching band in spectrum
b is significantly higher than that in spectrum c, al-
though the Pt—CO stretching band position is large-
ly the same. More importantly, the integrated band
intensity ratio of the Pt—CO stretching mode to the
Pt-S mode in spectrum b is nearly twice of that in
the spectrum c, which suggests that the intensity
change does not mainly come from the non-unifor-
mity of the SERS activity on the surface. Rather,
it arises from the loss of weakly adsorbed CO when
the solution CO is removed. In contrast, on the Pt
surface without sulfur, the Pt—CO stretching band
intensity only changes slightly (typically less than
20%) when the dissolved CO is removed and the

laser was kept at the same spot on the surface. Inter-
estingly, at this sulfur coverage, the Pt—CO does
not change significantly after the solution CO is re-
moved. However, at a lower sulfur coverage (Xs=
0.5), the vp.o increases from 476 cm™ with CO in
the solution to 482 cm™ after the removal of solution
CO, strongly supporting that there are weakly ad-
sorbed CO which only exist with the presence of the
solution CO. We pointed out that the decrease
of vp. o caused by the increase of CO coverage is
much smaller, e.g. at saturated CO coverage the
Vp.co 18 488 cm™ while it increases slightly to 490
cm™ at O, =0.2.

Now we turn to the higher frequency region
(Fig. 7B). The spectrum from the Pt electrode with-
out sulfur is similar to those reported before. The
two bands centered at 1865 and 2076 cm™ can be as-
signed to the C—O stretching mode from CO ad-
sorbed on the bridging and atop sites, respectively™ 1,
The spectral change after sulfur adsorption is not as
prominent as in the Pt-adsorbate stretching region.
A noticeable change is the decrease of the band in-
tensity in both C—O stretching modes upon sulfur
adsorption. As in the lower frequency region, this is
likely due to the lower CO coverage arising from S,
physically blocking the available sites. Interestingly,
the intensity of both C—O stretching bands decreas-
es to the same extent, as the band intensity ratio be-
fore and after sulfur adsorption remains the same,
indicating S,4 equally blocks the atop and bridging
CO,4 This observation is different from a recent
surface enhanced IR absorption spectroscopic study
on S-modified Pt/C, in which the intensity of bridg-
ing CO,4 decreases more than that of the atop CO,,™.
Consistent with the changes in the lower frequency
region for the S-covered Pt surface, the removal of
solution CO further decreases the band intensity of
the C—O stretching modes (down about 50%), con-
firming the desorption of the weakly adsorbed CO.
The intensity decrease is roughly proportional to the
amount of CO. The frequency change for the CO
modes is small, most notable is the slight redshift of
the atop CO upon removal of the solution CO,
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Fig. 7 SER spectra in metal-adsorbate (A) and C—O stretching (B) frequency regions obtained in (a, ¢, d) 0.1 mol-L" HCIO, and
(b) CO-saturated 0.1 mol-L" HCIO, at -0.2 V. Spectrum a was obtained before and spectra b, ¢, d after S adsorption. Spec-

trum acquisition time: 30 s. Relative sulfur coverage Xs: 0.85.

which could be from stronger CO—Pt bonding

and/or a weaker dynamic dipole-dipole coupling due

to a smaller CO coverage™,

3.5 Solution pH Dependence of Sulfur
Promoting Effect on the CO Elec-
trooxidation

To shed light on the sulfur promoting effect on
the CO electrooxidation at Pt electrodes, we exam-
ined further the solution pH dependence of the CO
oxidation onset potential. The solutions with differ-
ent pHs were prepared as described in the experi-
mental section. The sulfur effect on the CO oxida-
tion was measured by the onset potential difference
between clean and sulfur covered Pt electrodes. The

onset potential is again taken as the potential at 5%

of the CO oxidation peak current on the S-free Pt.

Fig. 8 shows a plot of the onset potential difference

(AE) as a function of the solution pH. Only the data

points with an X above 0.6 are included in the plot.

As shown in Fig. 3, in this X range, the AF is largely

the same at a fixed solution pH. Therefore the data

points reflect the effect of solution pH, not the X

The error bar represents the range of AE obtained at

each pH and each data point is an average of results

from at least three separate measurements. From Fig.

8, it is clearly evident that the AE is significantly
larger in the acidic media than in the neutral or basic
solutions. This pH dependence is different from that
reported by Watanabe and Motoo, who found the
AF is smallest at pH7 and larger in both the basic
and acidic media®’. The anion specific adsorption in
solutions with pH higher than 3 plays a minor role
in the AE, as evident by the similar AE; observed in

both sulfuric acid and perchloric acid solutions.

4 Discussions

Of central interest here is to understand the
catalytic effects of S, on the electrooxidation of
carbon monoxide. The electrooxidation of CO on Pt
has been extensively studied both theoretically and
experimentally. It is generally accepted that the re-
action proceeds through a Langmuir-Hinshelwood
mechanism, which can be represented by the follow-

ing reaction steps in an acidic medium®*" :

HO «—OH, + H + e 3)
CO., + OHy «— COOH, 4)
COOH,, «—— CO, + H' + ¢ 5)

The second step is generally considered as the
rate determining process. The reaction rate is there-

fore proportional to both the CO and OH coverages.
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Fig. 8 The onset potential difference of the solution CO
oxidation on clean and S-covered Pt electrodes as a
function of the solution pH. The dash curve serves

only as a guide to the eye.

Depending on whether the CO, and OH, form a
well mixed adlayer, there are two extreme cas-
es-mean field approximation model and nucle-
ation-and-growth kinetics #** ¥ If the CO,4 and
OH,,, form a well mixed layer or the diffusion of the
CO,4 or OH, on the surface is faster than reaction
(4), the reaction kinetics can well be described by
the mean-field approximation. If the CO, diffusion
is slow, the nucleation-and-growth approach is a
better description. Through a series of studies on Pt
(111) and its vicinity step surfaces, Lebedeva et al.
concluded that CO,, diffusion on Pt surfaces is fast,
and the mean-field approximation is a better model
for the systemt,

In the present case, the addition of sulfur on the
Pt surface has several significant effects on the CO
adsorption. From photoemission spectroscopic ex-
periments and ab initio self-consistent field calcula-
tions, it is found that S, decreases Pt 5d orbital oc-
cupancy significantly™. This will increase the CO 5 o
to Pt d donation but lower the extent of the metal d
to CO 27* back donation, which affect the Pt—CO
bonding!**!
teraction between CO and S weakens the CO—Pt
bonding. In agreement with these, in the ultra high

. More importantly, the repulsive in-

vacuum environment, the thermal desorption spec-
troscopic (TDS) studies indeed show that CO des-

orbs at lower temperatures on S-covered Pt as com-

pared to the clean surface® ™ 45

. The binding ener-
gy of CO adsorption on terminal sites was lowered
by more than 30 kJ-mol'™, In the present study, the
SER spectra show that the coadsorbed S redshifts
the Pt—CO stretching frequency by more than 15
cm”. The change of the Pt—CO stretching frequen-
cy, rather than the C—O stretching, is a direct indi-
cation of Pt—CO bonding change, as shown by den-
sity functional theorycalculation **#. The redshift of
Pt—CO stretching frequency therefore indicates the
weakening of Pt—CO bond. The weaker CO—Pt
bonding facilitates the CO oxidation.

Why, then, only the solution CO oxidation
shows a strong S, effect? The SER spectra show
that after removal of CO from solution, the intensity
of vibrational bands from CO, decreases, which in-
dicates the loss of CO,4. These weakly adsorbed CO
are likely to be oxidized at more negative potentials,
similar to the pre-peak observed at CO oxidation
on Pt(111)P4, In other words, there are sites that are
more active toward CO oxidation on the surface and
these sites are created by the presence of S, In a-
greement with the SERS results, the measured X is
several times that of s, suggesting that without dis-
solved CO in the solution there are sites that are not
occupied by CO,4 or S, The coadsorption of S and
CO has been shown by using scanning tunneling mi-
croscopy (STM) and low energy electron diffraction
(LEED) in the UHV to form segregated CO and
S islands on Pt(111) due to the repulsive interaction
between the two adsorbates™ >, At the boundary of
the S islands, CO adsorption is likely to be weaker
and these surface sites are likely to be responsible
for the observed low overpotential of solution CO
oxidation. In the presence of CO in the solution,
there is a continuous supply of CO to the more ac-
tive sites. When the solution CO is removed, these
weakly adsorbed CO desorb, leaving the more active
sites free of CO,4 The CO,4 remaining on the sur-
face do not diffuse to these more active sites or the
diffusion is very slow due to the repulsion of the
CO, and S, Consistent with this picture, it has
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been shown in UHV that S, strongly suppresses the
CO diffusion on Ni(110)*,

The pH-dependent AE shown in Fig. 8 can be
understood in terms of the competitive adsorption of
CO and OH' at these more active sites. At high pH,
the adsorption of OH at the sites near S, blocks the
CO from these sites therefore the promotion effect is
much smaller. At low pH, OH  adsorption cannot
compete with the CO adsorption.

The observed vp.co blueshift on S-covered Pt
upon removal of solution CO supports the notion
that desorption of weakly adsorbed CO does occur,
leaving behind more strongly bound CO. Compared
with the S-free surface, the Pt—CO obtained either
with or without CO in the solution is lower on the
S-covered Pt, suggesting that in addition to the
weakening of the Pt—CO bond at sites next to the
S.i, on which the CO, desorb after the removal of
the solution CO, S, reduces the overall Pt—CO
bond strength. This observation suggests that S,4 has
both short and long range effects on the Pt—CO
bond.

For the oxidation of irreversibly adsorbed CO,
the presence of a small amount of S, (X5 < 0.3,
roughly equivalent to 6s = 0.1) decreases the peak
potential. However, if the X5 is higher, the peak po-
tential is more positive. This may be understood in
terms of the CO adlayer structure change with the
presence of S, and the S,y distribution. At low X,
S.ss decorates in the CO adlayer and forms an inter-
mixed adlayer. The CO,, does not need to travel a
long distance to react with OH,, and more impor-
tantly the diffusion of CO, is not significantly in-
hibited by S,4 as compared to when S, form islands
at higher X, therefore the reaction is facile. At high-
er X, S, and CO,4 may form segregate islands, the
CO,4 diffusion is significantly slowed down and the
reaction is therefore retarded. Several lines of evi-
dence support the slow CO diffusion. From the CO
stripping voltammogram (Fig. 4B), the CO,4 oxida-
tion peak is much broader on S-covered Pt than on
the unmodified surfaces. From the chronoampero-

grams in Fig. 6B, the CO oxidation plateau and peak

disappear on S-modified Pt. These observations
are characteristics of slower CO diffusion®*, In ad-
dition, after removal of dissolved CO from the solu-
tion, the C—O stretching frequency which is very
sensitive to the CO coverage only redshifted 5 cm™,
suggesting after removal of solution phase CO the
strongly adsorbed CO do not diffuse to the vacant
sites and the CO island largely remain intact. How-
ever, in either cases, energetically the CO adlayer is
more reactive than the clean surface because the
coadsorption of sulfur weakens the Pt—CO bond,
but kinetically the CO surface diffusion rate deter-
mines where the current peak appears.

It has been reported that the presence of ace-
tonitrile (< 0.01 mol+L") in the electrolyte also pro-
motes solution CO oxidation, but strongly inhibited
adsorbed CO oxidation®". This observation was ex-
plained partly by the so-called “third-body effect”,
in which the adsorbed acetonitrile blocks the surface
sites that are less active for CO oxidation, leaving
behind the more active sites™. While the “third body
effect” can explain the weakening of the Pt—CO
bond in the present case, it cannot account for the
enhancement of CO oxidation. Had the more active
sites been on the surface before S adsorption, solu-
tion CO oxidation current would be observable at
low overpotentials on S-free Pt. In addition, ad-
sorbed halides, which would have a third body ef-
fect similar to that of S, inhibit solution CO oxida-
tion, strongly against the third body effect being the
main mechanism for the enhancement of solution
CO oxidation by S,

S5 Conclusions

Sulfur adlayer on Pt up to a relative coverage of
Xs = 0.9 can be obtained by holding the electrode
potential at -0.6 V in dilute Na,S solutions. The ob-
tained S adlayer is stable in the potential range from
-0.25 to 0.8 V in 0.1 mol -L" HCIO,. The effect of
S.is on the carbon monoxide electrooxidation was
examined. By wusing cyclic voltammetry and
chronoamperometry, we have demonstrated that Pt
electrodes modified with a small amount of sulfur
can significantly increase the surface reactivity to-
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ward CO oxidation. For the solution CO oxidation,
the onset potential of the reaction shifts to the nega-
tive direction up to over 300 mV, and the extent of
the potential shift increases with a relative sulfur
coverage up to about 0.9. For adsorbed CO, at low
sulfur coverage (Xs < 0.3), the oxidation peak poten-
tial is about 40 mV negative to that of the corre-
sponding clean Pt. However, at higher coverages,
the peak potential is about 30 mV more positive.
Surface-enhanced Raman spectra show that the ad-
sorption of sulfur weakens the overall Pt—CO bond,
which is a long range effect. In addition, the Pt—CO
bonding strength for CO, near the S, is reduced to
an even larger extent; the adsorption becomes re-
versible-the CO,q desorb after the removal of dis-
solved CO from the solution. This is probably a
short range effect. The effects of S,4 on the adsorbed
and solution phase CO oxidation on Pt are a result
of different interplaying effects. On one hand, the
repulsive electrostatic interaction between CO, and
S.s as well as the decrease of Pt d band occupancy
by S.s, weakens the Pt—CO bond. On the other
hand, S, hinders the CO,; diffusion to the more ac-
tive sites.

Although the use of polycrystalline Pt in the
present study hinders a more quantitative analysis of
the adsorbed S effects on the reaction, a qualitative
understanding of the S, catalytic effect is nonethe-
less achieved. It remains to examine how the
catalytic effect depends on the surface crystal orien-
tation. In addition, preliminary results from different
metal surfaces suggest that the catalytic effect is
metal dependent, which is yet to be understood.
These studies will shed further lights on the effects
of S,is on the CO oxidation.
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