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ABSTRACT: The effect of adsorbed sulfide (S>7,4) on methanol (MeOH) electro-
oxidation reaction (MOR) taking place on carbon-supported Pt nanoparticles (NPs)
was investigated using electrochemical and attenuated-total-reflection (ATR)-FTIR
spectroscopic techniques. The observed substantial enhancement in MOR activity per
active site was rationalized by an enhanced parallel reaction pathway by the S*~ adsorp-
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tion that did not lead to poisonous CO. Moreover, there were delayed/suppressed

adsorption of electrolyte anions and oxygen-containing species and increased amount of isolated free water monomers caused by
the sulfide adsorption-induced more negatively charged Pt sites, which led to more available active sites, weakened bonding
interaction between the Pt NPs and oxygen-containing species, and more active water species for MOR along the parallel

reaction pathway.
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B INTRODUCTION

Adsorption of sulfur (S)-containing molecules on Pt has
attracted much interest in heterogeneous catalysis in general
and electrocatalysis in particular. This is largely due to its
frequentlg observed strong negative effect on the catalytic
activity.l’ Strongly adsorbed S (S,4,) on Pt in solid/gas system
induces a significant depletion in the Sd population of Pt
through predominantly covalent bonding, which causes a large
reduction in the density of states of Pt around the Fermi level.>
Accordingly, the S,4, on Pt significantly affects the reactivity of
the Pt surface toward small molecules (CO, H,, C,H,, etc.)
through the modified reactant-Pt interaction and lateral
interaction between adsorbates.”® For instance, S, on Pt
(111) reduces the adsorption energy of CO by ~8 kcal/mol,
ascribed to a S-induced weakening in the Pt-CO(27*) bonding
interactions.’® Additionally, the repulsive S 4,<>CO interactions
also reduce the adsorption strength and diffusion rate of CO on
Pt surface, and compress local S coverage, which eventually lead
to the formation of molecular polysulfur (S,) species.”

In electrocatalysis, the S, effects on Pt reactivity are
different, depending on the specific electrocatalytic reaction.
Recent studies have shown that the S, on Pt nanoparticles
(NPs) substantially impedes the oxygen reduction reaction
(ORR) and hydrogen oxidation reaction.*” In particular, it was
observed that S,;, enhances the formation of deleterious H,0,
byproduct during the ORR. On the other hand, some early
studies showed that the S adsorption on Pt enhances activity in
formic acid, formaldehyde, and methanol (MeOH) electro-
oxidation reactions.'®™"? For instance, S.4-Pt demonstrates an
increased adsorption rate constant of the reactants in formic
acid electro-oxidation reaction, in which the observed activity
also shows a strong S-coverage (65) dependence.'®'*'* Several
mechanisms have been proposed to explain such opposing
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effects, which include the entropy effect,'’ chemical state
effect,'? site-modifying effect, and site-blocking effect,"® just to
name a few. As to the observation of increased cathodic
currents in the hydrogen adsorption region after S adsorption,
it was interpreted as a decrease in the amount of hardly
reducible Pt oxides by S,4,'* or the reversible hydrogenation of
S sites."' On the other hand, spectroscopic analysis suggested
that S 4, on Pt is mainly in an atomic state, but with a partial
negative charge."”'>'® Consequently, the decreased bonding
energy of adsorbed hydrogen on S,4-Pt was attributed to the
S-induced local electronic deficit on Pt'® while a suppressed
electro-oxidation of 1,3-butanediol on S_4-Pt was interpreted in
terms of the negatively charged S, ;-Pt surface.'” Clearly, no
consensus has emerged to date.

Most recently, we have investigated the chemical state of S,
on commercial Pt black and carbon-supported NPs by a
combination of detailed electrochemical (EC) measurements,
in situ surface enhanced Raman scattering (SERS) study, and
ab initio density functional theory (DFT) calculations using the
polarizable continuum model (PCM).'® The SERS data of the
S.ds coupled with the DFT calculations provided the convincing
evidence showing that the S,4 was in a sulfide (S*7) state,
consistent with S having a much higher electron-affinity than
Pt."” Such a sulfide (S*7) state of S,q4, may strongly influence
the EC oxidation of small organic molecules similar to adsorbed
29722 Equipped with this improved understanding of the
chemical state of S, at a solid/liquid interface, we set out to
examine the mechanistic effect of the adsorbed sulfide (S>7,4)
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on the MeOH electro-oxidation reaction (MOR), which are
reported herein.

B RESULTS AND DISCUSSION

Figure la shows the cyclic voltammograms (CVs) for MOR on
clean and S*-adsorbed carbon supported Pt NPs (see
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Figure 1. (a) CV profiles for MOR and (b) the current density (jo3,v)
and enhancement factor (17) vs S*~ coverage (0sy) measured at 0.31
V. The CVs were obtained using 50 mV/s of scan rate. The s+
coverage (0sy;) was calculated using Oy = 1 — (Qsu/Quiean ), Where
Qsr and Qg are hydrogen (H) desorption charges for the clean
and S$*7,4-Pt NPs, respectively.

Experimental Section for details). The current density (j) was
obtained by normalizing the reaction current by the clean
surface areas before S*” deposition (hydrogen desorption
charges, 0.21 mC/cm?).>® Surprisingly, despite a decrease in the
surface area unoccupied by S* g, the Pt NPs having a sulfide
coverage of €y = 0.24 and 0.52 still showed higher current
density j values than that of the clean Pt NPs above the onset
potential. Here 65y; was calculated by 1 — Qg p/Qqeann Where
Qs and Qgeunp were the hydrogen desorption charge with
and without adsorbed S>7, respectively. Quantitatively, this
enhancement was illustrated by comparing the anodic current
density jo3; v at 0.31 V, a potential that is relevant to MeOH
fuel cell application, as shown in Figure 1b (left y-axis). To
further illustrate the intrinsic effect of $*~4, an enhancement
factor 7 defined as 1 = j/[(1 — Ogy)-jp], where jp and jg are
the anodic current densities for clean and S>7,4-Pt NPs,
respectively (js = jp, when 6gy = 0), was calculated from
currents at 0.31 V in Figure la. In other words, # is the ratio
of current densities normalized by the respective unblocked
Pt surface area. As shown in Figure 1b (right y-axis), the
1 increased linearly as a function of 6y, in the # in logarithmic
scale versus gy plot, clearly illustrating the intrinsic enhance-
ment of MOR by $* 4.
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In a steady state condition at low temperature and low
potentials, MOR on Pt follows primarily the indirect reaction
pathway via the formation of CO that is eventually oxidized
to CO, by the surface reaction with adsorbed OH (OH,4,)
according to the Langmuir—Hinshelwood mechanism.**
That is, the electrocatalytic activity of MOR is determined by
the accumulation rate of adsorbed CO (CO,q,) formed during
MOR and its oxidation rate into CO,. Therefore, information
on poisoning intermediates (PIs) formed during MOR would
provide more mechanistic insights on the enhancement effect
of $*7,4, on MOR. The following experiments were carried out
to achieve this goal.26

The first step was a chronoamperometric (CA) measurement
at a reaction potential E, for a given reaction time f, during
which accumulative reaction charge density g, was measured. At
the end of this time, the potential was stepped to —0.24 V, at
which a rinsing procedure was carried out to remove MeOH,
but kept the generated Pls intact (see Experimental Section).
Immediately after the rinsing procedure, a PIs stripping CV was
taken, from which the amount of charge density for the Pls
oxidation, gp; was obtained. Figure 2 shows the results for data
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Figure 2. (a) Current (i)-reaction time (f) curves of the clean Pt NPs
measured at 0.31 V with different reaction time (100 s, 600 s, 1800 s),
(b) the PI stripping CV profiles obtained using 20 mV/s of scan rate,
(c) the reaction charge density (q,) vs reaction time (), and (d) the PI
stripping charge density (qPI) vs reaction time (t).

obtained at E. = 0.31 V on the clean Pt sample: CV curves of
t. = 100, 600, and 1800 s, respectively (a), the corresponding
PIs stripping CV (b), g,’s (c), and gpy’s (d), respectively. The g,
and gp; were obtained using the area calculated from the hydrogen
desorption charge of the second PIs stripping CV as the
normalization factor. The g, showed a linear relationship with
reaction time f, in a log—log plot (Figure 2c), similar to those
observed on Pt(111).>”*® The gpr (0.150 mC/cm® + 0.005),
however, was constant for different ¢,, which indicated that the
MOR reaction at 0.31 V had already reached the steady state at
a reaction time as short as 100 s. The accuracy and repro-
ducibility of the PIs analysis on the Pt NPs were ensured by
running at least two independent runs of measurements. Notice
that the redox peaks in Figure 2b at 0.36/0.32 V as indicated by
the arrows came from the redox of the oxygen-containing
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groups (mainly quinone) of the carbon support surface.” Its
current contribution to gp; was minor (ca. 0.03%) so can be
safely neglected for our analyses.

The above g, and gp; analyses at ¢, = 100 s were carried out
for all samples as a function of reaction potential E, (0.01 V <
E, > 046 V). The corresponding results are presented in Figure 3a
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Figure 3. Reaction charge density (q,) (a) and the PI charge density
(qpl) (b) vs E, curves.

and 3b. The original data are collected in Supporting Information,
Figures S1 and S2. Notice that for the fs;; = 0.95 sample, double
layer charging and redox peaks of quinone-like species had a
significant presence in the PIs stripping curves (Supporting
Information, Figure S2d). To reduce the uncertainty, the gp; was
obtained after subtraction of the second from the first PIs stripping
CV, and the g, was corrected using current density at —0.24 V
(before applying the reaction potential). As shown in Figure 3a, all
the S*7,4-Pt samples demonstrated an enhanced activity as
compared to the clean Pt sample at potentials above E, = 0.15 V as
measured by g, On the other hand, the gp; versus E, curves in
Figure 3b shows strong E, and 6 y; dependence. Every curve has a
peak whose position varies as the 65y changes, reflecting the fact
that the PIs started accumulating at lower potentials, but being
oxidized away at high potentials. The 53 = 0.95 sample has the
lowest peak potential (0.1 V), followed by the 5, = 0.52 (0.16 V)
and 0.24 (0.18 V), and last by the clean Pt sample (0.26 V). The
lower peak potentials for S-adsorbed samples suggest that the Pls
could be oxidized earlier on these samples, implying higher PI
tolerance thus higher activities as observed. Notwithstanding, the
amount of PIs generated on the 6s3; = 0.24 and 0.52 samples (the
values at peak gp*** = 020 mC/cm? and 0.18 mC/cm?
respectively) were higher than that (0.17 mC/cm?) on the clean
Pt sample, particularly at lower potentials (the solid circles and
triangle vs squares in Figure 3b). Notice that the qplpeak =017
mC/cm? for the clean Pt sample was almost the same as that
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(0.16 mC/cm?) of the polyoriented Pt surface,™ giving confidence
to the reliability of our data analysis.

To shed light on the increased PIs generation on the S*~ 4
Pt NPs during MOR, the yields (yp;) of the PIs products were
analyzed using the method developed by Stuve and co-
workers’® by assuming that CO, and CO are the complete and
PI products. This leads to the following equation: yp; = 3¢py/
(g: + gp1)- The calculated results were presented in Figure 4,
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Figure 4. Yield of PI product (yp;) vs E, curves, which were calculated
by yp = 3qp1/(q: + gp1)- See the text for details.

from which several interesting observation can be made. First,
all yp; values were less than 1 with the highest value ~0.55 and
decreased as E, increased. This suggests strongly that at least
one non-negligible parallel reaction pathways was operational
and eventually became dominant as E_ increased. Second, the
ypr values were larger on the 053; = 0.24 and 0.52 samples than
on the clean Pt when E, < 0.15 V, but became smaller when
E, > 0.15 V. These results imply that the enhanced MOR
activity as observed in Figure 1 came largely from the enhance-
ment in the parallel reaction pathway, at least for E, < 0.4 V
below which the majority of adsorbed CO would be intact (see
Figure S). Third, increasing S coverage increased the percentage
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Figure 5. Clean surface (black) and CO stripping (red) CV profiles of
samples having different S~ coverages: (a) 05y = 0, (b) Oy = 0.24,
(c) G5y = 0.52, and (d) O = 0.95. The CVs were obtained using
S mV/s of scan rate.

of contribution to the total reaction current from the parallel
reaction pathway.
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The effect of S*” 4, on the catalytic behavior of the Pt NPs
was further investigated by gaseous CO monolayer oxidation.
Figure S shows the consecutive CO stripping CV profiles (1st
and second) and the corresponding CV for the clean surfaces
before S*~ adsorption. The current density (j) was obtained by
normalizing the currents by the clean surface area (without
$*".4)- The CO stripping profiles show clearly observable
preoxidation current that may correspond to oxidizing weakly
adsorbed species at low potential region and main peaks
(oxidizing strongly adsorbed state) at high potential region.
The sulfide adsorption enhanced the former but suppressed the
latter with increasing S coverage. Figure 6a shows a linear
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Figure 6. CO-stripping determined S~ coverage (05co) (a) and E,
(V) (b) vs hydrogen-desorption determined S coverage (0sy) plots.
The Ep indicates the potential for maximum current in CO stripping.

relationship between 65y and 65 co. The latter was calculated
by 1- QS,CO/chean,CO Where QS,CO and chean,CO were the CO
stripping charge with and without adsorbed S, respectively.
The latter were calculated from the CO oxidation charges
obtained in Figure 5. The linear relationship indicates that
a similar long-range interaction between S*~,4; and CO adsor-
ption as between S* 4 and H adsorption. Also plotted in
Figure 6b is the potential (E,) for maximum CO stripping
current as a function of S coverage. The negative shift of
the potential as the S coverage increased implies an easier
CO electro-oxidation, thus an improved CO tolerance by S
adsorption.

Further insights can be gleaned by looking at how S adsorp-
tion affects the behavior of electrolyte anions adsorption, such
as ClO,~ adsorption in this study. Figure 7a compared the in
situ IR spectra of the clean Pt and 5 y; = 0.57 samples obtained
by attenuated-total-reflection (ATR) surface-enhanced IR
reflection absorption spectroscopy (SEIRAS) using the stairs-
step method.>" As can be seen, the clean Pt NPs show two bands
associated with the 2-fold (1164 cm™) and one-fold (1100 cm™)
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adsorption modes of ClO,~.**7>* As the electrode potential
increased, the anion adsorption increased too as expected.
Interestingly, for the S-adsorbed Pt sample (5y; = 0.57), not
only was the 2-fold adsorption mode for ClO,” largely
suppressed, but also was the anion adsorption delayed signi-
ficantly. Figure 7b presents the IR band integrals as a function
of electrode potential. For the clean Pt sample, the anion band
showed up at a potential as low as —0.15 V, but not until
0.1 V for the S-adsorbed sample. Furthermore, the amount of
adsorbed anions was significantly lower on the S-adsorbed
sample than on the clean Pt sample in the potential region
<0.4 V. On the other hand, the IR measurements showed that
the S-absorption had a very weak effect on water bending
vibration (Supporting Information, Figure S3) but strong
effect on water stretching vibrations (Supporting Information,
Figure S4). The S coverage-corrected band integrals of the
water bending vibration at 1612 cm™" almost overlap with those
(also at 1612 cm™") of the clean Pt NPs below 0.5 V, suggesting
the total amount of surface water did not change too much. On
the clean Pt NPs, the decrease in the IR band integrals for both
anion and water adsorption over 0.5 V is ascribed to the strong
adsorption of oxygenated species, that is, OH. Thus, the
continuous increase in the IR band integrals of adsorbed anions
(Figure 7b) and water (Supporting Information, Figure S3b)
beyond 0.5 V on the S*74-Pt NPs suggests that the
S-adsorption suppressed/delayed the OH adsorption. Intrigu-
ingly, the water stretching bands revealed interesting changes.
Two stretching bands corresponding to strongly hydrogen-
bound water (3226 cm™) and isolated free water monomers
(3602 cm™') were observed.>’ For the Pt/C without sulfide
adsorption, the strongly hydrogen-bound water dominated
(Supporting Information, Figure S4b). But for the Pt/C with
sulfide adsorption, isolated free water monomers dominated
instead (Supporting Information, Figure S4c). Such change
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may also affect the MOR activity if the latter water species were
an active participant for the parallel reaction pathway.

Because of the negative charge carried by the adsorbed
sulfide, surface charge is expected to vary noticeably as the S
coverage changes. We used the CO-displacement method®>°
to determine the pztc (potential of zero total charge) values as
a function of $*~ coverage as a way to quantify it. The total
surface charge g versus E curves were obtained by integration of
the voltammetric current, corrected for the double layer current
because of the larger-than-usual values for carbon-supported Pt
NPs:

q(E)=/j_jdl

1%

- *
dE 9gis (E )
where j, jg v, and q(E*) are the total current density, current
density at double region, scan rate, and displaced charge

density, respectively. As shown in Figure 8, the pztc of the
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Figure 8. E,,. vs 6y plot. The total surface charge q(E) versus E
curves by which the E,. values were determined (q(E,,.) = 0) were
obtained by integration of the voltammetric current after correction of
double layer current.

$*~,4-Pt NPs, determined by q(EPtZC) = 0, shifted positively as
the Ogy increased, implying a more and more negatively
charged Pt surface as the S coverage increased, which is con-
sistent with our identification of sulfide (S>7) as the adsorbed S
species on Pt surface.

It is expected that the presence of S*~ would bring a sub-
stantial amount of electron density between the adsorbed S*~
and the hosting Pt site and the associated repulsive electrostatic
interaction would push electrons more onto S -unoccupied Pt
surface sites where surface reaction would take place. This
would increase the overall tendency of the surface to repel
negatively charged species and explain the delayed/suppressed
anion adsorption and the adsorption of usually negatively
charged oxygen-containing species. On the other hand, the PIs
analysis of MOR on the $*"-adsorbed Pt NPs indicates that S~
adsorption induced the generation of higher amount of Pls
at low electrode potentials, which implied the enhanced
decomposition rate of MeOH to PIs. The C—H bond split is
known as the rate-determining step in the overall MeOH
decomposition process’ and the CHj group is the positive
pole of the dipolar MeOH molecule. Thus, the increased nega-
tively charged surface by S*~ adsorption would increase its
attraction to the CHj; group by which the decomposition of
MeOH would be enhanced, leading to higher gp; values on the
Osy = 024 and 0.52 samples than on the clean Pt sample
(Figure 3b). This may also explain substantially increased
amount of isolated free water monomers: The positive pole of
water (hydrogen) was attracted strongly toward the negative
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charged surface that eventually broke the initially dominating
hydrogen bonds. On the other hand, the S*~ adsorption also
enhanced the parallel reaction pathway (Figure 4). Although
the exact mechanism by which S*~ adsorption enhances the
parallel reaction pathway and what steps are involved in this
parallel reaction pathway remain elusive; these questions are
currently under investigation. The delayed/suppressed anion
adsorption and the adsorption of oxygen-containing species
would imply more available sites and weakened bonding
interaction between the oxygen-containing species and the Pt
NP surface at the electrode potentials of interest. We speculate
that these two effects would synergistically enhance the parallel
reaction pathway. Additionally, the increased amount of water
monomers may also play a role.

B CONCLUSIONS

We have reported a mechanistic investigation of the enhanced
MOR activity on carbon supported Pt NPs induced by the
adsorption of sulfide by EC and in situ ATR-SEIRAS tech-
niques. We were able to obtain two major insightful observa-
tions into how S adsorption affects MOR on Pt NPs. First, the
enhanced intrinsic MOR activity per available site by S
adsorption was largely due to the enhanced parallel reaction
pathway that did not generate poisonous CO (Figure 4), and
the percentage of the contribution to the total reaction current
from the parallel reaction pathway increased proportionally to
the S*~ coverage (Figure 4). Second, the more negatively
charged Pt surface brought to bear by the adsorbed sulfide
(S*7) delayed/suppressed the adsorption of anions and oxygen-
containing species (Figure 7 and Supporting Information,
Figure S3) lead to more available Pt sites for reaction and
weakened bonding interaction between the oxygen-containing
species and the Pt NP surface, which would enhance syner-
gistically the parallel reaction pathway. The sulfide adsorption
also increased the amount of isolated free water monomers
on the surface by breaking the initially dominating hydrogen
bonds, which could also play a role in enhancing the parallel
reaction pathway. The exact mechanism, however, by which
S~ adsorption enhances the parallel reaction pathway of MOR
on Pt and the exact steps in the parallel reaction pathway are
still elusive. Thus, further investigations are highly warranted
and are currently underway in our lab.

B EXPERIMENTAL SECTION

Adsorption of S on Pt NPs. The adsorbed S structure
formed spontaneously on carbon-supported Pt NPs (40 wt.%
Pt/C, d ~ 4.13 nm, J-M). The Pt/C (2.5 mg) was mixed with
DI-water (25 uL), IPA (965 uL) and Nafion solution (5 wt.%,
10 uL). The mixture was then sonicated for at least 10 min to
form a uniform suspension. The 10 uL of mixture was drop-cast
onto a glassy carbon (GC, 3 mm diameter, Bioanalytical)
electrode. Before Pt/C loading, the GC was polished using
alumina powder, and its clean surface was confirmed by the
CVs. The Pt-loaded electrode was air-dried and rinsed with a
Milli-Q water (18.2 MQ-cm). The S$*~4,-Pt NPs were prepared
by immersing a Pt/C-loaded electrode in 1 mM Na,S solution
using different deposition time (t < 1200 s). The S solutions
were prepared just before each series of measurements. Before
S deposition, the clean Pt surface was prepared in 0.1 M HCIO,,
solution by multicycling (30 CVs) using potential region
(—0.25—1.2 V vs Ag/AgCl) and scan rate (50 mV/s).

dx.doi.org/10.1021/cs200546f | ACS Catal. 2012, 2, 168—174
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Electrochemical Measurement. All EC experiments
were carried out in a conventional three-electrode EC cell
using a CHI 760C EC workstation (CHI Instrument) with
CHI760 software. The GC electrode, Pt gauze, and Ag/AgCl
(3M) (Bioanalytical) were used as working, counter, and refer-
ence electrode, respectively. All CVs were recorded in 0.1
M HCIO, or 0.5 M H,SO, solutions under an aerobic
environment. For MOR, 200 yL of MeOH was added into the
10 mL of Ar-purged electrolyte at —0.24 V, and the CVs were
obtained using 50 mV/s. For experiments on the poisoning
intermediates (PIs) generated during MOR, identical two EC
cells (A and B) were used for MOR and the rinsing process of
the electrode under a constant potential (—0.24 V). The $>~ -
Pt NPs were immersed into cell A that contained blank
electrolyte, and the CV was obtained using 20 mV/s of scan
rate. After this, the 200 yL of MeOH was added to the 10 mL
of Ar-purged electrolyte at —0.24 V and then i—t curve was
obtained at the reaction potential (E,) for a duration of reaction
time (t). After i—t curve measurement, the Ar bubbling was
performed for 30 min at —0.24 V as the first rinsing process,
followed by transferring the electrode to cell B that contained
blank electrolyte. After rinsing the electrode in cell B, the
electrode was transferred back to cell A that now also contained
blank electrolyte, and a second rinsing process was performed
using the same condition in cell B. For the PIs stripping, the
CV was obtained using 20 mV/s of scan rate after rinsing the
electrode in cell A. For CO stripping, CO adsorp-
tion was performed at —0.19 V with CO purging for 5 min
followed by Ar purging for 10 min. CVs were then obtained
using S mV/s of scan rate under an Ar-blanket.

In Situ ATR-FTIR Spectroscopy. All SEIRAS data
acquisitions were carried out on a Bruker Vector-22 Fourier
transform IR spectrometer equipped with a liquid-nitro-
gen-cooled mercury—cadmium-telluride (MCT) detector. An
EC-IR cell with a triangular Si prism and an optical reflection
accessory (incident angle of >60° enabling total attenuation
reflection) were both home-built. The spectral resolution was
4 cm™'. The obtained spectra were shown in the absorbance
units defined as —log(I/I,) where I and I, are the single-beam
spectral intensities at the measuring potential and the reference
potential, respectively. The total number of added spectra
for each potential is 100 scans. A gold film was electrolessly
deposited onto the reflecting plane of a Si attenuation total
reflection (ATR) prism of a triangular shape, which was
polished with successively finer grade alumina slurries down to
0.3 pm and cleaned by sonication in the Milli-Q water. The
detailed deposition procedure can be found elsewhere.*® The
DI-water dissolved Pt/C was dropped on gold film and dried at
room temperature. To avoid any optical interference, no Nafion
solution was used. The $*7,4-Pt NPs on gold film were
prepared by exposing them to Na,S solution and washed
with clean DI water.
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