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We have studied the effects of CO surface coverage on the diffusion rates of CO adsorbed on commercial
Pt-black in sulfuric acid media by usingC electrochemical nuclear magnetic resonance (EC-NMR)
spectroscopy in the temperature range 2833 K. The temperature range chosen for these measurements
was such that the electrolyte is in a liquid-like and liquid environment. For CO coverage beiwedn0

and 0.36, the CO diffusion coefficient®{c) follow a typical Arrhenius behavior and both the activation
energies [y) as well as the pre-exponential factofzgg) show CO coverage dependence. For partially CO
covered samplegy decreases linearly with increasing CO coverage, indicating that the repulsiv€COO
interactions exert a stronger influence on the coverage dependence of the activation energy than does the
nature of the CO adlayer structure. On the other ha‘ilgq, shows an exponential decrease with increasing

CO coverage, consistent with the free site hopping model [GoméReR. Prog. Physl99Q 53, 917] as the

major mechanism for surface diffusion of CO at partial coverages, unlike the situation found with a fully CO
covered surface [Kobayashi et al.,Am. Chem. Soc2005 127, 14164]. Overall, these results are of interest
since they improve our understanding of the surface dynamics of molecules at electrochemical interfaces,
and may help facilitate better control of fuel cell reactions in which the presence of surface CO plays a
crucial role in controlling electrocatalytic reaction rates.

Introduction instance, the roles of CO coverage-dependent lateral interac-
tions23 as well as the CO adlayer structéft€®in determining

the rates of CO surface diffusion, are not clearly understood.

We have therefore carried out a detailed study of the effects of
CO surface coverage on the activation barriers for CO diffusion,

as well as on the pre-exponential factors. We also make a
comparison between our NMR measurements of surface diffu-
sion with those estimated from CO oxidation current transient

measurements,

Information on the surface diffusion of adsorbed molecules
is of fundamental importance since it can lead to important
correlations between the adlayer structure and the reactivity at
the electrode surfacésCO diffusion on Pt surfaces has been
extensively investigated under ultrahigh vacuum or gas-phase
conditions?~® However, prior to our previous repdrthe surface
diffusion of CO on platinum electrodes in an electrochemical
environment has not been measured directly, although many
estimates have been made, based on indirect meth&itis. Experimental
Electrochemical nuclear magnetic resonance (EC-NMR) spec-
troscopy is a relatively new technique in electrochemical surface
science that permits a detailed study of the electronic structure X ;
of electrodes and adsorbates (at both anodes and cathsdés). Matthey, MA) was electrochemically cleaned in 0.5 M3,

It has a distinct advantage over many other surface sciencell P20 (99% enriched, SIGMA-Aldrich) by voltammetric
techniques that nanoparticle catalysts can be investigated, andgY¢ling and by holding the electrode potential at 0.46 V (vs
the NMR parameters (spectra and relaxation rates) obtained cart /E: See below) for 15 miff As estimated from TEM,the

be readily interpreted in terms of the Fermi level local density 2verage diameter of the Pt-black sample used in this study was
of states E--LDOS). Additionally, in the case of adsorbed small 7 £ 2 NM. After the cleaning procedure was completed, CO
molecules, surface diffusion constants can be determined. In&dlayers were produced either by bubbliig (99%) enriched
previous work, we reported measurement of CO surface CO (Cambridge Isotopes, MA) through the electrolyte, or by
diffusion on a nanoparticle Pt electrode saturated with CO (i.e., Catalytic decomposition offC-enriched methanol. As already

at a CO coveragd), close to 1), and we proposed that surface documented, the type of chemisorbed CO on platinum does not

diffusion was due to CO exchange between different surface déPend on the source of COTo prepare the sam?Ie with=
sites, driven by the chemical potential gradiéhtowever, the ~ 1-0 (saturation coverage of CO) arid= 0.68, 1°CO was
determination of CO diffusion rates for partially CO covered 2dsorbed by admitting the gas to the electrolyte at an open circuit
surfaces is of arguably even more importance in the context of Potential (ca. 0.2 V after CO adsorption), followed by purging
more commonly encountered electrochemical conditions, such the electrolyte with ultrapure argon, to remove excess' Clhe

as those occurring in direct methanol oxidation fuel cefar duration of CO admission was adjusted to get to the coverage
near 0.7 ML.) To prepare COPt samples at < 0.5, 1°C

* Corresponding authors. Emails: eo@chad.scs.uiuc.edu; andrzej@[gg%]'emiChed methanol (Cambridge Isotopes, MA) was
scs.uiuc.edu. directly decomposed on the Pt catalyStThe sample with)
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Sample Preparation and CO Dosing ProcedureAbout 300
mg of fuel cell grade polycrystalline platinum black (Johnson-
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Figure 1. (a) The S-shape pulse sequence, based on ref 28. (b) Schematic diagram of CO surface diffusion alté@ingatheor frequencyd).
(c, d) NMR line shapes obtained for the S-shape pulse sequence and their evolutidRwit) At 120K (no diffusion), the amplitude of the
positive part,M*(Te,), grows back monotonically to its thermal equilibrium and (d) At 293 K (fast diffusion), the amplitlit@e.,) initially
decreases due to the mixing of noninverted and inverted spin magnetization, as a result of surface diffusion. (e) Va#atiorttef S-shape
experiment for the) = 0.46 sample. AT = 120 K, A" = 1 for all Ty values, showing no mixing of inverted and noninverted spinsT At 293
K, At < 1, due to spin mixing.

= 0.46 was prepared by holding the potential at 0.4 V for 4 h do not undergo any surface diffusion, the non-inverted part of

in a solution of 100 mM methanol in 0.5 M J80,. For the magnetization, and hence the normalized signal amplitude
preparing the sample with = 0.36, Pt catalysts were held at (M™(Tey)), grows back monotonically to its thermal equilibrium
0.4V for 16 h in a solution of 2 mM methanol in 0.5 M,EO;. value with increasinde,, as shown in Figure 1c. However, if

At the end of the CO adsorption cycles (from methanol), excess CO molecules undergo surface diffusion durifig, then the
electrolyte plus methanol was removed and the cell was refilled mixing of the inverted and non-inverted spin magnetization leads
with 0.5 M D,SQOy. This rinsing procedure was repeated six to an initial decrease in the amplitudd™(Te,) of the non-
times. The NMR samples were transferred to glass ampoulesinverted part of the spectrum (Figure 1d) before it grows back
along with the electrolyte and then flame sedleéd small to its thermal equilibrium valueM*(Te,) is measured experi-
amount of sample was left in the electrochemical cell, to permit mentally for various values ofe, and then compared with a
the determination of CO coverages. These coverages weretheoretically calculated™(Te,) value, assuming no diffusion
estimated from the CO oxidation charge on CO stripping contributions. In order to calculate the diffusion coefficient
voltammetry, assuming that the oxidation of a CO monolayer (Dco), we follow a normalized signal amplitudé;", defined
requires 42Q.C cn 1 of Pt, with respect to hydrogen adsorption as a ratio of A" (Te,) with diffusion])/[M*(Te,) without diffu-
charge (210uC cnv! of Pt). Since CO desorption from Pt sion], as a function ofe,. The contribution due to the mixing
surfaces and CO migration between nanopatrticles is known toof inverted and noninverted spins resulting from surface
be negligible, we do not expect any variations in CO coverage diffusion of CO can be seen as a trough in #fevalues when
between different particles. All potentials are referenced with plotted againste/T1, Figure 1e. More details of the extraction
respect to the reversible hydrogen electrode, RHE. of the diffusion constant/activation barriers can be found
NMR Experiments. We use the “S-shape” pulse sequence elsewheres8
(Figure 1a) for the measurement of CO surface diffusion. As  13C NMR measurements were carried out at 8.47 T using a
described elsewheré? this sequence consists of a spin echo “home-built” NMR spectromete®® Typical 9C pulse widths
sequence preceded by a selective inversion sequence. Part off 8—12 us and a 3Qus delay were used for echo detection.
the spins are inverted by the first two 9pulses and are then  The T, value (Figure 1a) used in all cases wagsg while Tey
allowed to diffuse on the surface during the evolution period, was varied from 8Q@s to 1.5 s13C T; values were obtained by
Tev. The surface diffusion of a CO molecule can alter the relative using an inversiorirecovery technique. Experiments were
orientation between thE€CO’s molecular axis and the external carried out between 253 and 293 K at 10 K intervals using a
magnetic field (Figure 1b) which changes #8€ spin’s Larmor continuous flow cryostat (CF-1200, Oxford Instruments, MA)
frequency. This will lead to a change in the net nuclear on four samples of CO adsorbed on Pt-black, having coverages
magnetization, which can be monitored through intensity of 6 = 1.0, 0.68, 0.46, and 0.36. TR&C NMR signal showed
changes in the NMR spectrum. When adsorbed CO moleculesa broad, single Gaussian peak and there was no indication of



7080 J. Phys. Chem. C, Vol. 111, No. 19, 2007 Kobayashi et al.

TABLE 1: Surface Diffusion Parameters (Eq and Dgo) for CO on Platinum, and the CO Diffusion Coefficient (Dco) at the
Temperature of 293 K as a Function of Converge in Various Environments

Eq D2, Dco
sample 0 (kcal/mol) (cnéls) (cnPis) ref
In Electrolyte
Pt black (ca. 7 nm) 1.60 6.0+ 0.4 1.1+ 0.7)x 108 3.6x10°% 7
0.68 6.7+ 0.6 (4.8£2.3)x 1078 8.1x 10713 this work
0.46 8.0+0.8 (8.8+4.0)x 1077 9.5x 10713 this work
0.368 8.4+0.8 (3.7£1.9)x 10°¢ 15x 10712 this work
Pt black (8 nm) ~0.5 79+20 14
Pt/GC (3.1 nmh 0.65-0.7% 3x 1014 47
P/GC (1.7 nm) 0.8~0.93 7 x 1077 47
In Gas/UHV
Pt/Al,O5 (10 nm) 0.5 6.5:0.5 6x 1077 28
Pt(111) 0.1 47:0.1 (1.4+ 0.4) x 10° 6
Pt(111) 0.67 3.6:0.1 (4.54+1.0)x 1077 6

2 fco was estimated from CO oxidation charge on cyclic voltammetry, with respect to hydrogen adsdrftestrochemical measurements.
¢ 6co was deduced from CO oxidation at constant protential.

of CO surface coverageWe discuss this topic in more detail

293K below, in light of the EC-NMR observations.
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0" Results and Discussion
NMR Measurement of Diffusion Parameters.Becerra et

al 28 were the first to use the “S-shape” pulse sequence employed
in this study, measuring diffusion of CO adsorbed on alumina-
253K supported Pt nanoparticles under “gas phase” conditions. They
reported diffusion parameters for samples with three different
10" Pt dispersions and two different CO surface coverdgdhe
. . . . . . activation energies for surface diffusioBqf were found to lie
34 35 36 37 38 39 40 in the range 6.510.5, kcal/mol and a typical value of the pre-
1000T (K*) exponential factor,DY,, was ~ 6 x 1077 cm?s L The

. . I - . activation energy increased from 7.4 to 10.5 kcal/ mol when
Figure 2. Variation of the diffusion coefficients with temperature for ; . .
different CO coveraged). Straight lines correspond to the Arrhenius the Pt d'SperS'on was increased from 23% to 73%. Though both
fits which yield the activation energies and pre-exponential factors given Eq and D¢, changed with CO coverage, no systematic varia-

D, (cm/s)

in Table 1. tions could be inferred from this gas phase stéfdy.
any CO present in the electrolyte, which would have resulted In contrast to these results, we find here a strong dependence
in a sharp resonance atl81 ppm. The chemical shifts f&fC for EaandDco on surface coverage, as shown in Table 1. When

are reported with respect to tetramethylsilane (TMS) using the the Dco results are plotted as a function &f* for the four
IUPAC d-scale in which high frequency, low-field, paramag- dlfferer_1t CO coverages (F|glére 2), we find in each case typical
netic or deshielded values are positive. Arrhenius behaviorDeco = Do exp(-Ed/RT), where (as per
CO Electrooxidation Measurements. A three-electrode  above)DZ, is the pre-exponential factor arfh is the activa-
electrochemical cell was used for the electrochemical measure-tion energy for CO diffusion. Moreover, it can also be seen
ments and consists of a Pt wire counter electr@d@ M NacCl from Figure 2 thaD2,, Eq and Do are all dependent on CO
Ag/AgCl reference electrode and a working electrode, con- surface coverage. More specifically, the activation energy
structed by depositing a Pt sample suspension onto a 12 mmincreases from 6.0 to 8.4 kcal/mol while the pre-exponential
diameter polished gold electrod&The Pt sample suspension factor increases from 1.& 1078to 3.7 x 1076, when the CO
was obtained by adding the Pt-black samples to Milli-Q water, surface coverage is reduced frain= 1.0 to 6 = 0.36. For
followed by sonication. The resulting suspension was dropped purposes of comparison, the Arrhenius parameters previously
onto the polished gold electrode, then dried under a heatingobtained for CO adsorbed and measured in the gas phase on
lamp. After rinsing, the catalyst film was mechanically stable supported Pt catalyst8,and on a single crystal in UHV are
and the Pt nanoparticles showed voltammetric behavior very also shown in Table 1. When the CO coverage is reduced from
similar to that seen previously, with polycrystalline samgfes. ¢ = 1 to 0.68,Eq increases from 6.0 to 6.7 kcal/ mol. With
The cell potential was controlled by a potentiostat (AUTOLAB, further decreases in CO coverage € 0.46 and 0.36), the
Echo Chemie, Netherlands). A 0.1 M,800, solution was activation energy increases t68.0 kcal/mol. TheEy values
prepared from analytical grade sulfuric acid, diluted in Millipore (6—6.7 kcal/mol) for the high coverage samplés= 1.0 and
water. A CO adlayer was produced by holding the electrode 0.68) compare well with 6.5 kcal/mol, thgy value reported
potential at 0.100 V for 15 min under CO bubbling, followed for CO diffusion on alumina-supported Pt in gas phasé at
by purging the solution with ultrapure argon for 35 min, at the 0.528 In this gas-phase experiment as well as in some other
same potential. The potential was then stepped to a value inUHV investigations, the activation energy for CO surface
the range 0.7360.800 V, and current transients recorded. CO diffusion was reported to be coverage dependéhi?
diffusion coefficients (at room temperature) were estimated from  In Figure 3, we show the coverage dependence of the
these current transients by using the method described bydiffusion parameters. For partial coveragéggecreases linearly
Maillard et al® This model is based upon several assumptions, (Figure 3a) and)oCO decreases exponentially (Figure 3b) with
one of them being that the diffusion coefficient is independent increasing coveragé&, value extrapolated to the zero coverage
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Figure 3. Coverage dependence of CO diffusion parameters. (a)
Variation of the activation energy with CO coverage. The straight line
corresponds to Frumkin-type behavior for the partially covered samples.
(b) Variation of the pre-exponential factor with CO coverage. The
exponential fit (solid line) suggests that for the partially covered samples
(6 < 1), free-site hopping is the principal surface diffusion mechanism.
The experimental points corresponding to full covera@e=(1) are

shown in red and indicate that the diffusion mechanism for C@-=at Figure 4. Schematic representation of CO adsorbate structure on
1is qualitatively different from the free site hopping model, applicable platinum: (a) Pt(111)/3 x +/3)R30° structure for low coveraged(
at partial coverage. ~ 0.33); (b) Pt(1119(4 x 2) at around half coverage® (~ 0.5), (c)

Pt(111)(2x 2)-3CO structure at ~ 0.75) and (d) the structure at a
limit provides the Gibbs free energy of activation for diffusion saturation coverage where CO is adsorbed exclusively on atop sites.
at zero coverageNGy—g), and the slope of the fit gives the Panels e and f iIIl_Jstration of the free site hopping model where the
Frumkin interaction parameter,3! From the straight line fit green and blue circles represent surface Pt sites and adsorbed CO,

. : respectively. CO can move to free adjacent sites as indicated by the
(Figure 3a) we obtain &Gs—o value of 10.4+ 1.6 kcal/mol, red arrows. At high coverage (e), there are less free sites available

about twice as large as theGy—o obtained for CO on Pt (111)  416und a given CO molecule, which results in a smaller pre-exponential
under UHV condition$.This observation implies that additional  factor. Availability of many free sites at low coverage (f) leads to a

morphological features, like edges and defects on the nanopardarger pre-exponential factor.

ticle surfaces (see below), as well as the presence of the
electrochemical double layer, may hinder the surface diffusion
of adsorbed CO in an electrochemical environment. Moreover,

TABLE 2: Estimates of CO Diffusion Coefficients (Figure 5)
Using Electrochemical Model Developed in Ref 8

the large negative value for the Frumkin interaction parameter diffusion coefficients (crils)
(r = —5.44 2.9 kcal/mol), clearly indicates that repulsive €0 sample 730 mV 760 mV 780 mV 800 mV
CO interactions dominate the coverage dependendg.of Pt-black (7 nm) 1.0¢ 10 1.5x 10 1.9x 102 2.1x 101

Though theEy versus CO coverage relationship we observe
is basically similar to that seen with single crystal planes in structure with CO on linear or atop sites (Q@ formed (Figure
UHV,%32the actual magnitude &; for the nanoparticle surfaces ~ 4a), while at6 = 0.5, ac(4 x 2) structure (Figure 4b) is
is likely to depend on the binding energy variations among Obtained, containing both atop and bridge-bonded CQ;J€0*
different adsorption sitésWhen CO is preferentially adsorbed ~ For higher coverages, ~ 0.75, CO forms a compressed 2
at edges or corner sites (where its binding energy is large), its 2)—3CO structure (Figure 4c), and the fraction of Cépecies
mobility is low. At lower coverages, the fraction of CO adsorbed increase$!-* Finally, when the coverage is near saturatién (
on such sites is high, leading of course to a higher activation ~ 1), all CO molecules occupy the atop site (Figure #d}O
energy? Since the nanoparticles in our system are expected tois known to have a larger heat of adsorption thansCand
have a high fraction of edges and corner sites, it appears thatso, at low coverage, the adsorbed CO molecules tend to occupy
such morphological effects may contribute to the large differ- the atop position. However, at coverageg/of 0.33, the CO-
ences in activation energy seen between our Pt nanoparticlesCO repulsive interactions will tend to spread out the CO
and the single-crystal surface results, shown in Table 1. Also, molecules and, at temperatures50 K, a fraction of CO
differences inEy values are observed between nanoparticle Molecules can get thermally activated and occupy bridgeSites,
surfaces in gas phase and electrochemical environments. Foand CO molecules on bridge sites are thought to be more mobile
example, theEy of 8.0 kcal/mol for@ = 0.46 is higher than  than are those on atop sites. When surface coverage decreases
that measured for CO adsorbedéat 0.5 on 10 nm Pt/AlO; below 0.33, the COCO lateral interactions no longer contribute
under gas-phase conditions (6.5 kcal/n#dixhich could be due  to the CO binding energf; and if all CO molecules are
to the presence of coadsorbed anions in the double layer, agddsorbed onto edge/corner sites, the activation energy for the
suggested previoushp3 surface diffusion is likely to reach a limiting value.

In addition to the effects of defects and lateral interactions, ~The EC-NMR value ofDZ, of 8.8 x 107 cni/s for § =
it is also known that CO adsorbed onto Pt surface can occupy 0.46 is quite close to that for surface diffusion of CO on 10 nm
either atop or bridge sites, and the ratio of these two populations Pt nanoparticles supported on,8t at® = 0.5 (Table 1). The
is a function of coverag#?5340n a Pt(111) single-crystal D2, value for@ = 1.0 is the smallest in the series (Table 1),
surface at room temperature @t< 0.33, a (/3 x +/3)R3C and in a previous studywe proposed that surface diffusion
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Figure 5. CO oxidation current transients (open circles) obtained after stepping the potentials to 730, 760, 780, and 800 mV vs RHE for a

full monolayer of CO adsorbed on Pt-black. The solid lines correspond to the fitted curves calculated by using the “active site” model described
in ref 8.

observed on Pt nanoparticle surfaces saturated with CO waswith our previous suggestidithat the surface diffusion mech-
due to CO exchange, driven by the chemical potential gradient anism for fully CO covered samples is qualitatively different,
between different surface sit&s*2However, in the present case as discussed above.
(nanoparticle Pt partially covered with CO), free site hopping  Electrochemical Estimation of Diffusion Parameters We
can clearly be a more effective mechanism, in which case, the next compare the EC-NMR results with those obtained elec-
pre-exponential factor is expected to become a function of CO trochemically by using the protocol described by Maillard et
coverage?® The free site hopping mechanism assumes that aal8 in which CO diffusion coefficients are estimated from
diffusing adsorbate stops when a collision takes place with potentiostatic CO monolayer oxidation transients (Table 2). We
another adsorbate. This collision is assumed to be inelastic, andshow in Figure 5 the current transients (circles) for the oxidation
the collision dissipates the kinetic energy of the diffusing of CO adlayers = 1.0 + 0.01) recorded after stepping the
adsorbate. The surface diffusion coefficient is coverage de- potential from 0.100 V to the potentials indicated. The transients
pendent because the collision frequency is higher, and thewere recorded up to 1600 s then a background current was
adsorbate mean free path is lower, at higher coverages. Thesubtracted. However, applying the model described previdusly
pre-exponential factor will depend on the probability that a given gives much higher diffusion coefficient, values in the range of
CO molecule can find free sites in its neighborhood. As shown 10711 cné/s, to be compared with the 36 10-13 cm?/s value
in Figure 3b,D°CO shows an exponential decrease with in- found in the NMR studies (Table 1). This result casts doubts
creasing CO coverage for the partially covered samples, andon the applicability of the electrochemical model for deducing
similar behavior has been observed for the coverage dependencsurface diffusion rates on the large nanoparticle Pt black surfaces
of surface diffusion of CO on Rff, where diffusion was used in this study. Indeed, Andreaus et®aloncluded that due
attributed to free site hoppin§. to the high mobility of CO adsorbed on larger nanoparticles
In Figure 4e,f, we show a schematic representation of the (>4 nm), surface diffusion was no longer the rate-limiting factor
free site hopping model. For lower CO coverage (Figure 4f), for the CO oxidation process, in accord with our observations.
since there are many free sites on the surface, there is a higher Electrochemical modeling of surface diffusion assumes that
probability that a given CO molecule can find an adjacent vacant the diffusion coefficient is independent of surface covefe.
site. Consequently, surface diffusion at such lower coveragesHowever, the NMR result foDco at @ = 0.36 is an order of
shows a relatively large pre-exponential factor (Table 1). So magnitude larger than that &= 1.0, clearly demonstrating
although the activation energy for diffusion increases with that the diffusion coefficient is coverage-dependent (Table 1).
decreasing coverage, the exponential increase in the pre-This observation points to a crucial difference between the NMR
exponential factor (resulting from the increased availability of and electrochemical measurements: during the NMR experi-
free sites on the surface) results in an overall increase in thement, there is no change in CO coverage, whereas the
diffusion coefficient, from 3.6x 1073 at6 = 1.0 to 1.5x electrochemical experiment represents a dynamical situation in
1072 cé/s at6 = 0.36. which CO surface coverage undergoes a continuous decrease.
The above results clearly indicate that adsorbate coverage isThe NMR method is, therefore, a unique experimental probe
a significant factor in surface diffusion events, at least in the with which to accurately determine surface diffusion on nano-
coverage range and on the nanoparticle surfaces where the NMRparticle catalysts and could prove to be particularly valuable in
experiments were carried out. It can also be seen Epas theoretical modeling of the dynamics of chemisorbed species
well asD2, at® = 1.0 do not fall on the solid lines, consistent in electrochemical environments.
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