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Study of the diffusion of small molecules on catalyst surfaces is

of broad general interest, and there have been numerous investiga-

tions of surface CO diffusion on Pt under ultrahigh vacuum (UHV)
or gas phase conditiods? Both diffusion coefficients Dco) as
well as activation energie&() for diffusion have been measured
and are of importance in the context of, among other topics, CO
hydrogenation in fuel synthe8iand CO oxidation in heterogeneous
catalysis? The latter topic is also of interest in the context of fuel
cell catalysis, but there has been no direct experimental determi-
nation ofD¢o in an electrochemical environment due to problems
associated with the presence of the electrolyt&ortunately,
however, NMR methods are not plagued by these probléms,
and in this paper, we report the first direct determination of the
diffusion constants of CO on Pt in a liquid electrochemical
environment, together with the activation energy for diffusion, using
the techniques of electrochemical NMR (EC-NMRy 14 and
selective spin inversion NMR.

To determine diffusion constants, we used the “S-shape” pulse
sequence developed by Becerra etBhe S-shape pulse sequence
(Figure 1) exploits the fact that CO molecules adsorbed on a Pt
nanoparticle can have differeRC resonance frequencies, depend-
ing on the angle of CO’s unique molecular axis with respect to the
external magnetic field. A part of the magnetization is selectively
inverted by the first two pulses, and tH€ spins are then allowed
to diffuse to different regions of the nanoparticle during the
evolution periodTe,. Motion of a CO molecule due to surface
diffusion alters the*C spin’s Larmor frequencyc), and experi-
mentally, the amplitudeM™(T,,) of the noninverted part of the
spectrum is measured for various value3gf If only T, processes
are involved,M*(Te,) grows back to its equilibrium value inde-
pendent ofT,,, but when CO molecules diffuse, a mixing of inverted
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Figure 1. (a) Schematic diagram of the pulse sequence, the S-shape

sequence. (b) Schematic diagram of CO surface diffusion altering@he
Larmor frequency @).
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Figure 2. (a) Evolution of the!3C NMR spectrum and (b) the normalized
amplitude of the positive peak wiffey at 293 K. (c) Experimental values

of A* as a function ofTe/T: for a variety of temperatures together with
(solid lines) the fitted curves. Experiments were repeated at least three times
at each temperature except for the 120 K data, which were recorded only
once.

converted td¢o, the diffusion constant, using the relati@go =
(2d?32Q29)D,,, whered is the average particle diameter, ads
the upper bound for diffusion in the frequency domain, as reported
elsewheré.

NMR measurements were carried out 5680 adsorbed onto
electrochemically cleaned platinum black in 0.5 MID), using a
home-built 8.47 T NMR spectrometét.

and noninverted parts of the nuclear magnetization occurs, leading  Figure 2a shows the evolution of tA%0O NMR spectrum as a

to an initial decrease iM*(Te,), Which then grows back to its
equilibrium value with increasin@e,.

To calculate the diffusion rate, we follow the time evolution of
a normalized signal amplitudeA*, defined by the following
equation, at variouSe,:

M (T, [with diffusion]
M™(T,,) [without diffusion]

AT (Te) = @

ZAnsinanwo) exp1,2D,t) exp(—t/T,) + explw,F2A%) (1 — exp(—t/Ty))

Sin(T o) eXp(-w,72A%) exp(~t/T,) + exp(-w,72A%)(1 — exp(-t/T,)

whereA is the line width andv, is the frequency wher®™(Te,)

has its maximumi, and A, are the coefficients from a Fourier
series solution that are determined by boundary and initial condi-
tions’ D,, (the diffusion coefficient in the frequency domain) is
obtained as the sole fitting parameter to eq 2, Bgctan then be
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function of Te,, while the amplitudeM*(Te/T;) of the noninverted
part of the spectrum at 293 K is shown in Figure Bb(Te/T:)
decrease initially with increasing evolution period, then grows back
to its equilibrium value, indicating that a mixing of inverted and
noninverted spins occurs, due to CO diffusion.

We show in Figure 2c typical evolutions &f" (defined by eq
2) with Te/ Ty, at six different temperatures. At 120 K, no observable
CO diffusion takes place, anéi* = 1 for all Te,. At 253 K and
above, the adsorbed CO undergoes surface diffusion And
decreases due to spin mixing. In this study, we were able to fit all
the measured magnetization data to a single theoretical line using
eg 2, indicating a more homogeneous CO surface environment than
in ref 7, where a part of the adsorbed CO was assumed to be
immobile. When the temperature is increased, the activated CO
diffusion results in more mixing of inverted and noninverted spins
and produces a deeper troughAh (Figure 2c). TheD,, values for
each temperature were obtained by fitting these results to eq 2 and
then converted t®co. In Figure 3a, we ploDco as a function of

10.1021/ja0550475 CCC: $30.25 © 2005 American Chemical Society
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Figure 3. (@) Arrhenius plot of diffusion coefficienDco.
] (a) Arrheni lot of diffusi fficienD b) 2H NMR

spectra of the electrolyte as a function of temperature.

Table 1. Surface Diffusion Parameters for CO on Pt
Nanoparticles

Ey D% Deo

sample Oco (kcal/mol) (cm?/s) (cm?/s)
(In electrolyte)
Ptblack (7nm)  1.0G 6.0+04 1.1x 108 3.6x 10713
Ptblack (8 nmy® ~0.72 79420
Pt/GC (3.1 nm¥  0.65-0.7% (3 x 10714¢
Pt/GC (1.7 nmi  0.8-0.99 (7 x 10717¢
PY/GC (1.7 nmy ~1.2 (4 x 10715
(In UHV)
Pt/Al,03 (10 nmy 0.5 6.5+£05 6x 1077

2 6cowas deduced from the CO oxidation charge on cyclic voltammetry.
b fco was deduced from the CO oxidation at constant poterstiad.298
K. At 294 K.

T-L The straight line (Arrhenius) fit gives an activation energy of
Eq = 6.0+ 0.4 kcal/mol with a pre-exponential factDtgo =11
+ 0.6) x 1078 cn¥/s.

Figure 3b shows thtH NMR spectra of the electrolyte obtained
at three different temperatures. Only below 200 K can a typical

In the present study, we used Pt-black saturated with adsorbed
CO (~100% CO coverage), so the surfaces of our sample have
essentially no vacant Pt sites. However, a nanoparticle surface still
provides a variety of sites, such as flat surfaces, edges, corners,
and defects, where CO can adsorb with different binding energies.
The differences between the adsorption energies of CO bound to
various sites lead to a chemical potential gradient between different
CO populations. We therefore propose that the surface diffusion
observed here is due to CO exchange between different surface
sites, a mechanism similar to that seen for diffusion of long-chain
alkanes at solid/gas interfac®s.

These results represent the first direct NMR measurement of CO
diffusion on Pt at the solid/liquid interface at and near room
temperature. Between 293 and 253 K, CO diffusion follows
Arrhenius behavior, with an activation energy of 6:00.4 kcal/
mol and a pre-exponential factor of (1410.6) x 108 cmé/s, and
at room temperature, the diffusion constantig.6 x 10713 cm?#

s. These values should be of use in modeling the electrochemical
interface, including studies of reactivity involving motions of surface
CO. More generally, these results open up a new route to the study
of surface diffusion of adsorbed molecules on nanoparticle electrode
catalysts at the solid/liquid interface, with the possibility of
correlating diffusion parameters to catalytic activity in real world
applications, including the effects of catalyst modification and of
applied potentials.
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in the solid state) be seen. A weak, broad feature is visible in the
spectrum recorded at 220 K, but at 250 K, the NMR spectrum is
very narrow and is characteristic of an isotropic liqtidThis
indicates that at temperatures where the CO diffusion experiments
were performed (down to 253 K) the electrolyte exists in the liquid
state of interest in the context of electrochemical applications.
The E4 of 6.0 kcal/mol is quite close to our previously reported
estimate (7.9t 2.0 kcal/mol) obtained fronT, measurements of
13CO adsorbed on Pt-blatkand also to theeq value (6.54 0.5
kcal/mol) measured for CO adsorbed on 10 nm R@Alunder
UHV conditions? However, the value fngo (the pre-exponen-
tial factor) is ~50 times smaller in the electrochemical system

(Table 1), suggesting the possibility that adsorbed water and sulfate

ions may impede the surface diffusion of CO.

In other work carried out in electrochemical environméfit?
Dco was estimated from measurements of CO electrooxidation,
together with model calculations. The$#-o values at room

temperature are also shown in Table 1 and can be compared with

the result obtained in this work. Our result for Pt-black (viz. 8.6
10718 cmé/s) is higher than the diffusion coefficient for CO for 3.1
nm Pt nanoparticles on glassy carbon (Pt/GC) that is in th&*10
cné/s range, as recently reassesSadowever, on smaller particles,
these values decrease significantly X410715, 7 x 10717 cn¥/
s)1617This effect is likely due to the presence of a strong metal
support interaction in very small Pt/GC particles, resulting in an

increase in the Pt Fermi level local density of states and enhanced

CO bonding, as we reported previously using EC-NMR metkbd.
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