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. N . . Figure 1. %Pt NMR spectra (8.47 T) of a commercial graphite-

There has recently been increasing interest in the use of solid-ghnorted nanoscale platinum electrode (ref 16) under different surface
state nuclear magnetic resonance (NMR) spectroscopic methodgongitions, at 80 K: (A) as-received:; (B) electrochemically cleaned in
to investigate fuel cell related electrocatalytic systémis.In 0.5 M H,SO. The error bars represent the noise level.
each case, focus has centered on the investigation of the
adsorbate (CO, CN) rather than the actual catalytic surface itself. major enhancement of the s-like local density of states at the
At first glance this is perhaps surprising since over the past 15 Fermi level £-LDOS.
years, %Pt NMR studies of oxide-supported platinum-based  we show in Figure 1 the point-by-poiA®Pt NMR spectra
catalysts have made important contributions to our understandingof as-received (Figure 1A) and of electrochemically cleaned
of the electronic properties of these systémblowever, the  electrode materials (Figure 1B), obtained by manually sweeping
NMR of platinum supported on a conducting material, like the spectrometer frequency. The effects of surface treatment
graphite, has been thought to be particularly challenging. can be clearly seen from the change in the NMR spectra (Figure
Indeed, the spectrum of platinum on carbon bladkes not 1A B). We believe that the surfaces of as-received samples, as
show the line shape expected from the corresponding particlehas been found previously in platinum catalysts on oxidic

size distribution Obtain?d by electron miC!‘OS(}@pweverthe- Supportsl'7 are Comp|ete|y coated by oxygen and/or OH groups,
less, from the standpoint of fuel cell applications, it would be since the low-field peak in Figure 1A at 1.089 G/kHz coincides
exceptionally desirable to make direct observations Pt exactly with that of Pt@1” and spin-lattice relaxation rate

NMR in actual fuel cell CatalyStS, since this should then lead to measurements (data not Shown) are also very sidfilarhe
future detailed studies of electronic structure and bonding, sjowly diminishing tail toward the high-field or bulk platinum
including topics such as CO poisoning of platinum electrodes, position (1.138 G/kHz) suggests that the sample also contains
and its improvement by “alloying” ruthenium to platinum. relatively large particles. After electrochemical cleaning, the
As a first step toward the long-term goal of achieving a better sample shows an NMR line shape characteristic of (though not
understanding of CO tolerance in Pt/Ru fuel cell materials, we exactly the same) those found (in gas-phase studies) for
present the first observation @t NMR in commercial,  supported Pt catalysts having a similar particle size, abott 2.5
graphite-supported (Vulcan) nanoscale platinum electrodes (Pt/4.8 nm, with nominally clean platinum surfacés This great
Vul) in an electrochemical environment. Electrochemically similarity to the gas-phase results suggests that most likely the
cleaned platinum electrodes in electrolyte solutions sHS®Rt interpretation oft®%Pt NMR spectra in electrolyte solutions can
NMR spectra characteristic of small platinum particles with follow a|ong the lines deve|oped previous|y for the gas-phase
clean surfaces, very similar to those obtained from typical gas- systems. That is, the low-field signals (around 1.100 G/kHz)
phase catalysts,'2 but the slow beat observed at the conven- come from surface platinum atoms, while the high-field signals
tional surface peak position (1.100 G/kHz) indicates that the come from the atominsidethe platinum particles. There is,
Rudermar-Kittel —Kasuya-Yosida (RKKY)3~*5 J couplingis  however, one significant difference: instead of being centered
almost twice that seen in the gas-phase case, which suggests gt the bulk Pt position (1.138 G/kHz in the gas-phase case), the
(1) Chan, W. H.; Wieckowski, AJ. Electrochem. S0d99Q 137, 367 bulklike high-field peak in Figure 1B has shifted to a much
368. lower field position, 1.123 G/kHz, and the spectrum shows more
1752) Slezak, P. J.; Wieckowski, Al. Magn. Reson. A993 102, 166— structure in this region than in the gas-phase case. Since the
(3) Day, J. B.; Vuissoz, P. A,; Oldfield, E.; Wieckowski, A.; Ansermet, Knight .Shlft of a given platinum .a'.[om In a small particle IS
J.-Ph.J. Am. Chem. Sod.996 118 13046-13050. determined by the sum of the positive (s-like) and the negative
(4)Wu, J. J.; Day, J. B.; Franaszczuk, K.; Montez, B.; Oldfield, E.; (d-like) hyperfine interaction® this low-field shift of the bulk

Wieckowski, A.; Vuissoz, P.-A.; Ansermet, J.-Rh.Chem. Soc., Faraday I
Trans.1997 93 1017-1026. peak may be understood as an enhancement of the s-like local

(5) Yahnke, M. S.; Rush, B. M.; Reimer, J. A.; CairnsJJAm. Chem. density of states at th? Fermi leveE{L.DOS), and/or a de
So0c.1996 118 12250-12251. _ _ enhancement of the d-liké-LDOS
(6) Tong, Y. Y.; Renouprez, A. J.; Martin, G. A.; van der Klink, J. J.  \e show in Figure 2A (solid circles) the results of spin

Studies in Surface Science and Catalysis (11th International Congress on __. . .
Catalysis-40th Anniersary) Hightower, J. W., Delgass, W. N., Iglesia,  SPiN relaxation Tz) measurements carried out at the surface

E., Bell, A. T., Eds.; Elsevier Science B.V.: New York, 1996; Vol. 101, position, 1.100 G/kHz, also at 80 K. The solid line is the
pp 901-910.

(7) Bucher, J. P.; Buttet, J.; van der Klink, J. J.; Graetzel, M.; Newson, (16) Commercial fuel-cell graphite-supported platinum electrode material
E.; Truong, T. B.Colloids Surf.1989 36, 155-167. was purchased from E-TEK Inc. (Vulcan XC-72; Natick, MA) and had a
(8) van der Kilink, J. J. Private communication. 20 wt % platinum loading. The particle size was estimated by E-TEK to be
(9) Rhodes, H. E.; Wang,FK.; Stokes, H. T.; Slichter, C. P.; Sinfelt, around 2.5 nm.
J. H.Phys. Re. B 1982 26, 3559-3568. (17) Bucher, J. J.; Buttet, J.; van der Klink, J. J.; GraetzelSMf. Sci.
(10) van der Klink, J. J.; Buttet, J.; Graetzel, Fhys. Re. B 1984 29, 1989 214, 347-357.
6352-6355. (18) Tong, Y. Y.; van der Klink, J. I. Phys. C: Condens. Matté995
(11) Bucher, J. P.; van der Klink, J. Bhys. Re. B 1988 38, 11038~ 7, 2447-2459.
11047. (19) Bucher, J. J. Ph.D. Thesis, EPFL, Switzerland, 1988.
(12) Tong, Y. Y.; Laub, D.; Schulz-Ekloff, G.; Renouprez, A. J.; van (20) Yafet, Y.; Jaccarino, VPhys. Re. 1964 133A 1630-1637.
der Klink, J. J.Phys. Re. B 1995 52, 8407-8413. (21) Stokes, H. T.; Rhodes, H. E.; Wang;R,; Slichter, C. P.; Sinfel,
(13) Ruderman, M. A., Kittel, CPhys. Re. 1954 96, 99—-102. J. H.Phys. Re. B 1982 26, 3575-3581.
(14) Kasuya, TProg. Theor. Phys. (Kyotd)956 16, 45-57. (22) Froidevaux, C; Weger, MPhys. Re. Lett. 1964 12, 123-125.
(15) Yosida, K.Phys. Re. 1957 106, 893-898. (23) Tong, Y. Y.; van der Klink, J. J. Unpublished results.
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Figure 2. (A) Spin—spin (T) relaxation results at the surface position
(1.100 G/kHz) and at 80 K, for®Pt in the graphite-supported
electrochemical environment (Pt/Vul, solid circles) and in a polymer-

T
0 100

protected Pt system (Pt/PVP, open circles). The solid lines are the
correponding six-parameter fits, and the dashed line is the constrained

fit (see text for details). All simulation parameters are shown in Table
1. (B) Residuals &) — Sit(7))/S for free (solid circles) and

constrained (open squares) fits for the electrochemical system (Pt/\Vul).

Table 1. Fitting Parameters Used in Data Simulations

sample J/27 (kHz) (ﬂé) (,us) Bo

B B, rms (%)
Pt/Vul 8.0 146 126 0.69 0.21 0.10 1.2
Pt/PVP 3.2 301 178 0.81 0.19 0.0 1.3
Pt/Vul 4.2 (fixedf 187 29 0.50 0.29 0.21 25

aJ/i2z was fixed at 4.2 kHz, while the other five parameters were
freely variable.

theoretical fit to the equation derived in ref 21 , which is

St)/S, = exp20/T,){B, + exp(—(r/sz)z)[Bl cosJr +
B,cos 2]} (1)

whereld is the RKKY coupling constant;is the variable interval
between the two rf excitation pulse3y is the spir-spin
relaxation time due to the distribution dfcouplings, andy,

B,, andB; are the fractional amplitudes of different components.
The fitted parameters a#2r = 8.02+ 0.28 kHz, T, = 148

+ 6 us, Ty = 126 + 30 us, Bo = 0.69+ 0.02,B; = 0.21+
0.02, andB, = 1 — B; — By = 0.10 (Table 1).

The most remarkable observation is that the RKKabupling
constant appears to increase from the conventional vald @f
kHz (seen inside Pt particl¥sand some Pt alloy%to ~8 kHz,
in the electrochemical environment. Interestingly, we have also
deduced a similarly small RKKY coupling at a clean platinum
surface, using a poly(vinylpyrrolidone) (PVP) polymer-protected
systen?324 This clean surface shows Korringa behavior over
the whole spectrum, and yields/T, = 3.704 0.59 at 80 K23
a value very close to that which has been found for the metallic
spectral region (1.10601.140 G/kHz) for the oxide-supported
systems studied previous¥y. Thus, the electrochemically
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platinum particles, platinum alloys, or polymer-protected clean,
supported Pt particle surfaces. But how reliable are these
conclusions?

Since there are several adjustable parameters which need to
be fitted by using eq 1, we tested the hypothesis Jhatight
actually be 4.2 kHz in the electrochemical environment, by
constrainingJ/2r = 4.2 kHz, while allowing the other five
parameters to vary freely (Table 1). As can be seen in Figure
2A, the beat in the echo decay cannot be reproduced using this
constrained fit, and as shown in Figure 2B, the residuals between
the constrained and unconstrained fits are clearly much larger
in the case of the constrained fit (Figure 2B and Table 1). The
rms errors for the Pt/Vul and Pt/PVP systems (Table 1) are
~1.2—1.3%, while in the case of the contained fit the rms error
doubles, to 2.5%.

The very different results found between Pt/\VVul and Pt/PVP
strongly support the notion that the “clean” surface Pt atoms in
the electrochemical environment experience major changes in
electronic structure when compared to conventional “gas-phase”
systems. By constraining/2r = 4.2 kHz, the rms of the fit
becomes much worse (see Table 1), and in addition, it also gives
an unreasonably shoif; and cannot describe the oscillatory
features of the experimental data. The large enhancement of
the RKKY J coupling indicates a major enhancement of s-like
E-LDOS?426  Furthermore, preliminary results in a,D-
exchanged electrolyte (data not shown) strongly suggest that
protons in HO do not play an important role in shorteniig
which may also be explained by the enhancement of sHike
LDOS We also find for a sample having an average particle
size of 8.8 nm, that the bulklike peak appears exactly at the
conventional position of 1.138 G/kHz, which is not the case
for the current sample. For smaller particles, the enhancement
of s-like E-LDOSat the surface can be seen by most of the Pt
atoms in a particle and results in the downfield shift of the
bulklike peak observed in Figure 1B. The reason for this
enhancement is probably related to the lowering of the electrode
surface potential (by ca-11.5 V) in the electrolyte versus that
found in vacudy’?8 since lowering the surface potential will
lower the work function valuep, and enhance thg-LDOSat
the electrode surface, when immersed in the electréfyte.

In summary, the results we have reported above are of interest
for two main reasons. First, they represent the first observation
of 19t NMR of electrochemically cleaned graphite-supported
platinum electrodes under electrolyte solution conditions. This
is of importance for future studies of real-world fuel cell
catalysts. Second, at the more fundamental level, we observe
a major enhancement of s-likg-LDOSat the electrode surface
under wet conditions, as indicated by the increase in RKKY
coupling and a low-field shift of the surface peak, consistent
with a lowering of the surface potential in the electrolyte versus
in vacuo. The way is therefore now open to study, using NMR
techniques, both adsorbatsd electrode surfaces at electrified
interfaces, including the effects of external potential cortftrol.
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cleaned surfaces in the electrolyte solution appear to have muchjag70s66D
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