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CH-1015 Lausanne, Switzerland 
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Abstract The nuclear magnetic resonance (NMR) parameters (shift, relaxation time) in a metal 
an determined by the Fermi-level local density of states (LDOS), and the nuclear spin-lattice 
relaxation rate is proportional to the temperature (Korringa relation). In the ‘95pt NMR s p a ”  
of platinum catalysts, si& from surface atoms and from atoms deeper in the paaicles can 
be distinguished; furthermore the NMR parameters are sensitive to the chemisorption of gases 
(oxygen in the present case). Using the Korringa relation as the criterion, we find that at 
moderate oxygen coverage (Olsurface R ratios of 0.16 and 0.40) p a i  of the surface atoms are 
non-metallic (have zero LDOS). while at zero or at saturation coverage (Olsurface R = 0.75) 
all atoms show metallic behaviour. In addition. some possible relations between NMR-derived 
variations of the wos and chemisorption properties are indicated. 

1. Introduction 

In a frontier-orbital picture of bonding to metal surfaces, the states near the Fermi energy EF 
play the role of the highest occupied and lowest unoccupied orbitals in molecular bonding 
(for a review.see [l]). Since electrons with energy close to EF can be rearranged at 
low energetic cost, they are thought to be important for the initial interaction between an 
incoming reactant molecule and the metal surface. One may therefore expect a relation 
between the reactivity of a surface and the Fermi-level local densities of states (LDOS) on 
the surface sites. In principle, metal nuclear magnetic resonance (NMR) measures these 
quantities without perturbing the electronic structure of the surface (the quanta of NMR have 
energies of a fraction of a kelvin). In practice some~modelling is necessary to go from the 
experimental quantities (Knight shift and spin-lattice relaxation time) to the desired densities 
of states [Z, 31. For the interpretation of NMR data in transition metals, it is usual to suppose 
that separate s-like and d-like densities of states and their associated hyperfine fields can be 
distinguished [3,4]. When there is a site-to-site variation in the NMR parameters K (Knight 
shift) and TI (nuclear spin-lattice relaxation time), such as occurs in 19’Pt NMR of catalysts 
[Z, 51, this is ascribed to a variation in the s-like and d-like LDOS~at the Fermi level: all 
other quantities in the equations for K and are considered site-independent. The latter 
assumption is not necessarily completely correct: therefore the actual values found this way 
must be treated with some caution, but it is thought that the trends (increasing or decreasing 
values; widening or narrowing of the distribution of values) are correct [2,6,7]. 

Ideally, the contribution of metal NMR to our knowledge of platinum catalysts would 
consist of the determination of a complete distribution curve of the s-like and d-like LDOS 
over the ensemble of atomic sites in the sample; by varying the particle size distribution 
somewhat from one sample to another, one might hope to identify what parts of the LDOS 
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distribution curves correspond to what geometrical kind of site (volume, surface, edge, 
corner, etc). As a first step towards this goal, we have supposed in earlier work [SI that 
the principal characteristic of a site is the ‘layer’ (surface layer, subsurface layer, and so 
on) in which it is situated. The fraction of atoms in each layer is determined from particle 
size histograms obtained by electron microscopy and from theoretical layer statistics for 
cubooctahedral particles. The distribution of LOOS values over the different atoms in a 
given layer is then characterized by an average (or a ‘typical‘) value and by its width. As 
an example, the data in figure 6 of the paper by Bucher et a1 [SI indicate that the clean 
surface sites in their sample have a total LDOS distribution of width 3.3 and average 14.8 
states per Rydberg per atom; saturation coverage with hydrogen changes the width to 5.1 
and the average value to 11 in the same units. (The LDOs distribution widens upon hydrogen 
chemisorption, although the width of the NMR surface peak diminishes.) 

In metal NMR, we call two nuclear sites ‘similar’ only when they give rise to both the 
same Knight shift and the same nuclear spin-lattice relaxation time; this means that both the 
s-like and the d-like L o o s  at the Fermi level must be the same. (In a more general sense, 
two sites are ‘identical’ only when the full spectrum of LDOS is the same; but NMR gives 
only information on a small region of that spectrum, of width approximately kT around 
the Fermi energy.) In the case of clean platinum particles on oxidic supports (we have 
mostly used titania, but silica and alumina do not seem to give other results) the analysis 
in terms of s-like and d-like LDOS indicates that the s- l ie  LDOS varies but little from one 
site to another [2]. As a consequence, only the d-like DOS determines whether two sites 
are different; the Knight shift and the relaxation time change simultaneously. Therefore, all 
nuclei that resonate at a given frequency have the same TI, and the experimental relaxation 
curves are simple exponentials. In the more general case, many combinations of s-like 
and d-like LDOS may result in exactly the same Knight shift, but different relaxation 
times. This wperposition of several spin-lattice relaxation curves can result in visibly 
non-exponential behaviour. The Korringa relaxation in metals is easily identified by its 
characteristic temperature dependence: the relaxation rate is proportional to the temperature. 
For multiple-exponential relaxation, this means that relaxation curves obtained at different 
temperatures must collapse into a single plot by scaling the time axis with the temperature 
(timekmperature scaling) [6]. 

In the data on oxygen chemisorption that we present in this paper, an additional 
complication arises: we .find non-exponential relaxation that under some circumstances 
is ,only partly due to the Korringa mechanism. This implies that on a part of the atoms 
in the sample, the local density of states at the Fermi level is zero (or very low) and that 
their$night shift must be zero as well (so that the observed shifts are chemical shifts): 
these atoms are in a non-metallic environment. We will argue that they are situated on the 
surface, and that there are both non-metallic and metallic surface atoms. As before, the 
distribution of LDOS values on the metallic surface sites will be characterized by specifying 
a width and an average~value, both derived from the Korringa-like part of the relaxation 
curves taken at different positions in the surface region of the spectrum. 

Y Y Tong and J J van der Klink 

2. Experimental methods 

The starting platinum catalyst to prepare our NMR samples is from the same batch as 
sample 3 in .[9]. It is 4.4 wt.% Pt on TiOz-anatase and was synthesized by an ion-exchange 
method. The dispersion, determined by’ transmission electron microscopy (TEM), is 60%. 
corresponding to an average particle size of 1 .I nm. Oxygen dosing was calculated from 
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the chemisorption isotherm of oxygen at room temperature. The sample was first cleaned 
by hydrogen at 300°C and then evacuated at 430°C for ca. 5 h. Oxygen was admitted to 
the sample cell with a controlled pressure at room temperature. The quantity taken up was 
determined by the usual volumetric method. After oxygen dosing, the cell was evacuated 
at room temperature for ca. 1.5 to 2.0 h (the final vacuum reached ca. 8.0 x lod6 mbar), 
and the sample was sealed immediately in a glass ampoule under He atmosphere (about 
400 Torr) without further contact with air. Three samples with oxygen coverages in terms 
of (0 atoms/(surface Pt atoms) of 0.16, 0.40 and 0.75 were so prepared, designated as 
Pt-60-016, Pt-60-040 and Pt-60-075 respectively. For Pt-60-075, the sample has been left 
in ca. 1 bar of oxygen for 120 h at room~temperature before the final evacuation. 

From x-ray studies on the standard Pt/SiOz catalyst EuroPt-1 [lo], it has been concluded 
that an important fraction of the oxides in the as-received catalyst is PtO. This compound 
has recently been obtained in bulk form and is thought to be a p-type semiconductor [ll].  
In a Raman spectroscopic study of a y-alumina-supported catalyst the major oxide has been 
identified as a-PtOz [ l l ,  121; the latter compound is easily available. The x-ray spectra of 
a powder obtained from the Aldrich Chemical Co. have been reported [ 111 to agree well 
with those from sputtered films. We used a powder from that same source for comparative 
NMR measurements. 

All NMR spectra were taken point-by-point by scanning the frequency with a spin- 
echo method (n/2-t-r-t-echo). The length of 1r/2 pulse varied from about 4.6 to 8 ps, 
depending on the spectrometer, the probehead used and other experimental details. The 
value o f t  was always 20 ps. The spin-lattice relaxation time was measured by recording 
the recovery of spin-echo intensity after a saturation pulse-comb (seven n /2  pulses followed 
by ( n / 4 ) - ~ ( n / 2 ) + ~ ( n / 2 ) + ~ ( ~ / 4 ) + ~  [13], with gradually reduced time intervals between the 
pulses). 

The nuclear spin-lattice relaxation measured in the low-field spectral region is non- 
exponential, and can be represented by a five-parameter double-exponential function. The 
five parameters were determined by a non-linear least-squares fit. To obtain an estimate of 
the uncertainty in each of the parameters, N additional pseudo-data sets were constructed 
from the original one by adding random ‘noise’ to ,each of the measured amplitudes. The 
amplitude of the added noise was chosen on the basis of the standard deviation in the 
initial fit. Next the fitting procedure was repeated for each of the N artificial data sets, and 
the standard deviation of the parameters in these N fits was taken as the estimate of their 
uncertainty. Typically, a full relaxatibn curve consisted~ of 20 experimental~points, and the 
number N = 8. The uncertainties determined this way were usually of the order of 10%. 
Generally, the procedure was performed twice: once using the amplitude of the spin-echo, 
and once using its integral. In nearly ,all cases, the two sets of data agreed within the 10% 
limit. Where this was not the case, the difference between the two sets has been used as 
error estimate. 

Since the experimental Knight shift is known very precisely, the main source of 
uncertainty in resolving the equations comes from 6. The densities of state appear as 
quadratics in equation (2)  (see below), and therefore the typical error of 10% in the spin- 
lattice relaxation leads to an uncertainty of 5% in the densities of state. The .‘real’ local 
densities of state may of course be different from the ones calculated here,by,more than 
that amount, because of approximations inherent in equations (l)+Z) and the hypothesis 
that values of the fixed parameters, determined for bulk platinum, are also valid and site 
independent in small particles. As stated in section 1, we think that the trends in the 
changes of densities of state are correct, but that the absolute values must be treated with 
some caution. 
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(a)Pt-60-clean A 
T (b) Pt-60-016 

(c) Pt-60-040 

A, 
1.08 1.10 1.12 1.14 1.16 

Field/Frequency (GkHz) 

Figure 1. '95R NMR spectra of PrrriOl catalysts measured at 80 K by the point-by-point spin- 
echo method. The repetition rate is 33.3 s-' and the time between xJ2 and x pulses is 20 ps. 
The spectra me not corrected for E effects, and are normalized to the same area. The ratio (0 
atom)/(surface pt atom) is 0, 0.16. 0.40 and 0.75 going from (a) to (d). The first moments of 
the spectra are indicated by m w s .  The open symbols with ermr bars represent some points of 
the NMR spectra at 22 K, obtained from fits to spin-lattice relaxation data. They are scaled 
at the rightmost point. There seems to be no detectable c h g e  when going from 80 K to 22 K. 

3. Experimental results 

The IgsPt NMR specha of the clean-surface sample and the three oxygen-dosed samples have 
been measured at 80 K and are shown in figure 1. The centre of gravity of the spectrum 
shifts from 1.103 G kHz-' (Pt-60-clean) to 1.104, 1.103 and 1.099 G kHz-' (Pt-60-075), 
and the position of the spectral maximum is not markedly affected. The surface-like NMR 
signal tends to broaden, and the high-field signal diminishes in amplitude with increasing 
oxygen coverage. Some additional spectral information can be derived from relaxation data 
at 22 K (see below). The equilibrium amplitudes obtained from the fits of the relaxation 
curves at several frequencies are plotted also in figure 1 (open symbols with error bars). The 



Metal to non-metal transition on 0-covered Pt 245 I 

scale of the latter has been adjusted to the highest-field point obtained from the relaxation 
curves. It is seen that there is no marked temperature dependence of the spectra. 

On each of the three oxygen-covered samples, two types of spin-lattice relaxation 
experiments were done: one at constant temperature (22 K) for several frequencies within 
the spectrum, the other at fixed frequency and variable temperature. At 22 K, the 
relaxation curves of the high-field signals (field/frquency ratios greater than or equal to 
1.1 15 G kH2-I) are single-exponential and the values of the relaxation times are almost 
independent of surface treatment: therefore this part of the spectrum is due to atoms in 
the interior of the particles. Assuming that the geometrical layer statistics are not changed 
by the chemisorption, all samples have 60% of the atoms in the surface layer, 29% .in 
the subsurface layer and 11% in the deeper layers. The fraction~of the NMR signal above 
1.115 G IrH2-I chaiges with increasing dosing of oxygen from 0.31 (R-60-clean) to 0.34, 
0.30 and 0.19 (Pt-60-075). The differences in the first three numbers are hardly significant, 
and the last value shows that even at saturation coverage the influence of oxygen goes less 
deep than that of hydrogen [6]. 

~- ~~ ~ ~...~.. ~ 

~ 

~ 

~ 

R-60-016 (b) I PtdO-075 (C) 

1.08 1.14 1.08 1.14 1.08 1.14 
FieldlFrequency (G/kHz) 

Figure 2. Spin-lattice relaxation data at 22 K for sevepl positions in the spectra, fitted to double 
exponentials for Ho/w -= 1.115 C kHz-' and to single exponentials in the other points. Top 
row: amplitude of the faster exponential (points) and fully relaxed spec* (full curve). Bottom 
row: relaxation times of the faster~(full symbols) and of the slower (open symbols) exponentials. 
The oxygen coverage is 0.16, 0.40 and 0.75 going from left to right. 

In the low-field part of the spectra (still at 22 K), the felaxation curves are multiple- 
exponential, and different from sample to sample. They can all be fitted to double 
exponentials ~ (at some frequencies full relaxation curves have been measured, yielding 
both slow and fast components; at others only the fast component has been observed). 
The relative amplitude of the two exponentials is shown in figure 2 (top row), and the 
corresponding relaxation rates in figure 2 (bottom row). The choice of a double exponential 
(rather than triple or quadrupole, or than a continuous distribution of relaxation times) is 
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mostly one of convenience; we certainly do not think that there are exactly two different 
types of atoms resonating at the same frequency. As will be discussed below, the fixed- 
frequency, variable-temperature experiment shows that in Pt-60-016 and Pt-60-040 the 
faster of the exponentials follows the Korringa relation, while the other does not. Therefore 
we suppose for these two samples that everywhere in the surface region of the spectrum the 
two exponentials are due to two distinct groups of nuclei: those in a metallic, and those in 
a non-metallic environment The fractions of non-metallic atoms estimated from figure 2(a) 
and (b) are collected in table 1. If we assume all non-metallic nuclei to be in the surface, 
the number of slowly relaxing Pt nuclei per oxygen atom decreases from 2.7 (016) to 1.5 
(040). In Pt-60-075, the double-exponential relaxation will be interpreted as indicating a 
range of (rather than exactly two) metallic sites with different LDOS, in the same way as 
was done earlier for hydrogen-covered samples 161. The width of the LDOS distribution 
is indicated by the differences in the LDOS derived from the 'fast' and from the 'slow' 
relaxation times, whereas the. average is obtained by weighing these LDOS with the relative 
amplitudes of the rapidly and the slowly relaxing exponentials. 

The variable-temperature experiments on Pt-60-016, -040 and -075 were performed 
at fixed frequencies corresponding to respectively 1.098. 1.100 and 1.095 G kH2-l. As 
demonstrated by time/temperature scaled plots (not shown), part of the signal in the first two 
cases relaxes in a non-Korringa way. A11 curves can be fitted to double exponentials, with 
temperature-independent ratios of the faster- and slower-relaxing contribution (see caption 
of figure 3 for detailed values). The relaxation rates found from the fits are shown as a 
function of temperature in doubly logarithmic plots in figure 3. The lack of timdtemperature 
scaling for some of the signal means that on some atomic sites the density of Fermi-level 
electrons is zero (or very low). 

The NMR spectrum obtained on a-PtOz (not shown) peaks at 1.089 G kHz-' and 
compares well with earlier spectra [SI. In figure 4, a series of time/temperature scaled 
relaxation curves is presented. The scaling, however, is with a factor TZ, characteristic of 
relaxation by phonon scattering (Raman relaxation) in insulators, instead of a factor T ,  as in 
metals. While it is not easy to identify the relaxation mechanism, the result shows clearly 
that the NMR of the surface oxides in the samples studied here does not resemble that of 
a-PtOz. 

Y Y Tong and J J van der Klink 

4. Interpretation of data 

For nuclei in a metallic environment, the combined information on resonance frequency 
(expressed as Knight shift K) and on relaxation (expressed as the Korringa product T I T ,  
where T is temperature and TI one of the two spin-lattice relaxation times found from the 
fit) is used to find the local s-like and d-like densities of state and Dd(EF) from the 
equations [2]: 

K = [I/(] - a;)lfi~D@~)Hw,, -k w - ffd)l@@d(E~)Xbf.d 4- XorbXbf.orb/@B 

= Ks 4- Kd -k Kerb (1) 

In earlier work from our laboratory [2,6,7] it has been shown that a consistent interpretation 
of the NMR data for platinum Catalysts can be obtained by considering only D,(EF) and 
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. .  

Figure 3. V$iable-temperature spi!+laUice relaxation dma at fixed points in the Spectra fiud 
to double exponentials. In panels (a) to (c) respectively the amplitude ratios of the faster (open 
symbols) and lower (MI symbols) exponentials are I .3.2.9 and 2.2, and the spectral positions are 
1.098, 1.100 and 1.095 G kHz-’. The straight lines indicate Koninga’s law: the CUNeS represent 
equation (6). The bmken lines are for comparison with the slower relaxation in R-60-075. The 
oxygen coverage is 0.16, 0.40 and 0.75 going from (a) to (c). 

&(I$) as variables, and all other parameters in equations (1) and (2) as fixed (for the 
values adopted see table III in 121). The meaning of these parameters is as follows: all HN 
are hyperfine fields (due to the spins of s-like electrons, of d-like electrons and to orbital 
effects); the two 1 ’ s  are exchange integrals; the two R’s are reduction ~factors-due to orbital 
degeneracy; xorb is the orbital susceptibility; and p,~g is the Bohr magneton. The functional 
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Figure 4. lime-temperature swled nuclear spin-lanice relaxation curve at the maximum of 
the ‘9spt NMR specmm (1.089 G liHz-’) of m-pfO~.  The data fall on one (non-exponential) 
cnwe. suggesting that the elemenmy relaxation rites are proporlional to T2. Definiog Ti as 
determining the I/e paint. one has T; (320 K) = 0.14 s and 7; (80 K) = 2.26 s. 

relationship k(a) between the Koninga enhancement factor k and the Stoner parameter 01 

is taken to be the one proposed by Shaw and Warren [14]. The constant S i s  given by 

S = ( Y ~ / ~ ) ~ I ~ I ( ~ ~ ~ B ) I  (4) 

where ye and y~ are the electronic and nuclear gyromagnetic ratios and kB is the Boltzmann 
constant. Its value for platinum is 5.59 x s K. As an illustration, figure 5 gives a 
graphical solution of the two equations for a number of values of K and of S(ZT)-’. 

For nuclei in a non-metallic state, we have been unable to identify clearly the mechanism 
of the non-Korringa relaxation observed in Pt-60-016 and Pt-60-040. In analogy to the 
situation in semiconductors, one might have expected that locally an energy gap E, separates 
valence states from conduction states, and that the relaxation rates behaves as [15] 

(TIT)-’ = aT exp(-E,/ZkT). (5) 

Here the factor T on the right-hand side comes from the hypothesis that the density of 
states in the conduction band is parabolic. At the same time, the shift of the NMR line 
should become temperature-dependent. Within our experimental precision, no temperature 
variation of the spectrum is found and the relaxation rate rather seems to follow the equation 

TI-’ = aT-’exp(-AEjkT). (6) 

The fitted parameters a and AE/k are shown in table 1. In the intrinsic semiconductor 
tellurium, a contribution to the relaxation of the form of equation (6) has been ascribed to 
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0 4 8 12 16 20 
D d  (EF) (states& atom) 

Figure 5. Contours of canstant Knight shift K (%) (-) and of normalized relaxation rate 
SjTtT (---I, according to equations (1) and (2). A pair of experimental data (K. TI) can be 
converted into P pair (&(EF), L&(EF)) by finding the intersection of the appropriate full and 
broken curves. Adapted from [31. 

thermally created paramagnetic defects (vacancies) the diffuse slowly with respect to their 
electron-spin relaxation times, but rapidly on the NMR timescale [16]. In that case, the 
parameter AE represents the energy required to create the defect: we are not aware of any 
clue to the possible identity of such a defect in our samples. On the other hand, when we 
stick to the picture of a gap opening locally at the Fermi energy, the T-* term may be due 
to a specific functional form of the local densities of states below and above the gap. If 
indeed the energy parameter found from the NMR curve is a local gap energy, its smallness 
would make it hard to detect by other techniques. For the same reason, it is not impossible 
that the temperature-dependent changes in the NMR spectrum, which should in principle be 
there, are too small to be detected. 

Table 1. %ine pa~uneters of non:metallic NMR signals of Pt-60-016 and RAO-040 estimated 
from figures Z(a) and @): 0 rep"& the oxygen coverage (Olsurface R); F gives the hction 
of the non-Korringa NMR signal normalized by the dispersion of Ihe sample (0.60); a and A E l k  
are the Gued parameters of equation (6). 

n AElk  
a F FIB x107 (s-' Kz) (K) 

0.16 0.43 2.7 4.7f0.3 191f6 
0.40 0.58 1.9 7 .9 f0 .5  236 + 9 
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5. Discussion 

If the geometry of the particles remains unperturbed by the chemisorption, 60% of the area 
of the spectra is due to Ig5Pt nuclei in the surface layer. The part of the spectrum ascribed 
to atoms in the interior of the particles (fieldlfrequency ratio above 1.1 15 G kHz-') does not 
change significantly when going from Pt-60-clean to Pt-60-016 to Pt-60-040 and accounts 
for approximately 30% of atoms. Therefore the nonmetallic NMR signal in the two 
last samples must come (mainly) from surface sites. For convenience, we will consider 
in all four samples the spectral region up to 1.105 G kHz-' as representative for the NMR 
behaviour of all surface nuclei. (This region actually contains 53% of the spectrum in Pt- 
60-clean, and 46, 53 and 61% when going from Pt-60-016 to -075). As remarked before, 
one would expect to observe temperature-dependent features in the spectrum when there is 
a gap in the local density of states at the Fermi energy. No such features have been detected 
in the available data (see figure 1). Since it is not easy to give a quantitative estimate of 
the expected effect, we cannot decide at the moment whether there is a real contradiction 
between experimental results and theoretical expectations. 

It has been reported in the literature [lo] that under some conditions oxygen selectively 
attacks the smaller particles in the sample. If this were the case here, one would expect the 
larger particles to have clean surfaces, so that a corresponding contribution to the relaxation 
curves should appear. Our double-exponential fits are of satisfactory quality without taking 
such a contribution into account: we find no evidence for selective chemisorption of oxygen 
on the smaller particles (but of course such fits cannot prove that the phenomenon does not 
exist). 

There is a marked difference between the I9'Pt NMR spectra of our sample Pt-60-075 
and spectrum 3a in [SI of a SiOz-supported passivated catalyst that has subsequently been 
exposed to air (here we will refer to that sample as Pt-59-air). Our sample has been exposed 
to oxygen for 120 h (although measurable uptake of oxygen only occurs very rapidly at the 
beginning of the exposure), but not to air, and does not show the PtOz-like spectral feature 
near 1.089 G kHz-' found in Pt-59-air. Rhodes et a1 (51 have also studied this question. 
When comparing their spectrum 8b of a surface freshly exposed to air after re-reduction (Pt- 
46-air) with our Pt-60-075), one sees that initially the surface becomes mainly covered with 
oxygen. They conclude that the presence of hydrogen (or water) is necessary to obtain the 
so-called R-resonance, found after long exposure to air (shown in their spectrum Sa). This 
is confirmed by the differences in spectra between Pt-59-air and Pt-60-075. The prolonged 
exposure of clean platinum particles to pure oxygen at room temperature does not lead to 
the formation of bulk-like oxides. 

Certainly the most remarkable result is the metallic to non-metallic to metallic series of 
transitions locally observed for some surface sites as a function of oxygen coverage. (Similar 
series of bulk transitions as a function of composition are found in certain liquid binary alloys 
of freeelectron-like metals; a well known bulk metal to non-metal transition as a function 
of oxide composition occurs in VOX-see the references given in [17].) At the lowest 
coverage studied (0.16 atoms of oxygen per surface atom of platinum) approximately three 
non-metallic Pt sites are found for each oxygen atom; at a coverage of 0.40 this number is 
roughly halved and at 0.75 coverage it is zero (see table 1). It is interesting to compare these 
numbers with the value of one oxygen atom per four platinum atoms found as the saturation 
coverage on the Pt(ll1) surface under UHV conditions [18]. For a coverage of three oxygen 
atoms per four platinum, which is the saturation value under our experimental conditions, 
oxygen-oxygen direct bonding becomes important, and restores the metallic character of 
the underlying platinum surface. At.the lower coverages, the oxygen-oxygen interaction is 

Y Y Tong and J J van der Klink 
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mainly indirect, the platinum-oxygen interaction is rather localized, and the NMR properties 
of atoms in the deeper layers are essentially unaffected. However, the metallic slllface sites 
have their LDOS modified by the presence of oxygen, & seen in figure 6. Contrary to the 
case of hydrogen chemisorption [6], where all surface sites obtain LDOS values smaller than 
or equal to those on the clean surface, the metallic surface sites in Pt-60-016 and Pt-60-040 
have clearly enhanced values of LDOS. The average values in the spectral region of figure 6 
are found to be 15.4, 21.7 and 18.7 states per rydberg per atom for Pt-60-clean, Pt-60-016 
and Pt-60-040 respectively. 

0 000 0 0 0000 0 

1.08 1.10 1.08 1.10 1.08 1.10 
Field/Frequency (GkHz) 

Figure 6. Local densities of state on metallic sites whose nuclei resonate in the surface region 
of the spectrum. For the clean surface; all surface utdei are in a metallic environment; the 
amplitudes of the metallic signals in the surface region of Pt-60-016 and Pt-60.040 are given 
by the points in figures 2(a) and (b). The s-like and d-like densities of states plotted here are 
found h m  figures Z(d) and (e) (and from similar data for he clean surface, ?ot shown) with 
the aid of equations (1) and (2). 

This enhancement may be related to observed differences in the rate of chemisorption. In 
usual platinum catalysts, oxygen uptake is much more rapid than hydrogen uptake: oxygen 
adsorption is completed below 1 Ton while the isotherm of hydrogen adsorption joins the 
horizontal asymptote above 100 Ton [19]. As mentioned in section 1, the electron density at 
the Fermi energy on surface sites probably is important for the response of the surface to an 
incoming reactant. According to the NMR data, after some initial oxygen chemisorption, the 
LDOS on 'unoccupied' surface sites increases, thereby increasing the reactivity of these sites; 
for hydrogen chemisorption this does not occur (and probably even the opposite happens, 
since no sites are found with an increased LDOS). Another connection may be with the 
observation that (under UHV conditions) adsorbed CO inhibits the dissociative adsorption 
of oxygen, but adsorbed oxygen does not inhibit molecular CO adsorption [ZO]. ,Available 
ls5pt NMR data indicate that the effect of CO on the surface LDOS is similar to that of 
hydrogen [Zl]: therefore pre-adsorption of CO would be,expected to diminish (or at least 
not  to improve) the reactivity of the rest of the surface, whereas pre-adsorption of oxygen 
would increase it. 

Instead of considering only the metallic sites within the surface region-of the spectrum, 
we may also calculate the average LDOS over all of the surface signal (the part of the 
spec" below 1.105 G !&E'), setting the LDOS at non-metallic sites equal to zero. Then 
we find that values given in table 2. They hardly change with oxygen coverage. Such 
averages play a role when chemisorption is studied by magnetic susceptibility experiments: 
the results of table 2 predict that the effect of oxygen chemisorption will be small. 
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Table 2. Average local densities of states over all sites (metallic and non-metallic) in the surface 
region of the spectrum (defined as HIM < 1.105 G kIlz-'). For R-60.016 and R-60-040 
the difference signal between the full lines and the points in figures Z(a) and (b) i s  taken as 
corresponding to zero-ms sites. For Ft-60-075 both relaxation rates in figure 2(0 correspond 
to metallic sites and the avemge in this table corresponds to a weighting with the amplitudes in 
figure Z(c). 

NMR amplitude-weighted 
surface-like wos ((Ryd a")-') 

Samde s-like d-like total 

RdO-clean 4.16 11.26 15.4 
R-60-016 3.94 9.98 13.9 
Pr-60-040 3.91 10.07 14.0 
R-60475 4.73 1128 15.9 

6. Conclusion 

In this paper, the temperature dependence of the Ig5Pt nuclear spin-lattice relaxation rate 
T;' in the surface region of the NMR spectrum has been studied as a function of temperature 
T, for four different oxygen dosings (coverages B of 0, 0.16, 0.40 and 0.75). For the two 
intermediate coverages (0.16 and 0.40) a part of the surface NMR signal does not relax 
according to the TIT = constant law normally found for metals. This is a qualitative 
demonstration that (for B = 0.16 and 0.40) part of the surface F't atoms are not in a 
metallic environment. From fits to the relaxation curves we find that at B = 0.16 there are 
approximately 2.7 non-metallic Pt atoms per oxygen atom; for B = 0.40 this number is 1.5; 
while at B = 0 and B = 0.75 all surface sites are metallic. A qualitative comparison of the 
temperature dependences of T;' shows that the non-metallic atoms are not in a a-PtOl-like 
environment. 

From fits of the relaxation curves, and using the relations between local densities of state 
(LDOS) at the Fermi energy on the one hand, and the Knight shift and relaxation rates on the 
other, we obtain average values for the s-like and d-like LDOS on the metallic surface sites. 
Similar analyses of NMR data have been made previously for Pt catalysts with hydrogen- 
covered surfaces, where it was found that the LDOS values decrease with respect to the 
clean surface [6]. In c o n a t  to this, the metallic sites on oxygen-covered surfaces have an 
enhanced LDOS. Using the correlation between the density of Fermi-level electrons at the 
surface and the reactivity, these differences in LDOS behaviour can be related to differences 
in chemisorption behaviour. 
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