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Abstract—Three graphite-supported commercial fuel cell grade platinum electrocatalysts with different
average particle sizes have been studied by cyclic voltammetry and 195pt nuclear magnetic resonance
(NMR) spectroscopy. There is a strong correlation of platinum particle size with both NMR and cyclic
voltammetric lineshapes. From cyclic voltammetric profiles it is possible to observe the transformation to a
single crystallite geometry as the particle size increases from 2.0 to 8.8 nm. The particle-size-dependent
NMR spectra give the first conclusive assignment of the signals from platinum atoms at surfaces wetted by
electrolyte, and provide an opportunity for comparison with spectra from equivalent catalysts in the gas
phase. We have also found that the application of multiple voltammetric cycles to such platinum particles

increases the particle size. © 1998 Published by Elsevier Science Ltd. All rights reserved
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INTRODUCTION

Extensive investigations utilizing solid state nuclear
magnetic resonance (NMR) spectroscopy to probe
platinum’s reactivity have been performed during
the last fifteen years on gas phase platinum catalysts
by looking at platinum itself [1-10], as well as at
various surface adsorbates such as carbon monox-
ide and small organic molecules [11,12]. The NMR
work by both Slichter’s and van der Klink’s groups
on 'Pt-NMR using samples of various dispersions
has demonstrated characteristic size-dependent
NMR spectra [2,13]), from which surface atoms
have been assigned. These studies have been on
either simple oxide (such as AlLO;, TiO; or SiO;)
supported or zeolite encapsulated platinum cata-
lysts. However, there has also recently been increas-
ing interest in the use of solid state NMR
spectroscopic methods to investigate fuel cell related
electrocatalytic systems [13-19], this time in an elec-
trochemical environment. These studies have
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focused primarily on adsorbed carbon monoxide, a
potent platinum electrocatalyst poison. Very
recently [19], however, we have also demonstrated
the feasibility of using '**Pt-NMR to study graph-
ite-supported commercial fuel cell grade electrocata-
lysts themselves. This opens the way to gaining a
much better understanding of electronic structure
and bonding characteristics of platinum electrodes,
including such details as CO poisoning, and the
reasons for catalytic improvements made by “‘alloy-
ing” platinum with ruthenium.

NMR spectra are strongly effected by the local
electronic properties, such as Larmor diamagnetism,
van Vleck and Curie paramagnetism of localized
(orbital) electrons, and Pauli paramagnetism of con-
duction electrons, which influence the observed
nucleus [20, 21]. In metals, the Pauli paramagnetism,
determined by the electronic density of states at the
Fermi level, is usually the dominant mechanism.
The lack of translational symmetry, such as occurs
in small metal particles used as catalysts, makes the
local density of states at the Fermi level (E~LDOS)
position dependent, and therefore increases the
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breadth of the NMR spectrum. For platinum cata-
lysts with clean surfaces in the gas phase, it has
been observed that the surface atoms resonate at
around 1.100 G/kHz, a value coinciding with the
conventional reference for the Knight shift, while
the bulk atoms are at 1.138 G/kHz. Such a distinc-
tive surface-like signal is essential for the success of
9SP_NMR of platinum catalysts in the gas phase.
In electrolyte systems, the surface atoms of the elec-
trocatalysts experience a major environmental
change, as do their electronic properties, due the
presence of the electrical double layer. It is there-
fore essential to record any specific effects due to
the presence of the solution part of the solid/liquid
interface. We have recently concluded, based on the
great similarity of the 'Pt-NMR spectrum of an
electrocatalyst in an electrolyte solution to that in
the ““gas phase”, that the surface-like signals are
still around 1.100 G/kHz in an electrochemical en-
vironment, as in the gas phase environment. In this
paper, we present further evidence which supports
such an assignment.

EXPERIMENTAL

All samples were of commercial fuel cell grade
platinum supported on vulcanized (XC-72) conduc-
tive graphite, and were obtained from E-TEK
(Natick, MA). Specific platinum weight percents
and the corresponding X-ray diffraction data for
the average particle size were obtained from E-
TEK.

The platinum catalyst as received was found to
be covered by a layer of chemisorbed surface
oxide [19]. To remove this oxide layer, approxi-
mately 500 mg of the particles were made as a
working electrode in an electrochemical cell using a
platinum boat. The three-electrode cell, in addition
to the Pt-powder working electrode, contained a
platinum gauze counter electrode and a 1 M NaCl
Ag/AgCl reference electrode. The cell potential was
controlled by a PGP201 Potentiostat/Galvanostat
manufactured by  Radiometer (Villeurbanne,
France). The electrolyte used was 0.5M H,SO4 and
was prepared from concentrated analytical grade
sulfuric acid from Mallinckrodt Baker (Paris,
Kentucky) diluted in Milli-pore (Millipore, Bedford,
MA) water.

For the oxide reduction process, the potential
was held in the double layer region for several
hours under a continuous stream of ultra-pure
argon. The experiment was completed when the
current decreased to a negligible level (uA). Once
the oxide film was removed, the particles were
transferred, together with a small portion of the
electrolyte, into an NMR tube (10mm diame-
ter x 25 mm length) which was then flame-sealed
after several pump/purge cycles with ultra pure
nitrogen. After sealing, the sample was frozen in
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liquid nitrogen, and it remained at this temperature
until NMR spectra were recorded.

NMR measurements were carried out using a
“home-built” spectrometer, equipped with an
8.47447T  superconducting solenoid  magnet
(Oxford Instruments, Osney Mead, U.K.), using an
Oxford Instruments CF-1200 cryostat. A Hahn
spin-echo pulse sequence (m/2-Tg—n—Tp—acquire)
with 16-step phase cycling to eliminate ringdown,
was used for data acquisition. The value for 7, was
set at 30 us. The 90° pulse length varied between 4
and 7 ms, depending on the sample loading, and
the repetition rate was 50 s™'. The higher Pt-loading
sample (8.8 nm) had an enhanced signal/noise ratio
(>10.1 with only 6000 scans, at the 1.137 G/kHz
spectral position) due to the increased platinum
abundance. The 2.0 nm particle sample contained
less platinum and as expected required many more
scans to increase the signal/noise ratio to above
10:1, at 1.100 G/kHz, typically 120000 scans. Due
to the large frequency distribution in the platinum
particles, point-by-point spectral determinations
were necessary, in which the spectrometer frequency
was manually swept between 74.3 and 78 MHz at
(typical) intervals of 100 kHz.

RESULTS AND DISCUSSION

Cyclic voltammetry characterization

Cyclic voltammetry with Pt particles was per-
formed in an electrochemical cell (Figure 3) at
20 mV/min using from 50 to 380 mg of platinum
particles. The particles sedimented on the top of
one another in the Pt boat allowing contact
between each Pt particle and the solvent. We found
that the cyclic voltammetry current was pro-
portional to the quantity of sample added onto the
Pt boat. The proportionality suggests that this ex-
perimental arrangement allows each particle to con-
tribute equally to the overall current. The '**Pt-
NMR spectra (see below) confirm that the oxide
was successfully removed from the catalyst.

Low temperature NMR measurements

In order to increase the weak 'SPt-NMR signal
all measurements were carried out at a near liquid
nitrogen temperature (80 K), in which the electro-
lyte solution was frozen. A frozen medium is a
legitimate electrolyte in electrochemistry as shown,
for instance, by Stimming and Schmickler, since the
dynamic charge-carrier transfer across the interfaces
is not completely quenched [22]. Likewise, as
demonstrated more recently [16] surface diffusion of
CO on platinum in frozen media has a very similar
activation energy to CO on “dry” (or gas phase)
platinum in a similar temperature range. Evidently,
surface water ice is seen as a “fluid” for surface
molecular motions on the time-scales required for
CO surface diffusion. These results therefore



Pt-NMR of electrocatalysts

demonstrate that double layer is not significantly
modified at low temperatures, and that no signifi-
cant changes in the electronic structure and proper-
ties of platinum electrocatalyst particles are to be
expected.

We use for reference '**Pt-NMR spectra obtained
on dry, oxide-free Pt samples of various particle
size [23]. Figure 1 shows the evolution of such
NMR spectra at 80 K as the particle size decreases
and the dispersion (the ratio of the number of sur-
face atoms to the total number of platinum atoms)
increases [23]. For bulk platinum, there is a single
peak at 1.138 G/kHz [7]. With increasing dispersion,
the bulk peak broadens out and a new peak cen-
tered around 1.100 G/kHz begins to emerge. When
the particles are only 1.0 nm in diameter, i.e. with a
dispersion of 80—-100%, the bulk peak (at 1.138 G/
kHz) is no longer observed, and most of the NMR
signal intensities is centered around 1.100 G/kHz,
giving strong evidence for a surface signal [23]. In
contrast, Fig. 2 shows !> Pt-NMR spectra of clean
platinum in the frozen media of average particle
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Fig. 1. '"5Pt-NMR spectra of various “‘gas phase” plati-
num particles having clean surfaces. (A) Pt bulk, 10 ym;
(B) Pt/SiO,, colloidal process, 48 A, 22%; (C) P/TiOx,
colloidal process, 27 }x, 36%; (D) Pt/TiO,, ion exchange,
17 A, 60%; (E) Pt/ALO;, impregnation, 10 A, 80-100%.
Adapted from Ref. [23]
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Fig. 2. 8.47 T 'Pt-NMR spectra of commercial graphite-
supported platinum electrodes cleaned in 0.5M H,;SO,
with potential held at 250 mV. (A) 8.8 nm particle; (B)
2.5 nm particles and (C) 2.0 nm diameter particles. Spectra
were recorded point-by-point at 80 K. All spectra were
normalized to the same area.

size 2.0, 2.5 and 8.8 nm. By assuming that the elec-
trocatalyst has an ideal cubooctahedral mor-
phology, the dispersion corresponding to these
particle sizes can be computed to be 54%, 45%,
and 15% [7]. The variations in the lineshape exhibit
a similar trend to that seen in the gas phase (Fig. 1).
That is, as the dispersion increases, the peak cen-
tered at 1.100 G/kHz increases. This confirms that
the signal observed at around 1.100 G/kHz arises
from surface atoms of the electrocatalyst, as con-
cluded previously [19]. Note also that characteristic
features of platinum oxide [19] are absent.

Spectral interpretation

By comparing the spectra shown in Figs 1 and 2,
in dry and frozen environments, respectively, it can
be seen that there is a major difference between the
two sets of samples, even though the surfaces in
both samples are clean and oxide-free. Specifically,
there is a clear low-field shift of the bulk-like signal
as the particles become smaller. In the dry case,
even for dispersions as high as 60%, the bulk-like
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Fig. 3. Cyclic voltammograms of commercial graphite-sup-
ported platinum electrodes in 0.5M H,S04 at a sweep
rate of 20 mV/min vs an Ag/AgCl reference electrode, for
the following platinum particle diameters: (A) 8.8 nm; (B)
2.5 nm; and (C) 2.0 nm.

signals are hardly shifted (Fig. 1(D)), while in the
electrolyte medium, even at a dispersion of 45%,
only a small signal can be seen at 1.138 G/kHz,
since the high-field (bulk) peak is now shifted to
1.123 G/kHz.

An ideal 8.8 nm platinum cubooctahedral particle
has ~20 layers and ~29000 atoms. In contrast, a
2.5 nm particle has 6 layers and ~500 atoms, and a
2.0nm particle has 5 layers and ~300 atoms. In
Ref. [19], using 2.5nm particles, we found that
there was a major enhancement of the s-like E
LDOS at the electrocatalyst surface in electrolyte
solutions. The 8.8 nm sample shown in Fig. 2(A)
has a bulk-like peak at exactly 1.138 G/kHz. Since
the resonance position for a given Pt atom in a par-
ticle is determined by the sum of the positive s-like
and negative d-like hyperfine fields at the
nucleus [24], it is reasonable to correlate the low-
field shift of the “bulk-like” signals observed with
the smaller particles to an s-like E~-LDOS enhance-
ment at the surface, which then shifts the sub-sur-
face and sub-sub-surface layer signals to lower field
positions. The fact that the effect is quite long-
range (~5 layers, see Fig. 3(C)) emphasizes the delo-
calized character of the enhanced Er-LDOS, consist-
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ent with the s-like character of the conduction
electrons.

Voltammetric interpretation

Since the seminal work of Conway and co-
workers [25], cyclic voltammetry has been widely
used to characterize platinum surfaces in a variety
of electrochemical environments. Cyclic voltammo-
grams obtained in this paper (Fig. 3) were normal-
ized to the surface area within each sample, from
the mass of platinum used and the dispersion value
obtained from the model calculation (see Table 1).
Qualitatively, the cyclic voltammetric (CV) curves
studied here show similarities to those obtained
with 15 nm platinum particles supported on the
basal plane of graphite [26). However, the CV pro-
files are clearly sensitive to particle dispersion
(Fig. 3). The major effect is an increase in the irre-
versibility of surface oxide reduction, or the
decrease in the oxide reduction rate. This occurs to
such an extent that the reduction process at 20 mV/
min is not complete until the hydrogen evolution
edge is reached (cf. the negative going scans, first
and second in Fig. 3(B),(C)). The oxygen evolution
reaction seems to begin at a lower potential on the
smallest particles (Fig. 3(C)), but more work is
needed to confirm this effect. The CV profiles
characteristic of hydrogen adsorption/desorption
are also particle size dependent, and show a corre-
lation between microscopic roughness and charge
generation, due to proton/hydrogen, reduction/oxi-
dation processes, respectively. Small particles
(2.0 nm) have rougher surfaces than do larger par-
ticles, due to the prevalence of corners and edges.
This induces random Pt-hydrogen bond formation,
causing a variety of overlapping CV features,
including the tailing oxide reduction process
(Fig. 3(C)). Collectively, these microscopic and
chemical features completely suppress strongly-
bonded hydrogen formation [25]. In contrast, larger
particles (8.8 nm) more closely resemble disordered
single crystals surfaces and yield two well resolved
peaks. Those correspond to weakly- and strongly-
bonded hydrogen, in both the forward and reverse
cycles (Fig. 3(A)). The sample with the medium par-
ticle size (2.5 nm) shows, as expected, an intermedi-
ate behavior (Fig. 3(B)).

Table 1.

Dispersion values for E-TEK Pt electrocatalysts as
determined from model building, cyclic voltammetry, and
195Pt-NMR.

Average Cubooctahedral

diameter (A) model (%) CV (%) NMR (%)
88 15 15 17
25 45 43 50
20 54 68 66
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Catalyst dispersion

Evaluating platinum dispersion is clearly import-
ant for the correct interpretation of both NMR and
CV experiments and can be achieved in three ways:
from the hydrogen adsorption charge; from physical
measurements, such as transmission electron mi-
croscopy or X-ray diffraction and from !°SPt-
NMR [2,7]. In this paper, the dispersion from cyc-
lic voltammetry is obtained as follows: The charge
per unit area is determined from the area under the
hydrogen desorption portion of the CV curve
(1.6 x 107'% 4C/H site), from which the number of
surface hydrogen sites is determined. The total
number of platinum atoms in the sample is then
obtained, since the mass and percent platinum are
known (the contribution to the current from the Pt
boat was always less than 0.5% and can therefore
be neglected). If the stoichiometry of H/Pt = 1 for
hydrogen adsorption is used, the dispersion can
then be calculated. To estimate the dispersion from
the NMR spectra, we calculate the ratio of the
spectral area lower than 1.110 G/kHz to the total
spectral area. Since our spectra have not been cor-
rected for the T, effects [6], this procedure may
overestimate the dispersion somewhat, but the effect
appears to be very small, as we show below.

For a physical measurement method, we took the
average particle sizes and calculated the ratio of the
number of surface atoms to the number of total
atoms, assuming an ideal cubooctahedral form.
Table 1 collects the results of all three types of cal-
culation, which are clearly in very good accord with
each other. Since XPS data on small platinum par-
ticles, ranging from 2.0 to 8.0 nm, have shown that
the surfaces are virtually free of surface
contamination [27], the higher dispersion obtained
from the hydrogen portion of the CV curve for the
10% Pt sample may relate to the fact that the
actual stoichiometry of H/Pt is higher that t for
small particles on heterogeneous catalysts (28).
These results are, important since they strongly sup-
port the '"Pt-NMR peak assignments, based on
both simple model building arguments, and the
results from cyclic voltammetry.

The effect of repetitive CV scans

Finally, we show in Fig. 4 the ®Pt-NMR spectra
of two clean surface samples but prepared in differ-
ent ways from the same ““as-received” sample (20%
Pt loading on graphite). Sample B was cleaned by
extensive potential cycling [19], while sample A (the
same as in Fig. 2(B)) was cleaned by holding the
potential at 250 mV (within the double layer region)
until the reduction current could no longer be
measured. The dispersion estimated from the
sample shown in spectrum B is 27%, indicating

*Particle size information provided by E-TEK, 6 Mercer
Rd., Natick, MA, 01970. Phone: + 1-508-653-9331.
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Fig. 4. '"Pt-NMR spectra of commercial graphite-sup-
ported platinum electrodes. (A) held at a 250 mV without
potential cycling during cleaning; (B) Cleaned by extensive
potential cycling.

relatively large particles, while spectrum A gave a
dispersion of 50%, consistent with the average par-
ticle size of the as-received sample as measured by
X-ray diffraction*. This dispersion lowering pro-
vides strong evidence for sintering produced by po-
tential cycling, an effect which clearly needs to be
borne in mind when analyzing the results of both
adsorbate (surface ligand) and metal electrochem-
ical NMR experiments.

CONCLUSIONS

By combining cyclic voltammetry and !%3Pt-
NMR, we have demonstrated a promising new
approach to characterizing commercial graphite-
supported platinum fuel cell electrocatalysts, in an
electrochemical environment. The '*Pt-NMR  spec-
tra of a small platinum particle electrocatalyst on
conductive (graphite) supports in the liquid phase
show similar lineshapes and particle size dependen-
cies to those found in the gas phase. However,
while the surface-like signals overlap those seen in
the gas phase (at around 1.100 G/kHz), the bulk-
like signals in smaller particles are shifted to the
lower field position. This appears to be due to the
enhancement of the s-like E-LDOS observed at the
electrocatalyst surface [19]. Platinum CVs are also
particle size dependent. Larger particles (8.8 nm)
produce cyclic voltammograms characteristic of dis-
ordered single crystal surfaces, while for smaller
particles having rougher surfaces (due to dominant
corner and edge atoms), the voltammograms show



2830

no such single crystal features. This particle size
dependence of the CV results may be of practical
use in monitoring the morphological evolution of
fuel cell electrocatalysts. And finally, from the
change of the **Pt-NMR lineshape, we have found
clear evidence that the application of multiple vol-
tammetric cycles produces sintering effects in the
supported platinum electrocatalysts.
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