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Pt-based alloy metal nanoparticles (NPs) have long been widely
used in petroleum and automobile industries as work-horse
catalysts.1 They also hold great promises for developing economi-
cally viable clean energy sources (fuel cells) for practical applica-
tions such as land-based transportation.2 While much has been
intensively researched, further mechanistic understanding required
for an eventual rational design of better catalysts is often hindered
by lack of detailed and reliable knowledge of thelocal distribution
of the alloying elements which is key to understand both the overall
electronic and locally specific surface-bonding properties that are
ultimately responsible for the catalytic actions of the NPs.1 Access
to such information experimentally, however, is still of a challenging
prospect. The current method of choice is probably the X-ray based
spectroscopic techniques such as XPS and EXAFS. But these
techniques can only provide average distribution of the alloying
elements. In this Communication we report a (semi-) spatially
resolved quantitative analysis of the local distribution of Pt in
carbon-supported PtRu NPs using the RKKY (Ruderman-Kittel-
Kasuya-Yosid) J coupling3 measurements by in situ195Pt elec-
trochemical NMR (EC-NMR).4

It has been well argued in the classic papers of Froidevaux and
Weger5 and of Slichter and companies6 that theJ-coupling generated
modulation of the Hahn spin echo amplitude (i.e., slow beats) can
be expressed by eq 1, provided that the resonant frequency
difference between the nearest neighboring nuclear spins is much
larger than theJ-coupling constantJ:

whereτ is the time interval between the two pulses in the spin-
echo sequence,T2 is the nuclear spin-spin relaxation time,T2J

accounts for a Gaussian-type spread inJ owing to the inevitable
environmental heterogeneity, andPn is the probability of havingn
nearest neighboring nuclear spins and therefore a function of their
concentration. So, by determining thePn, one can access concentra-
tion of the unclear spin under observation. Indeed, such an idea
has been briefly explored by Slichter and companies.7

Two PtRu alloy NP samples with nominal atomic ratio of 1:1
have been investigated here: PtRu NPs supported on graphite
nanofibers (abbreviated as G) and on carbon nanofibers (abbreviated
as C) with an overall metal loading of 60% (wt).8 The transmission
electron microscope (TEM) determined average particle size was
4.1 nm for the former and 3.9 nm for the latter (inset in Figure 1).
For 195Pt NMR measurements, about 80 mg of the PtRu NPs was
loaded into a 5 mm (d) × 25 mm (l) NMR glass sample cell which
was then attached to a three-electrode electrochemical (EC) setup
as a working electrode compartment. Electrical contact was achieved
by burying a gold wire into the sedimented PtRu NPs. The

supporting electrolyte was 0.5 M HClO4 and reference and counter
electrodes were a commercial Ag/AgCl (3M) electrode and a 3
mm Pt electrode (Bianalytical), respectively. The sample was first
EC cleaned by holding potential at 0.2 V (vs Ag/AgCl) until current
decayed down to and stabilized at about 60µA (which usually took
48-72 h). During the cleaning process, the cell was periodically
blanketed by ultrapure Ar. After the EC cleaning, the NMR sample
cell filled with the supporting electrolyte was detached from the
EC setup under Ar blanketing, sealed immediately with a one-to-
one grounded glass stopper, inserted into the NMR probe, and then
loaded down to the precooled (80 K) cryostat. After the NMR
measurements, the sample cell was reattached to the EC setup and
the open circuit potential was checked. In all cases, the open
potential was within 10 mV difference before and after the NMR
measurements. All195Pt NMR measurements reported here were
carried out at 80 K on a “home-assembled” spectrometer equipped
with an active-shielded 9.395 T widebore superconducting magne,
an Oxford SpectrostatCF cryostat (Oxford Instruments, U.K.), an
AMT (Lancaster, PA) 1 kw power amplifier, a Tecmag (Houston,
TX) Appollo data acquisition system, and a home-built single-
channel solenoid probe. The spectra (Figure 1A) were obtained with
the conventional “π/2-τ-π-τ-echo” Hahn spin-echo sequence
point-by-point by varying the frequency between ca. 82-87 MHz.
The values ofπ/2 pulse length andτ were 3µs (corresponding to
a B1 of 90 G) and 25µs, respectively. The slow beats were
measured by varyingτ in the spin-echo sequence.

A uniqueness of195Pt NMR of Pt NPs is that within a certain
spectral range a given spectral frequency (f) can be quantitatively
related to a given geometric position of atoms (r) via the so-called
layer model.9-11 Qualitatively, this can be stated as: The surface
atoms resonate at the low-field end (centered at 1.100 G/kHz) and
the bulklike atoms resonate at the high-field end (centered at 1.138
G/kHz). As ther becomes farther away from the surface and deeper
into the NPs, thef gradually shifts upfield toward the bulk position.
Thus, an f-r correlation can be established which offers a unique
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Figure 1. (A) The point-by-point, area-normalized195Pt NMR spectra of
the PtRu/G and PtRu/C NPs at 80 K. The inset is a TEM image of the
PtRu/G. (B) TheJ coupling constants deduced by fitting the slow-beat curves
to eq 1. (C) The Pt atomic fraction deduced by analyzing theP0 values
using eq 2.

S(τ)/S0 ) exp(-2τ/T2){P0 + exp[-(τ/T2J)
2]∑

n)1

12

Pn cosn(Jτ)} (1)
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way to access spatially resolVed information10,11. Although no
quantitative layer-model analysis has been done yet for Pt-based
alloy NPs, available data on PtPd12 and PtRh7 alloy NPs, however,
indicate strongly that the qualitative statement of thef-r correlation
still holds. We assume that it is also applicable to PtRu NPs studied
here (a preliminary analysis of the Fermi level local density of states
(Ef-LDOS) based on spin-lattice T1 relaxation measurements in-
deed supports this assumption). Figure 1A shows the point-by-point,
area-normalized195Pt NMR spectra of the PtRu/G (red dots) and
PtRu/C (blue squares) NPs, and the inset is a representative TEM
image of the former. No PtOx signal at 1.089 G/kHz was observed,
ensuring the effectiveness of the EC cleaning. The overall line shape
of the spectra is similar to each other and to that of a PtRu black
sample published previously,13 but the lack of distinguishable sur-
face versus bulklike signals is in contrast to those observed in the
pure Pt NPs of similar size (vide supra). However, the spectra were
broad enough to satisfy the criterion for observing the slow beats.5,6

Figure 2 presents the across-the-spectrum slow beats data. The
solid curves are the fits to eq 1 withT2, T2J, J, P0, P1 as fitting
parameters andP2 ) 1 - P0 - P1; all otherPn could be neglected
(see Tables S2 ad S3 in Supporting Information). TheJ constants
so obtained are shown in Figure 1B, which to a large degree are
invariant across the spectrum for both samples and very close to
those obtained on pure Pt NPs. Additionally, these J values are in
good agreement with those calculated from the s-likeEf-LDOS10

which was determined by the independentT1 measurements, vali-
dating the soundness of the fits. On the other hand, theP0 (P1)
values for the PtRu/C show a strong variation across the spectrum.
This is qualitatively evident by simply inspecting the slow beat
curves in Figure 2B of which the most obvious is the lack of slow
beat at 1.09915 G/kHz. It is highly unlikely that the Knight shift
gradient at 1.09786 G/kHz was significantly different from that at
1.09915 G/kHz. Additionally, aB1 of 90 G was strong enough to
reach the asymptote7 for the slow beats. Therefore, the absence of
the slow beat at 1.09915 G/kHz for the PtRu/C suggests that the
Pt atoms resonating there were dominantly coordinated with Ru
atoms. To extract quantitatively the Pt concentration from theP0

values, we adapted the model developed by Slichter and companies6

that enables analytical expressions ofPn to be developed for
situations of large Knight shift gradient, that is,δ ) ω1/(aω0|∇K|)
, 1, wherea is the distance between nearest neighbors,ω1 andω0

are the Larmor frequencies under theB1 and the external static
field, and∇K is the local Knight shift gradient. Briefly,Pn can be
expressed as

whereQn is the probability of havingn nearest neighbors whose

spins can be flipped by theB1 andAni is the probability ofi out of
the n nearest neighbors being the195Pt isotope (nature abundance
is 0.337). WhileAni is a function of the Pt atomic fractionCPt ()1
for bulk Pt),Qn is a function of theδ, and the maximum value of
n for the model used here is 6 (see the original paper6 for detailed
discussions). For simplicity, we also assume thatδ is a constant
across the spectrum and take an ad hoc value of 0.1 (estimated
from the values obtained on pure Pt NPs at 1.1145 G/kHz10 and
1.117 G/kHz6, respectively, where similar values ofδ are expected).
The CPt was then deduced fromP0 by solving eq 2 under the
constrain ofΣPn ) 1. The results so obtained are presented in Figure
1C (also in Tables S2 and S3 in the Supporting Information). Using
theCPt values so obtained andδ ) 0.1, the correspondingP1 values
were calculated using eq 2. Overall, these calculated values were
in excellent agreement with those determined by the slow-beat fits,
substantiating further the internal consistency of the analysis. Most
remarkably, the results show that PtRu/G had a rather homogeneous
distribution of Pt but not so for PtRu/C whose data indicate that
there was Pt segregation at the core (high-field end) and depletion
at the surface (low-field end) of the NPs and a rather homogeneous
distribution in-between. Notice that the Pt segregation at the core
is consistent with the observation that the spectral amplitude above
1.115 G/kHz for PtRu/C was higher than that for PtRu/G (Figure
1A). Also, the NMR-amplitude-weighed averageCPt values are 0.42
and 0.47 for PtRu/G and PtRu/C, respectively, very close to the
nominal value of 0.5.

In summary, we reported the first (semi-) spatially resolved analy-
sis of the local Pt distribution within PtRu NPs utilizing the unique
f-r correlation offered by195Pt NMR of Pt-based NPs. This
approach is applicable to other Pt-based alloy NPs, and a broader
availability of such spatially resolved elemental composition in NPs
will have profound ramifications for achieving a fundamental
understanding of the catalytic actions of a given Pt-based alloy NP
catalyst.
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Figure 2. The slow beats measured at different spectral positions for (A)
PtRu/G and (B) PtRu/C. The solid curves are the fits to eq 1.
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