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X-ray Fluorescence Investigation of Ordered Intermetallic Phases as
Electrocatalysts towards the Oxidation of Small Organic Molecules
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Abstract: The composition of ordered
intermetallic nanoparticles (PtBi and
PtPb) has been quantitatively studied
by in situ X-ray fluorescence (XRF)
during active electrochemical control
in solutions of supporting electrolyte
and small organic molecules (SOMs).
Because the Pt Lg, lines and the Bi
L, lines are only separated by 200 eV,
an energy-dispersive detector and a
multiple-channel analyzer (MCA) were
used to record the major fluorescent
emission lines from these two elements.
The molar ratios of platinum to the
less-noble elements (Bi, Pb) in the

ed out from the surfaces of the inter-
metallic nanoparticles. For PtBi nano-
particles, the ratios of fluorescence in-
tensities of Pt/Bi in the samples were
0.42, 0.96, and 1.36 for E,,=+0.40,
+0.80, and 1.20V, respectively, while
cycling the potential from —0.20 V to
the E, value for 10 cycles. The leach-
ing-out process of the less-noble ele-
ments occurred at more negative Ey,
values than expected. After cycling to
relatively positive Ey, values, nonuni-
form PtM (M =Bi of Pb) nanoparticles
formed with a Pt-rich shell and inter-
metallic PtM core. When the support-

ing solutions contained active fuel mol-
ecules in addition to the intermetallic
nanoparticles (formic acid for PtBi,
formic acid and methanol for PtPb), ki-
netic stabilization effects were ob-
served for E;,=+0.80V, in a way sim-
ilar to the response of the bulk materi-
als. It was of great importance to quan-
titatively explore the change in compo-
sition and structure of the intermetallic
nanoparticles under active electro-
chemical control. More importantly,
this approach represents a simple, uni-
versal, and multifunctional method for
the study of multi-element nanoparti-

nanoparticles dramatically changed as
a function of the applied upper limit
potentials (Ey,) in cyclic voltammetric
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cles as electrocatalysts. This is, to our
knowledge, the first report of nondes-
tructive, quantitative characterization

7 o ) cells intermetallic phases i : .
(CV) characterization. Similar to previ- : of bimetallic or multi-elemental nano-
/ o . : nanoparticles fluorescence . .
ous investigations for bulk intermetallic particles electrocatalysts under active
spectroscopy

surfaces, the less-noble elements leach-

Introduction

In the general area of heterogeneous catalysts,? it is of
great importance to characterize nanomaterial catalysts
under operating conditions as such studies can provide an
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electrochemical control.

in-depth atomic-level understanding of the reaction mecha-
nism or interfacial processes. Recent advances in functional
catalytic materials and spectroscopic methods that can oper-
ate under ambient pressures now enable us to investigate a
catalyst in its active state. Particularly for electrode materi-
als for fuel cell applications, various surface/interface/nano-
material characterization techniques, in combination with
electrochemical characterization, allow monitoring of the
transformation of electrocatalysts from the ‘“as-prepared
state” to the “active state”, which may involve pronounced
changes in the composition and structure of the catalysts.’%!
X-ray diffraction (XRD) has been widely utilized to charac-
terize the crystalline composition and structure of con-
densed matter at surfaces/interfaces (also known as grazing
incidence diffraction, GID) where electrochemical reactions
occur. However, it is very difficult for XRD to yield the ap-
propriate information for short-range structures or amor-
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phous phases of catalysts. For nanomaterial catalysts, one ar-
gument in favor of the utilization of XRD has been that the
number of surface atoms is significant with respect to the
number of atoms in the bulk; therefore, XRD data of such
nanomaterial samples would be directly relevant to catalysis.
Because this argument might be valid for other bulk-sensi-
tive techniques, it does not work for XRD, because the
structural uniformity of the bulk of a material does not per-
tain to the surfaces of nanoparticles. For example, surface
reconstructions have major consequences on the average ar-
rangement of surface atoms."® X-ray photoelectron spec-
troscopy is a powerful method with great surface sensitivity,
and can offer qualitative or semi-quantitative composition
and oxidation-state information, but its requirement of strict
ultra-high vacuum does not permit active electrochemical
control.’! X-ray absorption spectroscopy (XAS), including
X-ray absorption near edge structure (XANES) and extend-
ed X-ray absorption fine structure (EXAFS), has attracted a
great deal of research attention, especially for analysis and
characterization of catalysts.*1*12 XAS provides element-
specific information about the local chemistry and physical
structure of the element under investigation. XANES offers
information about the chemical state of the element, includ-
ing oxidation state and local geometry, and EXAFS offers
quantitative information about interatomic distances, coor-
dination numbers, and the types of neighboring atoms. XAS
is a valuable method to investigate short-range order and is
especially suitable for nanomaterials. A disadvantage of
XAS (or EXAFS) is that sophisticated and complicated
data analysis and simulation are required, especially when
the element of interest is present in multiple oxidation
states and multiple local chemical environments, which can
be difficult to disentangle.

X-ray fluorescence (XRF) is a widely used analytical tech-
nique employed in different fields,"> such as environmen-
tal studies,'®! medicine,'” polymers,'® biology,'” botany,?"!
archeology,™ pharmacology,” and planetary studies.””) At-
tractive features of the XRF technique include the fact that
it is nondestructive, has high elemental selectivity, simplicity
of quantification, and low detection limits. There have been
studies on the application of XRF in combination with elec-
trochemistry for the characterization of surface species,
nanoparticles and nanowires, or indirectly in catalyst re-
search. For example, De Wael and co-workers®! reported
on a study in which they used scanning synchrotron radia-
tion X-ray fluorescence (SR-XRF), on the microscopic
scale, to characterize the immobilization of cobalt(II) tetra-
sulfonated phthalocyanine tetrasodium salt (Co"TSPc) on
gold electrodes through different electrochemical surface
modification techniques. Electrochemical and SR-XRF anal-
ysis were performed to compare the amount of adsorbed
CoTSPc onto the gold electrode and to determine the level
of uniformity of the deposited layer. Van Meel and co-work-
ers™! developed a fast and direct determination procedure
for precious metals (such as Pt, Pd, and Rh) in spent auto-
motive catalysts by using the novel high-energy polarized-
beam XRF technique. Wang and co-workers™ developed a
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barcoding procedure for alloy nanowires based on nondes-
tructive X-ray fluorescence readout. Ternary Co-Ni-Cu alloy
nanowires were generated by one-step template-guided elec-
trodeposition with distinct XRF barcode patterns. The re-
sulting fluorescence barcodes correlated well with the com-
position of the metal mixture plating solution, indicating a
reproducible plating process. To our knowledge, there is no
report on methodology development or application of non-
destructive XRF to directly characterize nanomaterials elec-
trocatalysts for fuel cell applications, especially under active
electrochemical control.

In the past decades, interest in the direct conversion of
chemical energy to electricity through fuel cells has received
increasing attention. The use of fuel cells can circumvent
Carnot cycle limitations and can, in principle, supply energy
with conversion efficiencies in excess of 80 %, depending on
the fuel used.”” Due to increasing demands of power sour-
ces for small portable electronic devices, the development
and utilization of direct alcohol fuel cells (DAFCs) has at-
tracted a great deal of research interest.”*>"! Some of the
major obstacles relate to the performance and cost of anode
and cathode electrocatalysts.®!l It is of great importance to
develop advanced functional materials as anode catalysts for
oxidations of small organic molecules (SOMs). Platinum is
an excellent catalyst for dehydrogenation of fuels, which is
one of the key steps in the complete oxidation reaction
pathways of SOMs. However, Pt is easily poisoned by
carbon monoxide, which is the most common intermediate
during SOM oxidation. In order to mitigate the poisoning
effects induced by CO and to decrease the cost of electrode
materials, a secondary metallic element is often introduced
into the matrix to form bimetallic electrocatalysts. PtRu
alloys represent the most successful case and are widely
used in the fuel cell industry, especially for direct methanol
fuel cells. Their success has been rationalized by a bifunc-
tional mechanism and/or third body effect.’>*! Unfortunate-
ly, as with all alloys, or more accurately solid solutions, PtRu
electrodes have no well-defined surface structure, with their
surface sites occupied by Pt or Ru atoms in a totally random
mode. Moreover, the very small enthalpy of formation of
PtRu alloys leads to a thermodynamic stability problem:
during extended periods of operation, particularly under
high-temperature or high-current-density conditions, the
alloy electrode surface is depleted of Ru atoms, loses elec-
trocatalytic activity and is prone to poisoning by CO.

Ordered intermetallic phases exhibit inherent properties
that overcome many of the shortcomings of alloy materials.
Intermetallics are binary or multi-elemental metallic com-
pounds, which have well-defined crystalline structures. In
principle, the electronic and atomic structures, both of
which are widely acknowledged to be important parameters
in electrocatalytic activity, can be deliberately controlled.
DiSalvo, Abruiia, and co-workers®*3 reported that ordered
intermetallic PtBi and PtPb phases were promising candi-
dates towards the oxidation of formic acid and methanol in
comparison to commercial Pt and PtRu materials. Not only
do they exhibit greatly enhanced electrocatalytic activity
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(especially relative to Pt), but they could also serve as
model systems to explore structure/composition/property/ac-
tivity relationships. Control of surface termination, composi-
tion, and structure of the intermetallic phases provide alter-
natives to fabricate modified single-crystal metal surfaces
through electrodeposition or bimetallic single-crystal surfa-
ces generated by chemical vapor deposition or sputtering
methods.’® Previous research has demonstrated that poly-
crystalline PtBi intermetallic electrodes can be reproducibly
terminated with Pt nanocrystal domains decorating the sur-
face after cycling the potential or with a Bi,O; 2D nanocrys-
talline film decorating the surface after holding the potential
at specified values. In the case of PtPb, Pt nanocrystal do-
mains were formed on the surface through both treatments
(cycling and holding the potential) although the later treat-
ment could induce aggressive corrosion of the top PtPb
layers.””* On single-crystal electrodes, Pt nano-islands with
6-fold hexagonal or 2-fold rectangular symmetries were
formed on the PtM (M =Bi or Pb) (001) and (100) surfaces,
respectively, instead of formation of random Pt nanocrystal
domains/islands as with the polycrystalline intermetallic
phases.’®) Whereas the work on single-crystal intermetallic
surfaces has been important to reveal structure—activity rela-
tionships, it is of more practical importance to characterize
intermetallic nanomaterial samples because they are directly
used in industrial applications.

In this paper, XRF was utilized to quantitatively investi-
gate and characterize intermetallic nanoparticles. X-ray dif-
fraction, though powerful, has some limitations in the char-
acterization of these materials, because of: 1) low diffraction
intensities of nanoparticles immobilized on electrode surfa-
ces, such as glassy carbon, even when using a high flux syn-
chrotron beam; 2) strong back scattering from the glassy
carbon (GC) electrode surface at grazing incidence; and
3) inability of obtaining information of the surface atoms in-
stead of the bulk. XRF data showed that there were signifi-
cant changes in the composition of PtBi and PtPb nanoparti-
cles, as a function of applied potential, in absence or pres-
ence of fuel molecules in the supporting electrolyte. PtM/Pt
core/shell nanoparticles were formed as a consequence of
the less-noble element (Bi or Pb) leaching out from the
nanoparticle matrix and dissolving into the solution. Similar
to bulk electrodes,® kinetic stabilization effects, induced by
the presence of active fuel molecules, were also observed
for the intermetallic nanoparticles. More importantly, a uni-
versal simplified nondestructive multifunctional characteri-
zation method was developed to investigate bimetallic elec-
trocatalysts, especially under active electrochemical control.

Results and Discussion

XRF multi-channel analyzer (MCA) spectra of PtBi and
PtPb nanoparticles: The energy resolutions of the
VORTEX and X-Flash detectors were not sufficient to com-
pletely separate the X-ray emission lines from Pt Ly and Bi
L, when the incident beam energy was higher than
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13.42 keV. In order to get accurate fluorescent emission in-
tensities of specific elements in the nanoparticles, under
active electrochemical control, the entire MCA spectrum
was recorded with the VORTEX detector.

As mentioned earlier, for PtBi nanoparticles the energy
scan started from 13.30 KeV, which is below the binding
energy of the Bi L; edge. The fluorescent signals were
coming from Pt emission lines and were dominated by the
Pt L, (9.44keV) and the Pt L (11.07 keV) emission lines
(see Table 1). Bismuth fluorescence signals increased after

Table 1. Relevant binding energies and emission lines of Pt, Bi, and
Pb.#

Binding energy [keV] Emission energy [keV]
L, L, L, La Lo Ly Lp,

Pt 13.88 13.27 11.56 9.44 9.36 11.07 11.25
Bi 16.39 15.71 13.42 10.84 10.73 13.02 12.98
Pb 15.86 15.20 13.04 10.55 10.45 12.61 12.62

scanning the energy past 13.42 keV, that is, the Bi L; absorp-
tion edge. For PtPb nanoparticles the energy scan started
from 12.95 keV, which is below the binding energy of the Pb
L; edge. The Pb fluorescent signals were evident after scan-
ning the energy past 13.04 keV, that is, the Pb L; absorption
edge. Figure 1 presents a typical Bi L, fluorescence spec-

Pt Ly fluorescence

Bi L, fluorescence
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Figure 1. A typical energy scan recorded by the single-channel analyzer
SCA window for a PtBi-nanoparticle-modified electrode. The marks of
A, B, C, and D correspond to MCA scans in Figure 2.

trum recorded by the single-channel analyzer (SCA)
window, which was deliberately set up to cover the range of
Bi L, fluorescent photons. There were two steps in the XRF
intensities at 13.42 keV and 13.88 keV, respectively, corre-
sponding to the energies of the Bi L; and Pt L; absorption
edges. The small step at 13.88 keV, ascribed to the Pt L; ab-
sorption edge, was unexpected and surprising because only
Pt L emissions, with energies of 13.27 (Pt L, edge) or
11.56 keV (Pt L, edge), could be detected by the SCA
window. There are two possible reasons for this phenomen-
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on: 1) there is an unknown Pt fluorescence emission directly
associated with the Pt L, edge at 13.88 keV; 2) there is a
complex process involving nonradiative energy dissipation
to give Pt Ly emission associated with the initial excitation
of 13.88 keV. In order to figure out the origin of this fluores-
cence process ascribed to the Pt L, edge in Figure 1, the
MCA spectra was recorded and post-experimental simula-
tion and fitting data analysis based on the XPaXs soft-
warel®! were carried out. If the first assertion was correct, a
new fluorescence peak would appear in the MCA spectra
once the energy passed by 13.88 keV. If the nonradiative
process is the correct explanation, rather than the appear-
ance of a new emission peak, the intensity of the Pt L emis-
sion should increase as the energy is scanned past 13.88 keV.
As shown in Figure 2, the MCA spectra obtained before and
after the binding energy of the Pt L, edge strongly suggest
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Figure 2. MCA scans for a PtBi-nanoparticle-modified electrode recorded
by the VORTEX detector. The relationship between the different inci-
dent energies for the different panels are also indicated in Figure 1.

that the second explanation is
likely responsible for the ob-
served phenomenon. In es-
sence, there was no new peak
detected in the MCA spectra
after scanning the energy past
13.88 keV. Instead, the intensity
of the Pt Ly fluorescence peak
increased. Although a bit spec-
ulative on our part, we believe
that Pt L, electrons are ejected
by the 13.88 keV incident pho-
tons generating holes on the L,
level. Electrons from the Pt L,
and L; levels filled the holes

CESR

Si(111) monochromator
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(on the Pt L, level) by intra-atomic relaxation and the extra
energy was dissipated by a nonradiative process. Then, elec-
trons from higher levels, like Pt M, or Ns, jumped into the
holes left on the Pt L, and L; levels to generate more Pt L
fluorescent photons.

Figure 2 shows four images (A, B, C, and D) of MCA
spectra corresponding to four different representative posi-
tions in a typical energy scan, such as in Figure 1. Scan A
was recorded at an energy below the Bi L; absorption edge,
scan B was detected at the foot of the rising Bi L, fluores-
cence emission, scan C was recorded at the middle of the Bi
L, absorption edge, and scan D was recorded just over the
Bi L; absorption edge. In Figure 2, the x axis represents en-
ergies of photons which went into the VORTEX detector
and were recorded by the MCA with 1200 channels (for a
representation of the experimental set up, see Figure 3). The
experimental data were fitted with the XPaXs software fol-
lowing the optimization of parameters such as detector cali-
bration, thickness of the nanoparticle sample, substrate
properties, distance between the detector and sample, at-
tenuation factor in front of the detector, and others. The
simulations of possible emission peaks, corresponding to dif-
ferent elements, are presented in different colors. The Pt L;,
L, and L; emissions were consistently present in the A, B,
and C scans because all of these peaks were excited at the
beginning of the energy scan. From the B, C, and D scans,
the increasing trend of the Bi L, emission is clearly evident
as the energy passed over the Bi L, absorption edge at
13.42 keV. Based on the simulations of fluorescence peaks
from the different elements, precise XRF intensities corre-
sponding to each element and each specific emission could
be obtained without interference and a quantitative analysis
is presented below.

Quantitative characterization for the leaching-out process of
the less-noble metals based on XRF data: It is of great im-
portance to characterize the changes in composition and
structure of intermetallic nanoparticles, because these would
be the actual phases for commercial and industrial applica-
tions. As stated previously, X-ray diffraction, a conventional
characterization method for the bulk or the surfaces of elec-
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Figure 3. Schematic representation of the experimental geometry used for the X-ray fluorescence experiments
at the C1 station at the Cornell High Energy Synchrotron Source (CHESS).
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trocatalysts under active potential control, is not suitable for
in situ measurement of nanoparticles. The amount of immo-
bilized nanoparticles (80 uygcm™) on the substrate of the
GC electrode, which was optimized for electrocatalytic ac-
tivity, did not give detectable diffraction signals, even when
using the well-established grazing incidence diffraction
method. Moreover, the substrate GC electrode gave strong
and broad backscattering peaks, which covered the two
theta range corresponding to the major diffraction peaks of
PtBi and PtPb intermetallic phases. Thus, neither XRD nor
GID methods could be utilized to characterize these nano-
particles under active electrochemical control. In previous
studies, we have shown that the composition and structure
of intermetallic surfaces in either polycrystalline or single-
crystal forms, dramatically changed as a function of applied
potential. Different electrochemical pretreatment methods,
such as cycling versus holding the potential, gave rise to dif-
ferently terminated surfaces. The results from in situ GID or
XRD investigations were qualitative or, at best, semiquanti-
tative. Here, changes in the composition of the nanoparticles
were determined in a more quantitative way by the XRF
method. Specific energy scans to acquire XRF data were
carried out for a freshly prepared nanoparticles-modified
electrode and after cycling the electrode to potentials be-
tween —0.20V and the upper limit potential (E,,) for
10 cycles in aqueous HCIO, (0.1M). As mentioned above, in
order to obtain precise intensities for each emission peak of
specific elements, XRF data were extracted from simula-
tions of experimental records through MCA spectra. At the
same time, the pseudo SCA window recorded mainly the Bi
L, fluorescence with some contribution from the L; fluores-
cence. As shown in Figure 4, we made use of XRF data ob-
tained through the SCA window to get quantitative informa-
tion about molar ratios of Pt to Bi in the nanoparticles.
From Figure 4 we could derive the Pt/Bi ratios of fluores-
cence, which were 0.42, 0.96, and 1.36 for E, values of
+0.40, +0.80, and +1.20 V, respectively. These results sug-
gest that the Bi leaching-out process from the nanoparticles
occurred at more negative E,, values than for bulk interme-
tallic phases. Because the XRF experiment was carried out
at incidence angle of ~1-2°, and the thickness of the nano-
particles-modified layer on the GC electrode was ~50 um,
almost the entire layer of nanoparticles on the working elec-
trode was sampled under this experimental condition. It
should be kept in mind that the fluorescence signals favored
information about the surface composition of the nanoparti-
cles instead of that of the entire nanoparticles. The ratios of
fluorescence intensities of Pt to Bi of the intermetallic PtBi
nanoparticles increased as a function of applied E\,, indicat-
ing that the bismuth atoms gradually leached out from the
surfaces of the nanoparticles while cycling the potentials to
increasingly positive values in the supporting electrolyte. As
a result, the surfaces became enriched in Pt after these elec-
trochemical pretreatments. The nanoparticles were essential-
ly changed from uniform composition intermetallic nanopar-
ticle to a core/shell nanostructure with an intact intermetal-
lic PtBi phase at the core and a Pt-rich outmost layer of
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Figure 4. Scans depicting changes in the ratios of fluorescence intensities
of Pt to Bi in the nanoparticles as a function of applied E,, values of
+0.40 (top), +0.80 (middle), and +1.20 V (bottom) in the supporting
electrolyte, based on quantitative analysis of XRF data.

PtBi phase as the shell. Similar behavior was also observed
for intermetallic PtPb-nanoparticle-modified electrodes,
with the only difference being that the working electrode
was subjected to electrochemical pretreatment by holding
(not scanning) the potential. Figure 5 shows pseudo-2D-
mapping images of XRF data for PtPb nanoparticles while
holding the potential at +0.40 and +0.80 V in aqueous
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Figure 5. Intensity maps of the fluorescence spectra versus incident energy for PtPb nanoparticles as a function
of +0.40 (left) and +0.80 V (right) in the supporting electrolyte.

of applied E

ulp

HCIO, (0.1m). The 2D-mapping images provide more de-
tailed information of intensities for each emission peak of a
specific element in a quantitative way. Each line in a 2D-
mapping image represents an individual emission line from
a specific element. Whereas there was little change in fluo-
rescence intensities emissions from Pt atoms, the intensity of
the Pb L, emission decreased dramatically. Thus, Pb was
clearly leached out from the nanoparticle sample by increas-
ing the applied potential and ostensibly gave rise to Pt shell/
PtPb core nanoparticles. Because the absolute intensities of
the Pt fluorescence changed little for applied potentials of
+0.40 and +0.80 V, one would expect that the diameter of
the nanoparticles likely decreased extensively as a conse-
quence of the leaching-out process of Pb. More discussion
about XRF data extracted from MCA spectra will be exten-
sively discussed elsewhere in the future.

Kinetic stabilization of intermetallic nanoparticles phases:
We have previously documented kinetic stabilization effects
induced by active fuel molecules present in solution for bulk
electrodes of PtBi and PtPb intermetallic phases.”®! XRF ex-
periments that were carried out to determine such kinetic
stabilization effects are now presented for intermetallic
nanoparticle phases. Figure 6 presents XRF data for a PtBi-
nanoparticle-modified electrode while cycling the E,;, to
+0.80 V in the absence (Figure 6a) or presence (Figure 6b)
of formic acid in the supporting electrolyte. The Pt/Bi fluo-
rescence intensity ratios were 0.19 and 0.96 in aqueous solu-
tion of HCOOH (0.2m)/H,SO, (0.1M) and in aqueous
H,SO, (0.1m) , respectively. In the former case, the Bi leach-
ing-out process was precluded by the PtBi-catalyzed oxida-
tion of formic acid, whereas the latter involved the corro-
sion/oxidation of the nanoparticles themselves. These results
are very similar to those for bulk electrodes but in this case,
we could obtain more quantitative data. The fluorescence
intensity ratio of Pt/Bi of 0.19 for cycling the E,, to
4+0.80 V in aqueous solution of HCOOH (0.2m)/ H,SO,
(0.1m) was much lower than that for cycling the E,, to
4+0.40V in aqueous H,SO, (0.1m) (ie., 0.42). Two main
conclusion could be derived: 1) aggressive leaching out of
Bi occurred even for an Ey, value of +0.40 V, which is
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400 mV more negative as the
1000 results obtained from qualita-
tive GID/XRD characteriza-
tions, and 2)the leaching-out
100 process of Bi from PtBi nano-
particles was completely pre-
cluded at an E,, value of
10 +0.80V in the presence of
formic acid in the supporting
electrolyte. Figure 7 presents
pseudo-2D-mapping images of
XRF data for PtBi nanoparti-
cles for holding potentials of
+0.40 and +1.20 V for 10 min
in aqueous solution of HCOOH
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Figure 6. Scans depicting changes in the ratios of fluorescence intensities
of Pt to Bi from PtBi nanoparticles after cycling to an E,, value of
+0.80 V in the absence (top) and presence (bottom) of formic acid in the
supporting electrolyte, based on quantitative analysis of XRF data.

(0.2m)/H,SO, (0.1Mm). Particular attention was paid to the
changes in the fluorescence intensities of Pt and Bi emis-
sions and the Pt/Bi ratios at different E,, values. The inten-
sity of the Bi L, emission decreased slightly (less than 10 %)
while increasing the holding potential from +0.40 to
+1.20 V and there were very small changes in the intensities
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Figure 7. Intensity maps of fluorescence spectra versus incident energy for PtBi nanoparticles as a function of
applied E, of +0.40 (left) and +1.20 V (right) in the presence of formic acid in the supporting electrolyte.

of the Pt emission lines during electrochemical treatments.
This suggests that whereas kinetic stabilization effects are
observed for PtBi nanoparticles under these conditions, at
the same time bismuth starts to leach out from the matrix
when the E,, value is +1.20 V. This potential also corre-
sponds to the potential at which the formic acid molecules
are fully oxidized and the surface corrosion of the nanopar-
ticles is enabled.

EXAFS and XANES characterization of the Bi L; edge
from PtBi nanoparticles: There were two ways to obtain
EXAFS and XANES spectra from our XRF experimental
geometry: 1) directly recorded through the SCA detector,
2) recompile the spectrum from the XRF data extracted
from the MCA scan after special data analysis by XPaXs
software. Figure 8 presents the EXAFS and XANES spectra
obtained through the SCA detector while cycling to differ-
ent Ey, values of +0.40, +0.60, +0.80, +1.00, and +1.20 V
in aqueous H,SO, (0.1M). As is evident, the EXAFS spectra
exhibited little change during electrochemical pretreatments.
In the XANES spectra, the Bi L; edge absorption edge
shifted to higher energy while cycling of the potential to any
positive value when compared to a freshly prepared elec-
trode. This indicates that bismuth atoms on the surfaces of
the nanoparticles are oxidized as the binding energy (ab-
sorption edge) shifts to higher value. Besides the sudden
change in adsorption edge from freshly prepared electrodes
to electrodes cycled to E,,=+0.40V, there was little
change in the XANES spectra. The little change of the ab-
sorption edges in the XANES spectra as a function of ap-
plied potentials indicates that the initial oxidized bismuth
species induced by E,,=+0.40 V will not be further oxi-
dized to higher chemical oxidation states. Although there is
little change of oscillation patterns in the EXAFS data as a
function of applied potentials, it is not rational to believe
that the local chemical environment of the bismuth atoms
has little changed after the formation of core/shell nano-
structure induced by bismuth leaching-out process. The
reason we did not observe the possible change in EXAFS
data might be due to two aspects: 1) the interference with
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Figure 8. EXAFS (top) and XANES (bottom) spectra of the Bi L; edge
from PtBi nanoparticles directly recorded by the SCA detector while cy-
cling the E,, to different values in aqueous H,SO, (0.1 m).
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Conclusion

A simple, general use, multifunctional and nondestructive
XRF method was developed to characterize the composition
and structure of intermetallic PtBi and PtPb nanoparticles
as electrocatalysts under active electrochemical control.
SCA data derived from the conventional XFlash detector
and MCA spectra recorded by the VORTEX detector were
utilized to yield either quantitative XRF information or
EXAFS and XANES spectra. Similar to solid-state electro-
des investigated by qualitative or semiquantitative XRD or
GID methods, the less-noble elements (Bi or Pb) were
leached out from the intermetallic nanoparticles while cy-
cling or holding the potential to positive values in the sup-
porting electrolyte only. The leaching-out process was ini-
tially detected at E,,=4-0.40 V, which is much more nega-
tive than expected based on previous studies on bulk sam-
ples. The core/shell structures were formed after certain
electrochemical pretreatments and the diameters of the
nanoparticles significantly decreased. Kinetic stabilization
effects induced by active fuel molecules present in solution
were observed for these nanoparticles in a way analogous to
observations on bulk samples of these materials. EXAFS
and XANES data showed that surface bismuth atoms in the
nanoparticles were oxidized once the electrode was subject-
ed to applied E,, values as low as +0.40 V and the oxida-
tion state of Bi changed little as a function of applied poten-
tial to more positive values. Whereas our studies were con-
ducted on PtBi and PtPb nanoparticles, this method could
be generally utilized to characterize any bimetallic or multi-
elemental electrocatalytic nanoparticles, especially samples
in which there could be interference from the fluorescence
emission from different elements.

Experimental Section

Synthesis of ordered intermetallic PtBi and PtPb nanoparticles: With the
exception of Bi and Pb precursors, all materials used were reagent grade.
Bi(MOEEAA);, as Bi precursor, was prepared by reacting stoichiometric
amounts of bismuth acetate (99.999 %, Alfa Aesar) and (2-[2-{2-methox-
yljethoxy]ethoxy) acetic acid (MOEEAA) (Aldrich). The final product
was purified and collected as a colorless, viscous liquid and stored in an
argon-filled glovebox. Pb(MOEEAA),, as lead precursor, was prepared
in the same way, by using lead acetate (Aldrich) as the starting material.
Anhydrous methanol was degassed with argon for over 2 h. To synthesize
intermetallic PtBi nanoparticles, BIMOEAA); (0.25 g) was dissolved in
degassed methanol. A stoichiometric amount, relative to the bismuth
precursor, of H,PtClge6 H,O (as platinum precursor), was dissolved in de-
gassed anhydrous methanol (10 mL) and added to the bismuth precursor
solution. NaBH, (0.3 g) was dissolved in degassed anhydrous methanol
(15 mL). This solution was immediately added to the metal precursor so-
lution. There was instant bubbling, and a black product formed, which
precipitated out of the solution within 10 min. The clear solution and the
black product were stirred under argon for 12 h. The solid product was
then separated from the supernatant liquid by decantation and centrifu-
gation. It was subsequently rinsed with distilled water (3x) and acetone
(3x) in order to remove the side products. Afterward, the powder was
dried under vacuum at room temperature. PtPb intermetallic nanoparti-
cles were prepared in the same way as described above, with the excep-
tion of using the lead precursor. More detailed information about synthe-
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sis and standard characterizations of these intermetallic nanoparticles can
be found elsewhere.*"!

Electrochemistry: To obtain nanoparticle-modified electrodes, a suspen-
sion of the nanoparticle catalysts (referred to as nanoparticle ink) was
firstly prepared as follows: The dried PtBi or PtPb nanoparticle sample
(4 mg) were dissolved in Millipore water (3980 uL, 18.2 MQcm™!, Milli-
pore Milli-Q) and isopropyl alcohol (1000 pL, Aldrich). Additionally, a
Nafion solution in alcohols (20 pL, 5% w/w, Aldrich) was added to this
mixture. The resulting mixture was sonicated in a bath-type ultrasonica-
tor for at least 30 min. Each nanoparticle ink described above was coated
onto a 5mm diameter glassy carbon (GC) electrode by a simple drop-
casting method. The GC electrode that served as the supporting substrate
electrode was previously polished with 800 and 1200 Grit sandpapers
(Buehler) for 15 min, respectively. The final polishing procedure was car-
ried out by using 1 um diamond paste suspended in a suitable extender
(MetadiBuehler) for 15 min. The smooth GC electrode was then rinsed
with Millipore water and allowed to dry in air. The modified working
electrode was obtained by coating the intermetallic nanoparticles
(80 pgem 2, 20 pL of nanoparticle ink) and then dried under nitrogen.
All electrochemical characterizations were carried out in an in situ elec-
trochemical cell deliberately designed for in situ synchrotron radiation
X-ray techniques, which was sealed with a 5 um polypropylene film in
order to minimize X-ray absorption and back scattering effects.’”) Cyclic
voltammetry was carried out with a BAS CV-27 potentiostat/galvanostat
(Bioanalytical Systems) and recorded on a computer through a PCI-
DAQ card (National Instruments). All potentials are referenced to a Ag/
AgCl (saturated NaCl) electrode without regard for the liquid junction
potential. The electrochemical pretreatment was done by cycling the
electrodes between —020V and E,, values of +0.40-+1.20V for
10 cycles at 10 mVs™'in aqueous HCIO, (0.1m) (Aldrich, ultrapure re-
agent). SOMs oxidations at the nanoparticle-modified GC electrodes
were examined in a mixture of formic acid (0.2m, Mallinckrodt, 88 % an-
alytical reagent) or methanol (0.2M, Aldrich) in aqueous HCIO, (0.1Mm)
at a sweep rate of 10 mVs~'for 10 cycles. All solutions were prepared
with Millipore water and deaerated with high-purity nitrogen for at least
15 min before each experiment.

Synchrotron radiation XRF: SR-XRF experiments were performed at
the C1 station of the Cornell High Energy Synchrotron Source (CHESS).
This beamline supports X-ray absorption and fluorescence experiments
by using either “white” or monochromatic radiation with photon energies
ranging from 5-50 keV. Figure 3 shows the experimental geometry used
for our SR-XRF experiments, which also allowed for XANES and/or
EXAFS investigations in grazing incidence surface fluorescence mode for
solid-state samples or conventional transmission mode for nanoparticle
samples. The white beam from the Cornell Electron Storage Ring
(CESR) was monochromatized by a Si(111) double-bounce monochro-
mator. The incident beam was defined by a set of Huber slits to be 1x
1 mm? in size and the incidence intensity was monitored by an upper
stream ion chamber. The X-ray beam impinged on the electrode surface
with an incidence angle of 1°. This small glancing angle was purposely
chosen to maximize the electrode area under the beam radiation and
minimize the background scatter from the GC electrode substrate. Two
energy-dispersive silicon drift detectors, one a VORTEX detector and
the other an X-Flash detector, were set up to record the fluorescent pho-
tons from the intermetallic nanoparticles. For the PtBi nanoparticle case,
a SCA was used to monitor mainly the Bi L, fluorescent photons detect-
ed by the XFlash detector at 10.84 keV and distinguish them from the Pt
L; fluorescent photons at 11.07 keV. Table 1 presents the relevant binding
energies and emission lines for Pt, Bi, and Pb. Table 2 presents the de-
tailed information of the X-ray transitions that give rise to the X-ray
emission lines for Pt, Bi, and Pb used in the experiments and data analy-
sis. Due to the small energy difference between the Bi L, and Pt L emis-
sions and the energy resolution of the detectors, the SCA window could
not completely discriminate between them and only provided a qualita-
tive analysis of the Bi fluorescence. This SCA window, by the XFlash de-
tector, was used not only for experimental convenience, to directly moni-
tor the progress of the energy scans, but also to obtain EXAFS and
XANES information for the Bi L; edge. At the same time, the entire
MCA spectrum was recorded by the VORTEX detector including the
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Table 2. Transitions giving rise to the relevant Pt, Bi, and Pb emission
lines.l*?

Labels Transitions Binding Emission Relative
energy [keV] energy [keV] intensity
L, M;-L; Pt 11.56 9.44 100
Bi 13.42 10.84 100
Pb 13.04 10.55 100
L, M,-L; Pt 11.56 9.36 11
Bi13.42 10.73 11
Pb 13.04 10.45 11
Ly, M,L, Pt 13.27 11.07 67
Pt 11.56 11.25 23
L, Ns-L; Bi13.42 12.98 25
Pb 13.04 12.62 25
L, M,-L; Pt 11.56 8.27 5

dispersive energy range for all fluorescent, scattered, and incident pho-
tons, to give accurate and specific photon counts for XRF investigations
for postexperimental data analysis by using the PyMCA library.*!! For
PtPb nanoparticles, the only difference was the set-up condition of the
SCA window covering the Pb L, emission. For combing X-ray characteri-
zation with electrochemistry, electrodes were pretreated by cycling
10 times between —0.20 V and the E,;, values Subsequently, part of the
supporting electrolyte solution was withdrawn so that the polypropylene
film was recessed, generating a thin film of electrolyte as described
above. The electrolyte film, however, was sufficiently thick to ensure
good potential control in all cases. For PtBi-nanoparticle-modified elec-
trodes, the energy scan was carried out from 13.3 keV, which is 120 eV
lower than the binding energy of Bi L,, to 14.0 keV, which is 580 eV
above the binding energy of Bi L; and also higher than the binding
energy of Pt L;. The photon energy range was selected to obtain quanti-
tative X-ray fluorescence emission from both bismuth and platinum and,
at the same time, EXAFS and XANES information across the bismuth
L; adsorption edge. For PtPb-nanoparticle-modified electrodes, the
energy scan was performed from 12.95 keV, which is 80 eV below the
binding energy of Pb L;, to 13.30 keV, which is 350 eV above the binding
energy of Bi L;, and also higher than the binding energy of Pt L,. Each
energy scan took about 15 min and 10 scans were average to minimize
noise and obtain appropriate statistics.
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