DOI: 10.1002/cphc.201000452

In situ X-ray Absorption Analysis of ~ 1.8 nm DendrimerEncapsulated Pt Nanoparticles during Electrochemical CO
Oxidation
Michael G. Weir,[a] V. Sue Myers,[a] Anatoly I. Frenkel,*[b] and Richard M. Crooks*[a]
We report an in situ X-ray absorption-fine structure (XAFS)
spectroscopic analysis of ~ 1.8 nm Pt dendrimer-encapsulated
nanoparticles (DENs) during electrocatalytic oxidation of CO.
The results indicate that Pt nanoparticles encapsulated within
poly(amidoamine) (PAMAM) dendrimers and immobilized on a

carbon electrode retain their electrocatalytic activity and are
structurally stable for extended periods during CO oxidation.
This is a significant finding, because nanoparticles in this size
range are good experimental models for comparison to firstprinciples calculations if they remain stable.

1. Introduction
Herein, we report an in situ X-ray absorption-fine structure
(XAFS) spectroscopic analysis of ~ 1.8 nm Pt dendrimer-encapsulated nanoparticles (DENs) during electrocatalytic oxidation
of CO. These results represent a significant advance in understanding the structure and stability of very small nanoparticles
under catalytic conditions. Specifically, the data indicate that Pt
nanoparticles encapsulated within poly(amidoamine) (PAMAM)
dendrimers retain their electrocatalytic activity and are structurally stable for extended periods during CO oxidation. This is
important, because Pt DENs, and DENs in general, are a good
experimental model for studying catalytic reactions at nanoparticles containing 40–240 atoms. This is the interesting size
range in which nanomaterials undergo rapid transitions in
chemical and physical properties.[1] Moreover, the lower end of
this range is compatible with first-principles calculations, and
therefore there is an opportunity to directly compare theory to
experimental results if the catalysts retain their structural integrity during the time required to make catalytic rate measurements.[2]
Pt DENs containing an average of 40–240 atoms have previously been prepared within fourth- and sixth-generation
PAMAM dendrimers.[3] The synthesis involves two steps. First
the Pt complex, PtCl42 , undergoes hydrolysis, and then it
reacts with interior tertiary amines of the dendrimer. Second,
addition of NaBH4 results in reduction of the coordinated Pt
ions to atoms, which quickly coalesce into nanoparticles. We
have recently shown that this synthesis yields a bimodal distribution of products: roughly half the dendrimers contain fully
reduced Pt nanoparticles, and the other half contain unreduced Pt2 + (herein we denote all forms of unreduced platinum
as Pt2 + , even though Pt2 + may be coordinated to the dendrimer, OH , Cl , or other species present in solution).[3b] Pt DENs,
and alloys thereof, can be immobilized onto electrode surfaces
and are active for the oxygen reduction reaction (ORR),[3d, e, 4]
CO oxidation,[3d] H + reduction,[3d] and H2 oxidation.[3d] We have
previously reported that the rate of the ORR is a sensitive function of catalyst size,[3d] and that the rate of the ORR at PtPd bi-
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metallic DENs depends on the relative composition of the two
metals.[4]
In addition to our own studies of Pt DENs, there have been
numerous experimental and theoretical reports from other
groups.[3a, 5] For example, Miyahara and coworkers recently
demonstrated that the reaction between interior tertiary
amines of PAMAM dendrimers and Pt2 + is temperature dependent.[5 h] Amiridis and coworkers explored the platinum–
dendrimer system using a slightly different synthetic technique
that did not result in reduction of the precursor complex.[3a] Yamamoto et al. examined the electrocatalytic properties of Pt
DENs for the ORR using a different type of dendrimer and reported exceptional catalytic activity for the smallest (~ 1 nm)
nanoparticles.[6]
While the structural characteristics of DENs are beginning to
emerge, very little is known about their properties during catalytic reactions. As mentioned earlier, our primary interest in
DENs is in directly correlating first-principles theory to experimental catalytic rate measurements. For this purpose, it is essential that the structure of the catalyst remain unchanged (or
at least that the changes be understood) in operando. As a
first step toward understanding how DEN structure evolves
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during catalysis, we examined the oxidation of CO to CO2. This
reaction has specific characteristics that make it appropriate
for this study. First, the rate of this reaction is easily controlled
via the electrode potential. Second, the intermediate species,
adsorbed CO, can be retained on the electrode surface long
enough to obtain XAFS spectra. Finally, this electrochemical reaction has been studied extensively both on single-crystal Pt
and on nanoparticles, and therefore benchmarks exist for interpreting results.[7] For example, CO adsorption on Pt/Cu nearsurface alloys results in a Cu-rich surface due to the enhanced
strength of the Pt CO bond in the presence of a Pt/Cu surface
alloy.[8] Additionally, it has been shown that Pt nanoparticles
agglomerate during CO adsorption and oxidation.[7c, 9] Markovic
and coworkers have used repeated potential cycling in a COrich solution to restructure the surface of Pt nanoparticles in
their studies of particle-size effects.[7a, d] This group also found
that adsorption of OH at surface defect sites affects the potential for CO oxidation.
Extended XAFS (EXAFS) provides information about the local
environment of atoms in nanoparticles like DENs. This information includes the chemical identity, average bond lengths, and
ensemble-average coordination number (CN) of atoms close to
the x-ray absorbing atom.[10] X-ray absorption near-edge structure (XANES) contains information about the charge state of
the absorbing atom, and therefore it is sensitive to the oxidation state of the absorber and its changes during in situ transformations. EXAFS and XANES data can both be collected
in situ during electrochemical reactions, but for Pt nanoparticles smaller than ~ 5 nm in diameter, such studies have largely
been confined to applications related to fuel cells.[11] These
prior studies are distinguished from the results presented
herein by the size and composition of the catalyst and its support. For example, Russell and coworkers studied the adsorption of CO to commercial, carbon-supported Pt catalysts ranging in size from 1–10 nm and reported sensitivity to surface
adsorbates. Specifically, they were able to detect both CO and
Pt oxides, and they could distinguish between Pt CO and Pt
support interactions.[11h] Adzic and coworkers studied the ORR
at core–shell particles consisting of Pt monolayers on nanosized substrates including NbO2.[11l] In these studies, the Pt interatomic distance could be controlled by changing the core
material, and this in turn led to tuning of the catalytic activity.
Herein, Pt DENs containing an average of 240 atoms were
encapsulated within sixth-generation, hydroxyl-terminated
PAMAM dendrimers (G6-OH), and then immobilized onto
carbon paper electrodes. The CNs were measured in electrolyte
solution before and after application of an electrode potential,
and before, during, and after CO adsorption. Two significant results emerge from this study. First, the Pt CN of the electrodeimmobilized DENs increases significantly after the first application of a reducing potential and then it remains constant. This
result is consistent with our previous study,[3b] and it suggests
that the fraction of unreduced Pt DEN precursors originally
present after BH4 reduction is converted to fully reduced
DENs by the potential applied to the electrode. Second, CO adsorbs to Pt DENs and is then electrochemically oxidized to CO2
without measurable change to the encapsulated nanoparticles.
ChemPhysChem 2010, 11, 2942 – 2950

This is an important finding, because it means these DENs are
dimensionally stable on the timescale of the XAFS measurements. Accordingly, the effect of DEN size and composition on
catalytic reactions can be studied without fear of time-dependent agglomeration or other changes.

2. Results and Discussion
2.1. DENs Synthesis
Details regarding the synthesis of Pt DENs containing an average of 240 atoms [G6-OH(Pt240)] are provided in the Experimental Section and have been reported previously.[3b–e, 4] Briefly,
however, PtCl42 was allowed to complex with an aqueous solution of G6-OH for 72 h. The resulting precursor complex [G6OH(Pt2+)240] was then reduced with BH4 . UV/Vis spectra and
TEM micrographs of the resulting DENs were consistent with
previous reports and are provided in the Supporting Information (Figure S1). The DENs were purified by dialysis prior to
electrochemical experiments.
2.2. Immobilization of DENs onto Glassy Carbon Electrodes
(GCEs)
Figure 1 a shows cyclic voltammograms (CVs) obtained during
immobilization of Pt DENs to a GCE.[8] The immobilization procedure consists of cycling the potential of the GCE from
0.2 V to 0.7 V three times. The first scan has a slightly higher
anodic current, beginning at ~ 0.4 V, compared to subsequent
scans. We do not know how this observation correlates to the
mechanism of DEN immobilization, but we have shown previously that it leads to a strong and irreversible link between the
dendrimer and the GCE.[3d, e, 4]
2.3. CO Oxidation
For comparison, CO oxidation experiments were performed on
two different electrodes: bulk polycrystalline Pt and a DENmodified GCE. Each electrode was immersed in a CO-saturated
aqueous 0.1 m HClO4 solution in the standard electrochemical
cell (see the Experimental Section for the terminology used to
identify the three different types of cells used herein) for
10 min at 0.7 V, and then the electrolyte solution was purged
with N2. It has previously been reported that this treatment results in chemisorption of a CO monolayer.[7a–c, 9] Finally, the electrode potential was cycled twice from 0.7 to 0.8 V.
CVs for oxidation of CO on the polycrystalline Pt electrode
are shown in Figure 1 b. At the start of the first scan (red line,
0.7 V), the Pt surface is covered with CO and therefore no Hoxidation peaks are observed. As the electrode is scanned to
more oxidizing potentials (0.10 V), adsorbed CO is oxidized to
CO2 and then desorbs from the surface. At the highest potentials, the increased current results from oxidation of the Pt surface. On the return sweep, a small amount of Pt oxide is reduced at ~ 0.0 V, followed by the reductive adsorption of H +
onto the Pt surface. The second cycle has many of the same
features as the first, but it also shows a H-desorption peak at
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less positive potentials for the Pt DENs, indicating that H + is
harder to reduce on the DENs compared to a bulk Pt electrode. Additionally, for the polycrystalline Pt electrode there
are smaller features atop the broader current envelope in this
potential region, which arise from both hydrogen and anion
adsorption and desorption from specific crystal faces.[14] Finally,
the Pt oxide reduction wave for the DENs is displaced
~ 200 mV negative compared to the bulk Pt electrode.[15]
The areas under the CO oxidation peaks were integrated to
estimate the total Pt surface area. As is customary for polycrystalline Pt surfaces,[7b] we assumed a charge-per-unit-area of
420 mC cm 2 for this calculation for both bulk Pt and Pt DENs.
However, the corresponding value for Pt nanoparticles is unknown, and therefore the surface area estimate for the DENs
must be considered within this context.[3d] The true surface
area for the bulk Pt electrode, measured using the data in Figure 1 b, is 0.069 cm2, and its geometric area is 0.032 cm2. The
ratio of measured area to geometric area, or roughness factor,
is, therefore, 2.15, which is consistent with previous reports.[16]
The surface area of the Pt DENs, measured using the data in
Figure 1 c, is 0.57 cm2. The surface area of the Pt DENs was estimated using several reasonable assumptions: a roughness
factor of 2.4 for the GCE, one spherical nanoparticle per dendrimer, and a surface coverage of one dendrimer per 35 nm2
of GCE surface area.[3d] This calculation yields an estimated Pt
surface area of 0.049 cm2. The difference between the measured (0.57 cm2) and estimated (0.049 cm2) areas by an order
of magnitude is similar to, but higher than, that observed in
previous studies of Pt DENs.[3d] We rationalize the difference in
the ratios between this study and the previous report by considering the difference in electrode roughness and the electrode pretreatment.
2.4. Immobilization of DENs onto a Carbon Paper Electrode

Figure 1. Cyclic voltammograms for a) the immobilization of G6-OH(Pt240)
DENs to a GCE, b) CO oxidation on a bulk, polycrystalline Pt electrode, and
c) CO oxidation on the DEN-modified GCE. The immobilization (a) was performed at 10 mV s 1 in a dialyzed 10 mm solution of G6-OH(Pt240) DENs with
0.1 m LiClO4 as electrolyte. The CO oxidation experiments (b and c) were performed at 50 mV s 1 in 0.1 m HClO4. These experiments were performed in
the standard electrochemical cell (see text for details about the cells used
herein).

~ 0.6 V and no CO oxidation peak. All of these observations
are in accord with literature reports.[7, 12]
The oxidation of CO on the Pt DENs-modified GCE (Figure 1 c) displays features similar to those just described for the
polycrystalline Pt electrode. However, consistent with previous
reports, the CO oxidation peak is both broader and at a more
positive potential for the DENs.[3d] These observations are consistent with more heterogeneity in the CO binding sites for the
DENs, compared to bulk Pt, and stronger adsorption of CO to
the nanoparticles, respectively.[13] Similar findings have been reported for Pt nanoparticles in this size range prepared by
other methods.[7a] The H-adsorption region extends to slightly

2944

www.chemphyschem.org

G6-OH(Pt240) DENs were immobilized onto a carbon paper electrode following a procedure reported by Godinez et al. and described in the Experimental Section.[17] Briefly, the hydrophobic
carbon paper was rendered hydrophilic using an electrochemical pretreatment step in the Teflon cell. The carbon paper was
then rinsed and immersed in a Pt DENs solution overnight, resulting in immobilization of the dendrimers. We speculate that
oxygen-containing functional groups introduced onto the
carbon surface by electrochemical cycling provide sites for hydrogen bonding or electrostatic adsorption of dendrimers.[5a, 18]
Immobilization of Pt DENs onto the carbon paper was confirmed using cyclic voltammetry. Figure 2 a compares CVs in
the H-adsorption region for carbon cloth electrodes modified
with empty G6-OH dendrimers and G6-OH(Pt240) DENs. The CV
for the empty dendrimers is featureless, except for a significant
capacitive background, indicating an absence of catalytic activity. In contrast, the CV for the carbon paper electrode modified
with Pt DENs exhibits significant catalytic activity for reduction
of protons and subsequent oxidation of adsorbed H atoms.
Additionally, there is a smaller feature at the extreme positive
end of the scan range, which corresponds to formation of Pt
oxide. These results confirm the presence of Pt DENs, and that
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2.6. Electrochemistry

Figure 2. Cyclic voltammograms obtained in 0.1 m HClO4 using a carbon paper working electrode. a) A scan of the
hydrogen adsorption region using a G6-OH modified electrode (red line) and an electrode modified with G6OH(Pt240) DENs (black line) (scan rate = 50 mV s 1). b) The first (red line) and second (black line) scans of the CO oxidation region (scan rate = 50 mV s 1). These experiments were performed in the standard electrochemical cell.

The in situ electrochemical XAFS
experiments require a highly
specialized
cell
geometry
(Scheme 1). This cell design
evolved as a compromise between the need to simultaneously optimize the electrochemical and spectroscopic measurements, and therefore it is not
ideal for either. More details
about the cell design are included in the Experimental Section.
The XAFS cell and XAFS experiments required slight changes to

the DENs are in electrical contact with the carbon paper working electrode.
The CV of the carbon paper modified with Pt DENs differs
from the corresponding data for the GCE (Figure 1 c, second
scan) in that the former displays higher capacitance and a
slightly sloped resistive background. These changes are ascribed to both the higher resistance of the carbon paper and
its substantially higher surface area (~ 3.1 cm2 geometric).

2.5. CO Oxidation on a Carbon Paper Electrode
Figure 2 b shows a CV for CO oxidation on a Pt DEN-modified
carbon paper electrode in the standard electrochemical cell.
With the exception of the electrode materials, this experiment
was performed using the same conditions described for the
GCE (Figure 1 c). The first scan in the positive direction displays
the features anticipated by the results on the DEN-modified
GCE: no H-oxidation (< 0.6 V), CO oxidation (~ 0.35 V), and Pt
oxidation (> 0.6 V). However, these major features are shifted
positive and broadened by the resistance of the carbon paper
electrode compared to the GCE. The resistance of the cell is
also observed as a sloping background current. In addition to
the expected features, there is a small peak in this CV at 0.05 V.
It may be associated with an interaction between the carbon
paper and the Pt DENs, and we have observed that it varies in
intensity with both batch and thickness of carbon paper.
Upon reversal of the positive-going scan, reduction of Pt
oxide is observed at ~ 0.25 V, and there is a small peak for H
adsorption at ~ 0.7 V. Note that the CVs shown in parts (a)
and (b) of Figure 2 were performed on different samples, so
some variation in both the H-adsorption peaks and the capacitive background are expected due to differences in Pt DENs
loading.
There is a small Pt H oxidation peak present at ~ 0.6 V in
the second scan, but the CO oxidation peak is absent. These
results are consistent with the data for the Pt DEN-modified
GCE (Figure 1 c). Note that the smaller anodic peak at 0.05 V is
also not present in the second scan.
ChemPhysChem 2010, 11, 2942 – 2950

Scheme 1. Cell geometry for in situ electrochemical XAFS experiments.

the procedure described earlier for CO adsorption to the Pt
DENs. First, instead of initially stepping the potential from
open circuit to 0.7 V, as was done for the experiments shown
in Figure 2 b, the electrode potential was swept from 0.2 to
0.7 V at 50 mV s 1, and then held at 0.7 V. This was necessary because of the high surface area of the electrode, and the
corresponding need to maintain the maximum current passing
through the cell below the limit defined by the potentiostat. In
addition, to allow time for the XAFS spectra to be acquired,
the potential was held at 0.7 V in the presence of CO for 4 h
rather than 10 min.
The CV in Figure 3 shows the oxidation of CO in the XAFS
cell. The electrochemical parameters used to obtain these data
were identical to those described for Pt DENs on carbon paper
in the smaller cell (Figure 2 b). Note the prominent resistive
background arising from the electrode material and cell geometry. The peaks in the CVs are also quite similar to those in Figure 2 b, except they are broadened and shifted in potential
(~ 0.4 V vs ~ 0.6 V for Figures 2 b and 3, respectively). Importantly, each feature of the ideal CO oxidation exhibited by the
Pt DENs on a GCE (Figure 1 c) is observed.
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comparison with model compounds: bulk Pt (CN = 12), a 147atom cuboctahedron (8.98), and a 309-atom cuboctahedron
(9.63).[19] The measured CN is significantly lower than expected
for a 240-atom particle (8.98 < CN < 9.63) but is consistent with
that previously measured for G6-OH(Pt240) DENs in the solid
state (6.1  0.4).[3b] Additionally, the fit reveals a significant contribution from Pt O (Figure 4 b), indicating the presence of unreduced Pt2 + surrounded by low-Z neighbors (modeled by
oxygen atoms), while the other experiments listed in Table 1
showed little or no contribution from Pt O. The Pt O CN for
Experiment 1 is also consistent with previous measurements.[3b]
Note also that in the presence of multiple X-ray absorption
sites (e.g. within the interior and on the surface of the nanoparticle, as in the case here) EXAFS can not discriminate beFigure 3. Cyclic voltammograms showing the first (red line) and second
tween Pt-O and Pt N bonds, or between different forms of
(black line) scans of the CO oxidation region for a G6-OH(Pt240) DEN-modified
oxygenated Pt, including Pt OH2, Pt OH, and Pt O. Very wellcarbon paper electrode using the in situ EXAFS cell. The scan rate was
50 mV s 1 and the electrolyte was 0.1 m HClO4.
defined model structures are required for such discrimination.[20] Additionally, EXAFS measurements do not imply a
chemical bond, but simply proximity. Because both the Pt Pt
2.7. EXAFS Analysis
and Pt O CNs for Experiment 1 are consistent with previous
Figure 4 shows the r-space data and fits for the Pt L3 edge for
results for bulk DEN samples, we conclude that there is no sigeach in situ EXAFS experiment. The corresponding k-space
nificant change induced in the DENs by the immobilization
data are provided in the Supporting Information (Figure S2).
process or the presence of the electrolyte solution.
Parameters resulting from the fits, as well as the experimental
The EXAFS data for Experiment 2 (Table 1 and Figure 4 b),
conditions, are given in Table 1. Prior to sparging the solution
which were obtained with the DEN-modified electrode under
with gas or placing the working electrode under potential conpotential control ( 0.7 V), were somewhat ambiguous as to
trol (Experiment 1, Table 1), the Pt Pt CN is 5.8  1.3. The correwhether a weak Pt-O contribution (CN = 0.26  0.27) should be
sponding EXAFS data and the theoretical fit are shown in Figincluded. No Pt O contribution is included in the fit shown in
ure 4 a. This CN allows estimation of the nanoparticle size by
Figure 4 b, but an alternative simulation, which does include
this component, is shown in the
Supporting Information (Figure S3a). The decision to exclude
a contribution from Pt O is
based on the XANES data shown
in Figure 5. Figure 5 a shows the
difference in the white line intensity for a bulk Pt reference
foil, a dried powder sample of
the unreduced Pt2 + /dendrimer
complex, and a dried powder
sample of the reduced Pt DENs.
The presence of oxidized Pt is
clearly observed as an increase
in the white line intensity of the
red
spectrum.[21]
Figure 5 b
shows the XANES data for the
four experiments summarized in
Table 1. Only the spectrum for
Experiment 1 reveals this same
sort of intensity increase, and
therefore a contribution from
Pt O was used to fit just this
one EXAFS spectrum.
Figure 4. r-space data (black lines) and fitting analysis (red lines) for in situ electrochemical XAFS experiments. The
The EXAFS analysis of Experiexperiments were carried out at fixed potentials using a G6-OH(Pt240)-modified carbon cloth working electrode.
ment 2 indicates a significantly
The electrolyte was 0.1 m HClO4. a) Air-saturated solution at open-circuit potential, b) N2-saturated solution,
higher Pt Pt CN than was meaE = 0.7 V, c) CO-saturated solution, E = 0.7 V, d) air-saturated solution, open-circuit potential. See Table 1 and
sured in Experiment 1 (9.9  1.1
the text for a complete summary of the conditions used to obtain these results.
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This value is a little lower than
that measured in the presence
Pt Pt CN
Pt O CN
Rbkg
Potential
Name
Gas sparge[a]
of CO but still consistent with a
(vs Hg/Hg2SO4)
240 atom nanoparticle.
Our CO adsorption and stripExperiment 1
None
OCP[b]
5.8  1.3
1.6  0.6
1.2
Experiment 2
N2
0.7
9.9  1.1
[c]
1.8
ping results are in excellent
Experiment 3
CO
0.7
10.5  1.5
[d]
1.8
agreement with those previously
Experiment 4
None
OCP[b]
8.9  0.9
[d]
1.8
reported by Newton et al. for cy[a] This column indicates the gas that was used to sparge the solution during XAFS measurements. For Expericling of Pd nanoparticles in CO
ment 1, the solution was air-saturated, but not sparged. For Experiment 4, the solution was sparged with N2
and NO gas.[23] Specifically, they
for 10 min prior to XAFS measurements, but during measurements the cell was open to the atmosphere.
used a combination of EXAFS
[b] Open-circuit potential. [c] A Pt O contribution was barely detectable but not used for the fit. See text for
more information. [d] No Pt O contribution was included in the fit.
and diffuse reflectance infrared
spectroscopy, to show that Pd
Pd CNs were higher in the presence of CO. Yevick and Frenkel
have recently proposed a quantitative modeling strategy that
makes it possible to account for
the surface disorder effect on
EXAFS results for CNs in strained
nanoparticles.[24] They showed
that enhanced surface disorder
causes a reduction in the apparent metal-metal CN relative to
ordered atomic arrangements of
the same shape (e.g. in bare
Figure 5. XANES spectra obtained for a) dry, solid-state reference materials and b) the in situ experiments. These
clusters vs clusters passivated by
experiments were carried out at fixed potentials using a G6-OH(Pt240)-modified carbon cloth working electrode.
H or CO). The Yevick–Frenkel
The electrolyte was 0.1 m HClO4. (Black line, Experiment 1): air-saturated solution at open-circuit potential, (red
model offers a plausible explanaline, Experiment 2): N2-saturated solution, E = 0.7 V, (green line, Experiment 3): CO-saturated solution, E = 0.7 V,
(blue line, Experiment 4) air-saturated solution, open-circuit potential. See Table 1 and the text for a complete
tion for the apparent small insummary of the conditions used to obtain these results.
crease (Table 1) in the Pt Pt CN
in the presence of surface-adsorbed CO. That is, CO may
induce additional order in Pt DENs, which results in a more acvs 5.8  1.3). Taking into consideration the error in the meacurate measurement of their CN.
surement, this CN is approximately that expected for a 240There are two more important findings that result from the
atom particle. That is, cuboctahedral nanoparticles containing
EXAFS experiments. First, Pt DENs are fully reduced by applica147 and 309 atoms have CNs of 8.98 and 9.63, respectively.
tion of an appropriate electrode potential. Second, once they
This result suggests that the application of a sufficiently negaare fully reduced, the DENs remain stable during adsorption
tive electrode potential ( 0.7 V in this case) leads to reduction
and subsequent oxidation of CO. That is, it is absolutely clear
of Pt2 + that was not originally reduced by BH4 . This finding is
that surface-immobilized DENs do not aggregate into bulk-like
fully consistent with our previously reported model, which sugstructures (CN = 12) during electrocatalytic oxidation of CO.
gested that BH4 only reduces about 50 % of the precursor
complexes present in solution.[3b]
Figure 4 c shows EXAFS spectra for CO absorbed to the Pt
2.8. X-ray Photoelectron Spectroscopy (XPS)
DENs at an electrode potential of
0.7 V (Experiment 3,
The Pt DEN-modified carbon paper was examined by XPS folTable 1). The Pt Pt CN (10.5  1.5) is about the same as before
lowing the XAFS experiments to determine the oxidation state
CO adsorption (9.9  1.1). Additionally, a weak contribution to
of the nanoparticles. A high-resolution XPS scan of the Pt 4f
the EXAFS signal, which is consistent with an interaction beregion of the spectrum, along with relevant peak fitting, is
tween Pt and a low Z element (Figure S3b), was observed. The
shown in Figure 6. The positions of the main peaks (Pt 4f5/2 =
fitted bond length for this interaction (1.87  0.04 ) matches
that of Pt CO.[11 h, 22] While this interaction was not strong
74.6 eV and Pt 4f7/2 = 71.3 eV) are consistent with our previously
enough to be conclusive, we included it in the fit because its
reported results for reduced Pt DENs (Pt 4f7/2 = 71.3 eV).[3b]
presence is anticipated based on the chemistry of the system.
However, the small shoulders apparent at 75.9 and 72.6 eV in
The CO adlayer was removed by scanning the electrode poFigure 6 indicate the presence of a small amount of oxidized
tential twice from 0.7 V to 0.8 V, and then EXAFS data were
Pt. The full-width at half maximum for the peaks correspondacquired at open circuit (Experiment 4). The fit of the EXAFS
ing to fully reduced Pt (green line) is 0.8 eV. However, the
spectrum (Figure 4 d) reveals a Pt-Pt CN of 8.9  0.9 (Table 1).
peaks corresponding to oxidized Pt (Ptx + , magenta line) are
Table 1. Experimental conditions and EXAFS fitting results.

ChemPhysChem 2010, 11, 2942 – 2950
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Experimental Section
Chemicals: G6-OH dendrimers were purchased from Dendritech,
Inc. (Midland, MI) as 10.0 % solutions in methanol. Before use, this
solution was dried under vacuum at 22 8C and then reconstituted
in sufficient deionized water to make a 100 mm solution. All other
chemicals were used as received. K2PtCl4 and NaBH4 were purchased from Sigma–Aldrich (Milwaukee, WI). High-purity H2SO4 and
HClO4 were purchased from J.T. Baker (Phillipsburg, NJ). The carbon
paper was AvCarb Grade-P75, purchased from Ballard Material
Products (Lowell, MA). Au foil and wire (99.9 %) were obtained
from Alfa Aesar (Ward Hill, MA). Aqueous solutions were prepared
using 18 MW·cm Milli-Q water (Millipore, Bedford, MA).

Figure 6. High-resolution XPS spectrum in the Pt 4f region for G6-OH(Pt240)
DENs. These data were obtained from a section of the electrode used for
the XAFS data shown in Figure 4. The dashed lines represent the binding energies for zero-valent Pt (4f7/2 = 71.2 eV, 4f5/2 = 74.5 eV). See text for a discussion of the peak fitting procedure.

much broader: 1.75 eV and 1.40 eV for the 4f7/2 and 4f5/2 peaks,
respectively. This suggests a distribution of oxidation states.
The tail at higher binding energies is likely due to energy
losses arising from interactions between photoelectrons and
the dendrimer templates. The key point, however, is that all of
the XPS data are consistent with the EXAFS results.

3. Summary and Conclusions
We have used in situ electrochemical XAFS to investigate the
structural properties of Pt DENs before, during, and after adsorption of CO. The results support our previous finding that
reduction of the Pt2 + /dendrimer precursor complex with BH4
leads to a bimodal distribution of fully reduced and fully unreduced encapsulated Pt structures [i.e. a mixture of G6-OH(Pt240)
and G6-OH(Pt2+)240].[3b] This distribution is unchanged after passive immobilization of the dendrimers onto the electrode.
However, when a negative potential is applied to the carboncloth electrode, the CN of the DENs increases from 5.8 to 9.9,
indicating complete reduction of the G6-OH(Pt2+)240 fraction
on the electrode and hence conversion of the bimodal distribution to G6-OH(Pt240). Finally, adsorption and desorption of
CO onto the Pt DENs do not significantly change the particle
structure, but there are some subtle changes that might result
from adsorbate-driven ordering of the DENs. The important
point, however, is that the presence of the dendrimer hosts
stabilize the nanoparticles and prevent agglomeration.
The fact that the structure of DENs is stable on the electrochemical and XAFS time scale (hours) is important, because
our objective is to correlate the structure of these materials to
their electrocatalytic properties and to first principles calculations. Such correlations require that the size, composition, and
structure of nanoparticles be well-defined and not change
during the course of catalytic rate measurements. These types
of studies are presently underway in our lab, and the results
will be reported in due course.
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DEN synthesis: DENs consisting of sixth-generation, hydroxyl-terminated PAMAM dendrimers encapsulating Pt nanoparticles containing of an average of 240 atoms [G6-OH(Pt240)] were prepared using
a previously reported synthesis. Briefly, 240 equiv of Pt2 + from a
freshly prepared, aqueous 100 mm K2PtCl4 solution were added to
an aqueous 10.0 mm solution of G6-OH. This solution was stirred
for 3.0 days to allow complexation of Pt2 + to tertiary amines within
the dendrimer.[3b] This G6-OH(Pt2+)240 complex was reduced for
24.0 h in a tightly sealed vial using a ~ ten-fold molar excess of
freshly prepared, aqueous 0.50 m NaBH4. Finally, the DENs solution
was dialyzed for 24.0 h into 4.0 L of Milli-Q water using a 12 kDa
cutoff dialysis sack (Sigma–Aldrich).
Characterization: UV-vis absorption spectra were acquired using a
Hewlett–Packard HP8453 spectrometer and quartz cuvettes having
a pathlength of 0.10 cm. A 10.0 mm aqueous G6-OH solution was
used for background subtraction.
Transmission electron microscopy (TEM) was carried out using a
JEOL-2010F TEM operating at 200 kV. Samples were prepared by
dropping the appropriate solution onto a 20 nm-thick, carboncoated, 400-mesh Cu grid (EM Sciences, Gibbstown, NJ) supported
on filter paper, and then drying in air. X-ray photoelectron spectroscopy (XPS) data were obtained using a Kratos Axis Ultra DLD
spectrometer having a monochromatic Al Ka X-ray source. Highresolution spectra were collected at a pass energy of 20 eV, a resolution of 0.1 eV, and a dwell time of 1.00 s. Survey scans were collected at a pass energy of 160 eV, a resolution of 1 eV, and a dwell
time of 1.00 s. XPS samples were cut from the carbon paper used
for the EXAFS measurements. To account for sample charging, the
recorded binding energies were adjusted so that the energy of the
carbon peak matched the previously measured value for the dendrimer (286.0 eV).[3b] Peak fitting was performed using XPSPEAK
software. Both the separation and the ratio of areas for the Pt 4f7/2
and 4f5/2 peaks were constrained to be equal for both the reduced
and oxidized Pt species. A Shirley background was used while the
peaks were 80 % Lorentzian-20 % Gaussian.
XAFS spectra were obtained at beamline X18B of the National Synchrotron Light Source at the Brookhaven National Laboratory
using a custom-designed cell. More information about the cell is
provided later in this section, in the main text, and in the Supporting Information. The DENs were immobilized onto the working
electrode by soaking electrochemically activated carbon paper
(vide infra) overnight in a dialyzed, aqueous solution of Pt DENs.
Once modified with DENs, the electrodes were rinsed and kept
wet until use. All XAFS data were obtained in fluorescence mode
using a Lytle detector, Soller slits, and a Ge filter. A reference Pt foil
was measured between successive samples and used for energy
calibration and alignment. As many as 10 EXAFS scans of the Pt adsorption edge were collected and averaged to improve the signalto-noise ratio.
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The data were processed using the Athena program and fit using
the FEFF6 theory and the Artemis program.[10, 25] The fitting model
was constructed using four variables (CN, Dr, DE0, and s2) for each
interaction (Pt Pt, Pt O, or Pt C). The value of SO2 (0.84) was fixed
to that of a Pt foil measured on the same beamline. The foil was fit
over four shells to a perfect fcc lattice to obtain SO2. A typical analysis fit either four or eight variables to the data which contained
ten independent data points. The initial choice of Rbkg, a background subtraction factor, was made during the data processing
and finalized during the analysis stage due to the difficulty of correctly determining this parameter in the case of low Z absorbers.
Fine tuning of its value was made by visual examination of the fit
quality and inspection of the quantitative goodness of the fit; that
is, the reduced c2 and R-factor reported by Artemis.
Electrochemical cells: Three distinct types of electrochemical cells
were used in this work. Photographs of each cell are provided in
the Supporting Information (Figure S4). The first type of cell used
is referred to as the “standard electrochemical cell” (Figure S4a).
This cell is a cylindrical glass container, open at the top, and it has
a volume of 20 mL. All three electrodes are inserted into the cell
from the top. When a carbon paper electrode is used in this cell, a
large area of the electrode is exposed to the electrolyte solution.
However, the active electrochemical area is limited to that which
has been rendered hydrophilic by electrochemical pretreatment.
The electrochemical cell used to make the carbon paper hydrophilic is referred to as the “Teflon cell,” and it is illustrated schematically in Figure S5 and a photograph is provided in Figure S4b. This
cell defines a geometric area of 3.1 cm2 on the carbon paper working electrode.
The final electrochemical cell is referred to as the “XAFS cell”, and
it is shown in Figure S4c and illustrated in Scheme 1. This cell was
used for all in situ XAFS experiments. Alternative designs have
been used by other groups.[11g, i, 26] As shown in Scheme 1, our cell
design balances the requirements for electrochemical and XAFS
measurements. In addition, this design provides for continuous gas
sparging during the XAFS experiments without bubbles forming
either on the electrode or near the XAFS window.
Electrochemistry: Unless specified otherwise, all electrochemistry
experiments employed a Hg/Hg2SO4 reference electrode (CH Instruments, Austin, TX) and a glassy carbon counter electrode. All
potentials are reported vs the Hg/Hg2SO4 reference electrode. The
standard electrochemical cell was used for experiments employing
either the glassy carbon working electrode (GCE) or the Pt working
electrode, as well as for CO oxidation scans using the carbon
paper working electrode. Carbon paper pretreatment, cleaning
scans, and H-adsorption experiments were performed in the Teflon
cell.
Immobilization of Pt DENs on the GCE followed a previously reported procedure.[3d, e, 4] Briefly, The GCE was polished with 0.3 mm
alumina, rinsed, dried with N2, and then immersed in a cell containing 0.1 m LiClO4, the dialyzed DENs solution, a Pt wire counter electrode, and a Hg/Hg2SO4 reference electrode. During immobilization, the electrode potential was scanned from 0.2 to 0.7 V at
10 mV s 1 for three cycles. For the oxidation of CO in the standard
cell, the working electrode (either a macroscopic Pt electrode, a Pt
DENs-modified GCE, or a Pt DENs-modified carbon paper electrode) was first placed in a CO-saturated, 0.1 m HClO4 solution. The
potential of this electrode was stepped to 0.7 V and held there
for 10 min. Next, N2 was bubbled into the solution for 10 additional minutes while maintaining the electrode at 0.7 V. The electrode
was then swept from 0.7 V to 0.8 V at 50 mV s 1 for two full
cycles.
ChemPhysChem 2010, 11, 2942 – 2950

Electrochemical pretreatment of the carbon cloth, necessary to
render it hydrophilic, followed a procedure previously reported by
Godinez and coworkers.[17] Specifically, the potential of the carbon
cloth was scanned 4 times between 1.0 V and 1.0 V at 100 mV s 1
in an aqueous 0.5 m H2SO4 electrolyte solution. These scans started
and ended at 0.0 V, and the initial scan direction was negative. Additional information about the pretreatment procedure is provided
in the Supporting Information (Figure S6).
Following DEN immobilization, nanoparticle cleaning scans were
performed by cycling the potential of the carbon cloth 10 times
between 0.185 V and 0.715 V at 50 mV s 1 in an aqueous 0.1 m
HClO4 electrolyte solution. These scans started and ended at 0.0 V,
and the initial scan direction was negative. Voltammetry in the hydrogen adsorption region was performed immediately following
the cleaning scans. In this case, the scan rate was 50 mV s 1 and
three cycles were recorded.
In situ XAFS experiments were carried out in 0.1 m HClO4 aqueous
solutions, saturated with either N2 or CO, using the XAFS cell. The
electrolyte solutions were sparged with the appropriate gas for at
least 10 min before placing the working electrode under potential
control, and, unless otherwise specified, sparging continued
throughout the time required to obtain XAFS spectra. The in situ
CO experiments started with a linear sweep from 0.2 V to 0.7 V
at 10 mV s 1, and then the potential was held at 0.7 V for the duration of the XAFS measurements. The cell was then purged with
N2 for 10 min to remove residual CO from the solution. Adsorbed
CO was oxidized by cycling the potential twice from 0.7 V to
0.8 V at 50 mV s 1 with no gas flowing. These scans began and
ended at 0.7 V. The final XAFS spectrum was obtained at the
open circuit potential (OCP) with no gas flowing.
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