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cal evaluation of Pt L;-edge EXAFS data to unravel the
structure of Pt-alloy nanoparticles for the oxygen re-
duction reaction on highly oriented pyrolytic graphite.
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Extended X-ray absorption fine structure (EXAFS) is a powerful tool to determine the local struc-
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ture in Pt nanoparticles (NP) on carbon supports, active catalysts for fuel cells. Highly oriented

pyrolytic graphite (HOPG) covered with Pt NP gives samples with flat surfaces that allow applica-
tion of surface science techniques. However, the low concentration of Pt makes it difficult to obtain
good quality EXAFS data. We have performed in situ highly sensitive BCLA-empowered Back II-
luminated EXAFS (BCLA+BI-EXAFS) measurements on Pt alloy nanoparticles. We obtained high
quality Pt Ls;-edge data. We have devised a novel analytical method (Model Building Analysis) to
determine the structure of multi-component nanoparticles from just a single absorption edge. The
generation of large numbers of structural models and their comparison with EXAFS fits allows
us to determine the structures of Pt-containing nanoparticles, catalysts for the oxygen reduction
reaction. Our results show that PtCo, PtCoN and AuPtCoN form a Pt-shell during electrochemical
dealloying and that the ORR activity is directly proportional to the Pt-Pt bond length.

1 Introduction

The ever-increasing demand for energy and the challenges of
global warming necessitate the advancement of clean sources of
energy. One promising technology, especially as a power source
in vehicles, is the polymer electrolyte fuel cell (PEFC). While this
type of fuel cell is already commercialized in vehicles, it faces sev-
eral severe challenges.2 One of the most critical issues limiting
the commercial success of PEFC vehicles so far, is the slow oxygen
reduction reaction (ORR) at the fuel cell cathode. Pt nanoparti-
cles (NPs) are commonly used as the catalyst but they show lim-
ited stability and are extremely expensive.="® One approach to re-
duce the amount of Pt and to enhance the area specific activities
in ORR catalysts is the alloying of Pt with other transition metals
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such as Co or Ni.®12 However, these bimetallic NPs suffer from
very low durability. While Pt is often dissolved slower under reac-
tion conditions, compared to the pure Pt NPs, the less noble metal
is leached very quickly. This leads to limited structural stability
and eventually the dissolution of Pt.©13:15 Takahashi et al. have
demonstrated two different methods to stabilize PtCo bimetallic
NPs prepared by arc plasma deposition (APD) on a flat highly ori-
ented pyrolytic graphite (HOPG) sample: 1. Formation of CoN
within the PtCo alloy nanoparticles. Codeposition of Pt and Co in
a nitrogen atmosphere leads to the inclusion of N into the NPs and
the formation of CoN. These N-stabilized PtCo particles show im-
proved stability. 28 2. Deposition of Au onto Pt nanoparticles. The
deposition of Au onto Pt NPs results in preferential occupation of
the low-coordination sites, which are most prone to dissolution
during the oxygen reduction reaction, in turn stabilizing the parti-
cles.1Z Combining these two approaches, AuPtCoN nanoparticles
provide higher activity and stability.'® In order to obtain struc-
tural information we conducted in situ Extended X-ray Absorp-
tion Fine Structure (EXAFS) measurements in solution with an
applied potential, comparing the structures of AuPtCoN nanopar-
ticles to those of PtCoN, PtCo and pure Pt particles. However it is
impossible to characterize the Pt samples, prepared with APD, by
conventional fluorescence EXAFS because APD requires flat sub-
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strates like HOPG which have low surface areas, resulting in very
small total amounts of Pt (1 —2 x 10°cm~2). Moreover, in in situ
experiments the electrolyte strongly absorbs the incident and flu-
orescent X-rays and creates a large amount of scattering X-rays,
which degrades the XAFS signal significantly. In this work we
use back-illuminated X-ray absorption spectroscopy (BI-XAFS) in
combination with a bent crystal Laue analyzer (BCLA). BCLA+BI-
XAFS allows us to detect EXAFS of very small amounts of Pt on
the HOPG surface in the presence of electrolyte. In BI-XAFS, the
substrate HOPG plays three roles: 1. X-ray transparent window,
2. support for Pt and its alloy NPs, and 3. working electrode to
apply potential to the NPs. The NPs are facing towards the thick
solution layer and they are illuminated by X-rays from the back
side through the HOPG to prevent undesired X-ray absorption by
the electrolyte. Since a large amount of scattering occurs from the
solution, we apply a BCLA to filter out all but the fluorescent X-
rays of the Pt Ljj—edge. The BCLA allows measurement of the Pt
Li—edge EXAFS without interference from the Au Ljj—-edge. We
could measure the high k-region and achieved increased reliabil-
ity of the EXAFS spectra. Co K-edge EXAFS could not be obtained
due to the low signal to noise (S/N) ratio as described below.
The EXAFS analysis is limited by a strong correlation between
the Debye-Waller factor 62 and the coordination number N1220
as described in more detail in Section 4.4 and the Supporting
Information. In order to break up the correlation we systemat-
ically varied the Debye-Waller factors for two scattering paths,
Pt-Pt and Pt-Co, in EXAFS fitting to obtain physically reasonable
fits by comparing the obtained parameters to those derived from
real space structural models. In the rest of the paper we refer to
this analysis as model building analysis (MBA). Consequently, we
could increase the accuracy of the fitting results. We discuss the
increased stability and activity based on the EXAFS analysis and
we propose structural models for each nanoparticle. The results
of this analysis allow us to 1) determine the Pt-Pt bond length and
its correlation with the activity in the oxygen reduction reaction
and 2) identify structural models for the different samples.

2 Experimental Details

Nanoparticles were prepared on HOPG by APD (APD sources:
ULVAC-RIKO ARL-300). One Pt source was used to deposit pure
Pt NPs. Two sources, one Pt and one Co were used to co-deposit
both metals simultaneously to form PtCo alloy NPs. N was in-
corporated by performing the co-deposition of Pt and Co under
nitrogen atmosphere of 0.1 Pa, PtCo without N was prepared in
ultra-high vacuum (UHV). A Au source was used to deposit Au
onto PtCoN particles in UHV to form AuPtCoN. The nanoparticle
preparation is described in more detail elsewhere 16718 A home-
built electrochemical cell for X-ray spectroscopy was used to per-
form the experiments. Photographs of the cell are shown in Fig.
S1 of the Supporting Information (SI). The cell body was made
from polychlorotrifluoroethylene (PCTFE). The sample NPs were
deposited on a very thin HOPG plate on one side. The HOPG
was mounted on the cell with the deposited NPs facing inwards
and contacting the solution. The other side was exposed to at-
mosphere and let the incident X-rays come in as well as the fluo-
rescent X-rays go out as shown in Fig. [2| We refer to this config-
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uration as BI or back-illuminated.2122 This configuration avoids
x-rays travelling through a thick layer of electrolyte and reduces
the absorption from the solution. In addition, the HOPG sub-
strate also acted as the working electrode. An important merit
is that the Pt catalyst on the working electrode has good con-
tact with the electrolyte in order to circumvent problems with
mass transport in the solution. A difficulty of this BI method is
the thickness of the HOPG window. It must be as thin as pos-
sible, but too thin windows result in holes and cracks that lead
to leakage of the solution. In this work the HOPG thickness was
appropriate for Pt Ljj—edge measurements, but it was too thick
for successful Co K-edge measurements as discussed later. A glass
window was placed at the other side of the cell to obtain a clear
view of the inside. The cell was filled with 0.1 M HCIO, through
an inlet from the bottom. During measurements, the N,—purged
solution was circulated constantly. The Ag/AgCl reference elec-
trode and Pt counterelectrode were inserted into the cell from
the side. These electrodes were covered with Pb sheets to pre-
vent undesired fluorescence from these Pt electrodes. Scanning
Transmission Electron Miroscopy (STEM) and STEM-Energy Dis-
persive X-ray Spectrometry (EDS) measurements were performed
on a JEOL JEM-ARM200F as described elsewhere 16718

EXAFS measurements were performed at beamline BL36XU at
SPring-8 (Super Photon ring — 8 GeV, JASRI, Japan). Fluores-
cence X-rays were collected by a 25-element Ge solid state detec-
tor (SSD). A BCLA was used in front of the SSD in order to re-
move the strong elastic scattering from the solution. Two BCLAs,
purchased from Oxford FMB, were used: BCLAOO75 for the Co
K-edge and BCLA0O095 for the Pt Ljjj—edge. Five scans were per-
formed for each sample. During the measurements the sample
was held at 0.17 V relative to the Ag/AgCl reference electrode. At
this potential the surface is free from adsorbates which allows in-
vestigation of the structures of the intact Pt and Pt alloy nanopar-
ticles. To activate the nanoparticle samples, the applied potential
was cycled between 0.28 V and 1.28 V versus Ag/AgCl 300 times.
This procedure is henceforth referred to as “electrochemical con-
ditioning” or just “conditioning”. Measurements on each sample
were performed both before conditioning (bC) and after condi-
tioning (aC). An overview over the resulting spectra can be found
in Fig. S2 in the SI. There are spikes in the spectra, caused by the
formation of bubbles and their desorption from the sample sur-
face. Their origin is discussed in more detail in the SI and their
removal from the spectra is explained in the following section.

incoming|X-rays
scattered X-rays
fluorescence X-rays

—
L

BCLA 25 element SSD

electrochemical cell

Fig. 1 Scheme of experimental setup



3 Analysis Details

The Athena and Artemis software packages were used to process
and analyze EXAFS data.?3 The 25 channels of the SSD were
summed up after removing those channels that showed no sig-
nificant edge-jump. Afterwards, the spikes were removed by re-
placing the value at each spike with the average of the values
before and after the spike. Next, five scans for a measurement
were averaged. Background subtraction and normalization were
performed on the averaged spectra in the standard way furnished
in Athena. Curve fitting analysis for the resulting y (k) spectra was
performed in Artemis using the EXAFS equation [T}

N 2802 =20 /A0 £ )
2=y St

2
7 krj

sin[2kr;+8;(k)] (1)

S(z) is the overall reduction factor obtained from two references,
Pt foil and PtyCo, foil; f;(k),5;(k) and A (k) are the backscattering
amplitude, phase shift and inelastic scattering factor, respectively
and were calculated with FEFF 6 using a Pt absorber surrounded
by 11 Pt atoms and 1 Co atom. N}, GJZ, r; are coordination num-
bers, Debye-Waller factor and bond distance of the j-th shell, re-
spectively and they were used as fitting parameters. The wave
number, k, was obtained through the following equation:

ho —Ey (2)

where E|, is the origin of the photoelectron kinetic energy. The
difference in E, between experiment and theoretical calculation,
AEj, used in the software to align energy scales, was fixed to the
value of the Pt reference foil in order to reduce the correlation be-
tween parameters in the fitting procedure. Fitting was performed
on the data back-transformed from r-space with three k-weights,
1, 2 and 3 simultaneously. Analysis was performed with a k-range
from 3 A~! to 12.25 A~! and a range in r from 1.5 A to 3.25 A.

4 Results and Discussion

4.1 STEM and EDS

STEM and EDS were performed to determine the average particle
diameters and the Pt/Co ratios shown in Table |1} Typical STEM
images can be found in Figures S3 to S8 of the SI. The pure Pt
NPs coalesce as a result of electrochemical conditioning and thus
show an increase in average diameter, despite dissolution of some
Pt. All Co-containing samples show a decrease in average particle
diameter and an increase in the Pt/Co-ratio as a result of condi-
tioning. These phenomena can be explained by a loss of cobalt,
which is partially dissolved during the electrochemical condition-
ing. The increase in the Pt/Co-ratio is largest for PtCo and small-
est for AuPtCoN, both absolutely as well as relatively. While all
nanoparticles lose some Pt in the electrochemical conditioning, as
shown in Table[1|and discussed below, the increased Pt/Co-ratios
aC are the result of loss of more Co than Pt. The smallest in-
crease in the Pt/Co-ratio for AuPtCoN indicates the stabilization
of Co within these nanoparticles through CoN-formation and Au
adatoms. The largest increase in the Pt/Co-ratio for PtCo is due
to a lack of stabilization and the resulting significant loss of Co.

The STEM-EDS measurements indicate the formation of Pt-shells
as a consequence of electrochemical dealloying and are discussed
in detail elsewhere.16/18

Table 1 Average particle diameters, Pt/Co-ratios obtained from STEM-
EDS, Pt loss calculated from the decrease in the Pt Lij—edge jump

Sample Average diameter / nm Pt/Co-ratio Pt loss / %
Pt bC 42+15 - -

Pt aC 45+ 1.6 - 4.5+£0.2
PtCo bC 48+19 1.7 £0.3 -

PtCo aC 35+1.5 7.8+ 2.0 2.1+0.1
PtCoN bC 53+1.7 1.5+ 0.6 -

PtCoN aC 45+1.7 3.0+04 1.6+ 0.3
AuPtCoN bC 52+1.8 1.0+ 0.4 -
AuPtCoN aC 42+ 1.6 1.5+ 0.9 0.2 +0.2

The errors given for average diameters and Pt loss are standard deviations
while the errors for the Pt/Co-ratios are standard errors.

4.2 Range Extended EXAFS with a BCLA

While nanoparticles containing both platinum and gold are in-
teresting systems2428 elucidating their structures with EXAFS is
difficult because the Ljjj—edges of Pt and Au are very close to each
other (11.56 keV for Pt, 11.92 keV for Au). One possible solution
is to measure the K-edge instead of the Ljjj—edge, because the K-
edges of Pt and Au are separated by more than 2 keV.22 Another
solution is the so called range-extended XAFS method to filter out
the fluorescence from the Au Ljj—edge with an energy filter. 20732
However, the normal range-extended methods require a large
high energy resolution fluorescence detection (HERFD) setup and
thus HERFD experiments are limited to a few special beam lines
dedicated for this kind of measurement. Here we propose a low-
cost, flexible and simple range-extension method using a BCLA,
which extends the possibility of the range extended methods to
normal XAFS beam lines in high-brilliance synchrotron facilities.
Figure 1 shows the Pt Lijj—edge EXAFS of AuPtCoN/HOPG. No Au
edge is observed in the Pt spectrum, demonstrating our ability to
filter out the Au edge.

0.04 4

Au L, -edge energy

0.03 4 vaﬂ/\/\y%wawvsu====sna=a==
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n/au.

before conditioning
after conditioning

0.014

_
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Fig. 2 Deglitched Pt Ly;—edge EXAFS data for AuPtCoN nanoparticles;
the Au Ljj—edge at 11920 eV has been successfully removed by the
BCLA
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4.3 Edge Jump Height Analysis

The Pt Ljj—edge jump height of the data decreases as a result
of the electrochemical conditioning for all samples. The relative
magnitude of this loss is proportional to the amount of lost Pt.
Moreover, since the same sample is treated under in situ condi-
tions, the edge height difference can be directly compared before
and after conditioning. Thus, the reduction in the Pt Lyj—edge
jump is discussed here to estimate the stability of the different
nanoparticles. Figure S9 in the SI shows an example for the lin-
ear fits before and after the Pt Ljjj—edge that are used to calculate
the edge jump. Table [1| summarizes the reduction in the Pt Ly—
edge, with the Pt loss calculated according to equation[3] relative
to the value before conditioning. As expected, the conditioning
treatment reduced the Pt content in the order Pt > PtCo > PtCoN
> AuPtCoN, i.e. the loss of Pt is largest for pure Pt NPs and small-
est for AuPtCoN. It should be stressed, that for the alloy NPs, i.e.
all samples except the pure Pt, the Pt Lyjj—edge jump reduction
is not necessarily a measure of the overall nanoparticle stability
because Co can be dissolved instead of Pt. Instead, the reduction
in the Pt Lyj—edge jump is an indicator of the NPs’ tendency to
lose Pt.

(edge height bC) — (edge height ac)

Pt loss(%) =
0ss(%) edge height bC

x 100 3

4.4 Simple EXAFS fitting analysis
The EXAFS spectra are fitted using the EXAFS formula as de-
scribed above. Although the Co K-edge was measured, the qual-
ity of the data is not good enough for EXAFS analysis due to
the thickness of the HOPG window which reduces the incident
and fluorescence X-ray intensity, in the Co K-edge measurement.
Here, we only perform EXAFS analysis on the Pt Ljj—edge spec-
tra. The EXAFS spectra of all samples are presented in Figure
Figure shows the data in k-space, demonstrating the de-
crease in signal to noise ratio at high k. Figure shows the
data in R-space, i.e. the Fourier transform, with the main-peak
corresponding to the Pt-Pt path showing up between 2 A and 3 A.
An estimate of the number of independent data points N;,; can
be made using the Nyquist-criterion:

2AkAR
T

Ak =9.25A"1(3A"t012.25A ) and AR = 1.75A (1.5 A to
3.25 A) results in 10.3 independent data points. Two scattering
paths are used, a single scattering path between a platinum ab-
sorber and a platinum scatterer (Pt-Pt) and another path between
a platinum absorber and a cobalt scatter (Pt-Co). Au neighbors
are treated as Pt since the scattering from Au and Pt is nearly
identical due to the similar atomic number. For each path, the co-
ordination number N, the Debye-Waller factor 62 and the distance
between absorber and scatterer r were fitted. This corresponds to
six fit parameters, significantly less than the number of indepen-
dent data points. AEj, is fixed to a value of 7.5 eV as discussed
above. The effect of changes in AEj on the bond distance r is used
to estimate the errors for r and discussed in detail in the SI. The

4

ind =
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magnitude / a.u.

== - N - - _ = =
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Fig. 3 Pt Ljj—edge EXAFS data for all samples in k-space (A) and the
Fourier-transform (B); solid lines correspond to experimental data while
the dashed lines (only in B) show the fitted curves; from top to bottom:
black — Pt bC, red — Pt ac, green — PtCo bC, blue — PtCo ac, teal — PtCoN
bC, pink — PtCoN ac, yellow — AuPtCoN bC, ochre — AuPtCoN ac

SI also includes a detailed discussion of the statistical significance
of the third decimal digit of the bond lengths. Table |2| shows the
fitting results for all eight samples with the standard deviations
from least squares fitting for N and 2. The Pt-Pt distances in the
pure Pt NPs (2.75 + 0.02 A and 2.75 + 0.01 A for bC and ac, re-
spectively) remain unchanged after electrochemical conditioning
and are smaller than the Pt-Pt distance in bulk Pt (2.775 A).33
The Pt-Pt bond length in the alloy nanoparticles is even shorter
than that in the pure Pt nanoparticles. It is the shortest in the PtCo
NPs before conditioning (2.71 + 0.04 A). Electrochemical condi-
tioning increases the Pt-Pt bond length for all NPs containing Co,
although the changes in bond lengths of PtCoN and AuPtCoN are
only in the third decimal digit, not shown in Table|2| The reason
for the significantly reduced bond length in PtCo bC is the alloy-
ing of platinum and cobalt; PtCo alloys are known to have shorter
Pt-Pt bond lengths than pure Pt.24 The significant increase in the
Pt-Pt bond length for PtCo aC is thus a result of dealloying: a lot
of Co is lost in the electrochemical conditioning and Pt is segre-



gated. The errors for coordination numbers N and Debye-Waller
factors o2 are large because the two parameters are directly cor-
related in the EXAFS equation (eq. [I). Usually, we carry out the
EXAFS analysis for both edges (Pt and Co) simultaneously, satis-
fying the relevant physical constraints to reduce the correlation
between N and ¢2.2%34 The strong correlation between ¢ and
N leads to an unphysical value of N,,,,; = N(Pt — Pt) + N(Pt — Co)
for the PtCoN aC sample. For this sample, simple EXAFS fitting
yields a value of 13.3 for N,,,,;, which is more than the maximum
number of nearest neighbors in a closed packed structure (12).
While the correlation between ¢ and N is most obvious for the
PtCoN aC sample, the two variables are correlated for all sam-
ples. Thus, additional analysis is required to correctly identify
the values of 62 for the various samples and the corresponding
other EXAFS fit parameters. A more detailed discussion of the
correlation between N and ¢ can be found in the SI.

4.5 Model Building Analysis(MBA)

In order to improve the accuracy of the EXAFS analysis and to
determine structural models for the nanoparticle samples we per-
form an extensive comparison of fits to the EXAFS spectra and
structural models. Because of the inability of the simple EXAFS
fits, described above, to reliably determine the Debye Waller-
factors 62(Pt — Pt) and o?(Pt — Co), we study, for each sample,
a large number of EXAFS fits with varying Debye Waller-factors.
The respective EXAFS fits and their corresponding fit parameters
are described in the SI as 2D mapping and 2D filtering and dis-
played in Figures S12-S62. Also in the SI, the reader can find
a detailed description of the determination of normalization fac-
tors, used in equation [5]below. For each sample, the multitude of
EXAFS fits obtained is compared with structural models. In the
following we describe in detail the construction of the structural
models, the comparison between EXAFS fits and structural mod-
els, the identification of physically reasonable, statistically signifi-
cant pairs of EXAFS fits and structural models and the subsequent
determination of EXAFS parameters and average structural mod-
els for the samples.

4.5.1 Construction of structural models.

Structural models for PtCo, PtCoN and AuPtCoN nanoparticles
are constructed. To generate the structures and calculate statis-
tics we wrote a computer program. The workflow of the program
is described in Figure[4] The average particle diameters obtained
through STEM (see Table are used as the NP-diameters for the
respective samples. Several different types of structural models
are explored: completely random NPs, NPs with a Co-core and a
random PtCo shell, NPs with a random Pt-Co core and a Pt shell
and NPs with a Co-core, a random intermediate PtCo phase and
a Pt shell. No well-ordered PtCo phases are considered, as XRD
measurements show no indication of ordered PtCo phases.’® For
structural models of the Au-containing NPs Au is added on the
surface of the nanoparticles, because STEM-EDS indicates that Au
is located on the surface of the NPs. For all NPs containing nitro-
gen, one N atom is added in an interstitial site for each Co atom
in the Co-core, visualizing the formation of CoN. X-ray photoelec-
tron spectroscopy demonstrates a change to the Co 2p region as

a result of the addition of nitrogen which is indicative of the for-
mation of cobalt nitride.1¢ XPS does not indicate any change to
the Pt 4f peak and thus we do not assume formation of PtN and
consequently do not add nitrogen atoms next to Pt. The addition
of nitrogen to the model images is for visualization purposes only.
Our EXAFS analysis and MBA do not give any direct information
on the existence/absence of N in the nanoparticles. Pt/Co-ratios
(over the entire particle) are varied within the error given by the
STEM-EDS measurements. This led to hundreds or thousands of
structural models for each sample. One may find additional de-
tails in the SI.

4.5.2 Comparison of EXAFS fits and structural models.

In order to determine, which EXAFS fits correspond to physically
reasonable model structures, each EXAFS fit is compared to each
model structure generated for that sample using two parameters:
1) The local Pt/Co-ratio, @ = N(Pt — Pt)/N(Pt — Co). o describes
the environment around Pt-atoms, for the EXAFS fits it is simply
calculated as stated in the last sentence; for the structural models
this calculation is performed for each Pt-atom in the structure and
the average of the values for all Pt-atoms in a structural model
gives Q040 This should not be confused with the Pt/Co-ratio
over the entire cluster, which is determined with STEM-EDS and
used in the construction of the models. 2) The total number of
nearest neighbors N, as defined above, for simplicity’s sake
simply called N in equation [5}

2
(OModel — CEXAFS)
OUEXAFS

(Nbodet — Nexars)*

Reomp is an index describing the level of agreement between
important parameters derived from both model structure and EX-
AFS fit. The squared differences between the parameters derived
from model and EXAFS fit are normalized by their respective vari-
ances, 8, see the SI for information on how these are calculated.
The sum of both of the quotients gives Rcomp. In this way, ev-
ery single EXAFS fit is compared to every single structural model
(for the respective sample), giving between 27000 and 1.3 mil-
lion such pairs per sample. These pairs are henceforth referred
to as comparisons. The numbers of comparisons obtained in this
way are listed in Table S1 in the SI.

4.5.3 Filtering of the comparisons of structural models and
EXAFS fits.

All of the comparisons between EXAFS fits and structural mod-
els are filtered with two criteria: 1) Reomp < 2 is required to only
allow fits that correspond reasonably well to a physical model.
The value of 2 corresponds to agreement of structural model and
EXAFS fit within the errors of the EXAFS fit parameters. 2) The R-
factor of the EXAFS fit is restricted to values smaller than or equal
to two times the best fit R-factor, i.e. Rpxars < 2*Rpxaps.min- All
comparisons that fulfill both conditions are used in the subse-
quent identification of EXAFS parameters and structural models.

4.5.4 Identification of EXAFS parameters and structural
models.

To obtain EXAFS parameters and average structural models from
the model building results, each parameter is averaged over all

Journal Name, [year], [vol.],

1410] 15



Table 2 EXAFS Fitting Results

Sample Path N o2 / A r/A R-factor

Pt bC Pt-Pt 7.4+ 1.4 0.0054 + 0.0010 2.75 £ 0.02 4.9 %

Pt aC Pt-Pt 9.8+ 1.0 0.0051 + 0.0010 2.75 + 0.01 1.5 %

PtCo bC Pt-Pt 6.7 £ 2.1 0.0068 + 0.0019 2.71 £0.04 2.0%
Pt-Co 3.6 +1.6 0.0097 + 0.0040 2.63 + 0.06

PtCo aC Pt-Pt 81+24 0.0061 + 0.0017 2.74 £0.03 1.8%
Pt-Co 1.8+ 1.3 0.0060 + 0.0054 2.64 + 0.08

PtCoN bC Pt-Pt 6.5+1.8 0.0048 + 0.0015 2.74 £0.02 1.7%
Pt-Co 3.3+21 0.0141 + 0.0074 2.65 £ 0.11

PtCoN aC Pt-Pt 9.6 +1.8 0.0062 + 0.0012 2.74 £0.02 1.1%
Pt-Co 3.7+£4.7 0.0231 + 0.0177 2.70 £0.13

AuPtCoN bC Pt-Pt 7.7 £1.9 0.0056 + 0.0013 2.74 £ 0.02 1.6 %
Pt-Co 21+1.4 0.0092 + 0.0058 2.64 +£0.14

AuPtCoN aC Pt-Pt 89+23 0.0059 + 0.0015 2.74 £ 0.03 1.7%
Pt-Co 1.6+14 0.0064 + 0.0069 2.67 £0.13
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|

‘ Generation of spherical NP made of Pt atoms in bulk Pt lattice positions

l

‘ Input: Pt/Co-ratio, Pt-shell thickness, Co-core thickness ‘

|

Replace 1 Pt atom with 1 Co atom
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Check: are there Pt atoms remaining in the Co-core? ‘

l yes

| Relace 1 Pt atom with 1 Co atom in Co-core region ‘

’ Input: number of Au atoms |

|

no
Check: desired number of Au atoms > current number of Au atoms? }—

l yes

Add 1 Au atom on the surface of the NP ‘

yes
Add 1 N in an interstitial site next to every Co atom }(—{ Input: does the NP contain N? I

| e

—

Output: *.xyz file with NP structure & *.dat file with NP statistics

Fig. 4 Flow-diagram explaining the workflow of the computer program used to generate NP structures and calculate statistics.
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comparisons that pass the filtering for the respective sample. The
errors are calculated by taking the standard deviations of the pa-
rameters.
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Fig. 6 «, Pt/Co-ratio around Pt with error bars obtained with simple EX-
AFS fitting (black squares) and MBA (red open circles).

4.5.5 Results of the MBA

Graphs of 6%(Pt — Co) and «, comparing the results of the MBA
with those from simple EXAFS are shown in Figures [5] and [f] re-
spectively, graphs of 62(Pt — Pt), N;osa1, 7(Pt — Pt) and r(Pt — Co)
are presented in the SI, Figures S63 to S66. A table with detailed
results for all EXAFS parameters is provided in Table S2 in the SI.
Since r is correlated with AE in the EXAFS equation, the varia-
tions in 6% (and consequently N), that are central to the MBA, do
not have any influence on r. As a result, r(Pt — Pt) and r(Pt — Co)
have almost identical values and errors in the MBA and the simple
EXAFS.

For 6%(Pt — Co), the MBA vyields significantly different results
than simple EXAFS. The errors for 62(Pt — Co) for all six Co-
containing samples are drastically reduced with MBA. For PtCo,
PtCoN and AuPtCoN, conditioning leads to a reduction in ¢2(Pr —
Co). Importantly, for PtCoN ac, 6%(Pt — Co), which is erroneously

Fig. 7 Visualizations of the results of the MBA; A) PtCo bC, B) PtCo ac,
C) PtCoN bC, D) PtCoN ac, E) AuPtCoN bC, F) AuPtCoN ac. Orange:
Pt, blue: Co, green: N, Yellow: Au

large with a value of 0.023 A2 in simple EXAFS, has a reasonable
value of 0.013 A2 in the MBA.

The Pt/Co-ratios around Pt, «, can be determined much more
accurately from the MBA than from simple EXAFS, as displayed in
Figure[f] They increase as a result of electrochemical condition-
ing for all three samples with the increase being most significant
for PtCo and almost negligible for AuPtCoN. This corresponds to
the improved stability, more precisely, the increased ability to sta-
bilize Co in the order PtCo < PtCoN < AuPtCoN. The segregation,
i.e. seperation of Pt and Co caused by the formation of a Pt-shell
is another factor in this, as discussed below.

The structural parameters resulting from the MBA are listed in
Table[3]and corresponding model images are presented in Figure
All six Co-containing samples display a Pt-shell on the outside
and a Co-core on the inside with a mixed Pt-Co-phase in between.
The thickness of the Pt-shell increases after electrochemical con-
ditioning; this is a result of Co being leached more easily than Pt.
While these general trends hold for the three different composi-
tions, PtCo, PtCoN and AuPtCoN, it is important to point out the
differences between them.
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Table 3 Model parameters resulting from the MBA with standard deviations

Sample Pt/Co-ratio Pt-shell thickness / A Co-core diameter / A Au atoms
PtCo bC 1.7+ 0.2 25+1.6 5.0+£3.2 -

PtCo aC 74 +1.1 29+19 28 +2.1 -

PtCoN bC 1.5+0.3 28+1.9 5.0+£3.2 -

PtCoN aC 3.0£0.3 3.7+24 5.0+£3.2 -
AuPtCoN bC 1.0+ 0.3 23+1.6 5.0+3.2 404 £ 259
AuPtCoN aC 1.6 £0.5 20£1.5 5.0£3.2 414 + 260

For PtCo, the Pt-shell before conditioning is very thin and could
be a result of some dissolution of Co under the measurement con-
ditions. Electrochemical conditioning of the PtCo nanoparticles
leads to significant dissolution of Co and thus the largest increase
in the Pt/Co-ratio out of all the samples. This is true for the Pt/Co-
ratio over the entire molecule (as measured with STEM-EDS and
used in the MBA) and the local Pt/Co-ratio, . The large loss
of Co also leads to the biggest reduction in size, compared with
PtCoN and AuPtCoN.

The PtCoN sample shows a pronounced Pt-shell, already be-
fore electrochemical conditioning. This is, most likely, a result of
the formation of a cobalt-nitride core. The Pt-shell grows thicker
during electrochemical conditioning and the particles shrink due
to loss of material, although to a lesser degree than in the PtCo
sample.

The AuPtCoN sample shows the least degree of change dur-
ing electrochemical conditioning. The thickness of the Pt-shell
is almost unchanged. The error for the amount of Au-atoms on
the NPs surfaces is very large. Due to the added parameter (the
number of Au atoms) in the model building, the results for these
samples are less reliable than for the PtCo and PtCoN samples.
Measurements of the Au Ljjj—edge are necessary to determine the
structures of the Au-containing nanoparticles with higher accu-
racy in the future. For this, the sensitivity of the BCLA + BI-XAFS
method needs to be increased by a factor of ten due to the much
smaller amount of Au.

The MBA indicates that the Co-core radius is 5 A for all sam-
ples other than PtCo ac. However, this result is not so reliable,
corresponding to the average of the eleven Co-core radii from 0
A to 10 A that are used in the model building. Further studies
of the Co K-edge are necessary to allow reliable determination of
the Co-core sizes. For this purpose we have to develop a very thin
graphene window. =2

4.6 Relationship between ORR activity and Pt-Pt bond
length

Table @compares the ORR activity:218 with the Pt-Pt bond length

for the samples aC. All alloy samples have much higher activities

than the pure Pt NPs, both in mass activity and specific activity. At

the same time, the Pt-Pt bond length in the alloy NPs is shortened

relative to pure Pt NPs.

A previous study by Kaito et al. investigated the relationship be-
tween Pt-Pt bond length and area specific ORR activity and found
an increase in the activity with decreasing r(Pt — Pt).2* Within the
error bars our results match the linear relationship they obtained.
This is despite the fact that the preparation methods used in that
study by Kaito et al. and in our present work are very different.
1
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They used wet impregnation to form the nanoparticles on pow-
dered carbon support and prepared samples for catalytic testing
by coating glassy carbon with inks prepared from the nanopar-
ticles. In our case the NPs are created by arc-plasma deposition
on a flat surface (HOPG). The fact that both studies show the
same relationship between r(Pt — Pt) and specific ORR activity
despite these different preparation methods, and, consequently,
rather different catalysts, is an indication that a universal rela-
tion, regardless of substrate morphology, between area specific
ORR activity and Pt-Pt bond length exists for Pt-alloy nanoparti-
cles. A graph showing this linear relationship can be found in the
Supporting Information, Figure S67.

The increased mass activity of PtCoN relative to PtCo cor-
responds to more pronounced formation of Pt-shells in the N-
containing sample. The lower mass activity for AuPtCoN, relative
to PtCoN, most likely indicates the partial occupation of active
sites on the NP surface by Au. N-incorporation and Au-decoration
both significantly improve the stability of the NPs. The mass activ-
ity of AuPtCoN samples can be optimized by changing the amount
of Au to achieve an optimal balance between stability and activity.

5 Conclusion

We have carried out BCLA + BI-XAFS measurements on Pt con-
taining nanoparticles, prepared by APD on a flat HOPG surface,
with good S/N. We can successfully remove the Au Lyj—edge us-
ing a BCLA. We have obtained good S/N ratios in Pt Lyj—edge
EXAFS spectra of as little as 1 x 10"°cm~2 Pt on HOPG. We do
not obtain useable Co K-edge spectra in the BCLA + BI-XAFS ex-
periments due to the HOPG window thickness. The Pt Ly single
edge analysis leads to a strong correlation between N(Pt — Co)
and 62(Pt —Co). In order to overcome this problem we have
developed a MBA, which allows us to obtain physically reason-
able fitting results. Consequently, we can increase the accuracy of
the EXAFS fitting parameters significantly and determine struc-
tural models for PtCo, PtCoN and AuPtCoN nanoparticles before
and after electrochemical conditioning. We have shown that the
nanoparticles have a Pt-shell and Co-core with a mixed Pt/Co-
phase in between. The Pt-shell grows as a result of electrochem-
ical conditioning, but the Au-covered NPs are so stable that no
growth of the Pt-shell is observed. Our results are in good agree-
ment with STEM-EDS measurements. 1218 We have confirmed the
universal linear correlation between the specific activity and Pt-Pt
bond distance. This work introduces an analytical method which
we call MBA. It allows us to carry out rational analysis to study
multimetallic nanoparticles using only a single absorption edge.
Because the accuracy of the structural parameters determined
with just one absorption edge is limited, we plan to improve



Table 4 Comparison between ORR activity and Pt-Pt bond length, as determined from the MBA, for the nanoparticles aC

Sample r(Pt-Pt) / A Mass Activity / A/mg Area Specific Activity / mA /cm?
Pt ac* 2.75 £ 0.01 0.84 £ 0.04 0.63 £ 0.03
PtCo aC 2.74 £ 0.03 1.12 £ 0.15 1.04 + 0.14
PtCoN aC 2.74 £ 0.02 1.65+0.17 0.99 +£0.10
AuPtCoN aC 2.74 £ 0.02 1.15+0.11 1.09 + 0.10

* The Pt-Pt distance for the pure Pt particles is taken from the simple EXAFS analysis, as no model building was performed for this sample.

these measurements by optimizing the HOPG substrate thickness
to succesfully obtain Co K-edge data and also measure the Au
Lyj—edge. The combination of three absorption edges into the
EXAFS fits will significantly increase the accuracy of the results.
Our novel method should be able to help solve the structure of
multimetallic nanoparticles investigated by EXAFS for a variety
of systems and could even be expanded to consider nanoparticle
shape.
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