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measurements were conducted using a BioLogic VSP 300
(BioLogic, France) potentiostat. As a substrate for Pt/CTD, a
glassy carbon electrode with a diameter of 5 mm and an area of
0.196 cm2 (Pine Instruments, USA) in combination with a
Pine MSR electrode rotator (Pine Instruments, USA) was
used. For electrochemical studies, freshly prepared catalyst inks
were used. A typical catalyst ink ratio consisted of ∼10 mg
finely ground catalyst powder, 3.6 mL of ultrapure water, 1.466
mL of isopropanol (puriss, >99.8%, Sigma Aldrich, Germany),
and 0.03 mL of Nafion dispersion (5 wt % in lower aliphatic
alcohols and water, Sigma Aldrich, Germany). To obtain a
homogeneous dispersion, the inks were sonicated for 20 min
prior to their first use. Prior to use, the electrode was polished
with alumina paste (1.0, 0.3, and 0.05 μm) and rinsed with
ultrapure water. A commercial mercury/mercurous sulfate
electrode (0.6M K2SO4, Schott, Germany) served as the
reference electrode. A Pt wire (99.9%, Goodfellow, Germany)
served as the counter electrode. It has to be noted that CO

stripping voltammetry was recorded in a slightly modified
setup. As a reference electrode, a commercial Hydroflex
hydrogen electrode (Gaskatel, Germany) was utilized. Experi
ments were operated with an Autolab PGSTAT302N
potentiostat (Metrohm, France).

Membrane Electrode Assembly Measurements. Sin
gle cell PEMFC measurements were conducted with a
homemade cell setup. The fuel cell performance was evaluated
on a Greenlight Innovation G60 test station (Greenlight
Innovation Corp., Canada), coupled with a Gamry reference
3000 potentiostat (Gamry Instruments, USA). Five square
centimeter catalyst layers were prepared using the decal
transfer method, i.e. by rod coating on a PTFE decal, followed
by drying at room temperature. As the anode catalyst,
commercial Pt/CTKK (TEC10 V20E) with an anode loading
of 0.08 mgPt/cm

2 was used. As the cathode catalyst, Pt/CTD

with a cathode loading of 0.1 mgPt/cm
2 was utilized. The

synthesis of Pt/CTD electrocatalyst was conducted as described

Figure 1. (A) Schematic description of the synthetic procedure toward the Pt/CTD electrocatalyst. Application of an alternating sinusoidal potential
(±10 V, 200 Hz) to Pt wires immersed in a suspension of Vulcan carbon in 1 M KOH and ethanol with vigorous stirring leads to the formation of
carbon supported Pt nanoparticles. (B, E) HR STEM images of unsupported PtTD single nanoparticles with corresponding (C, F) Fourier filtered
images and (D, G) FFT patterns (Z.A. = zonal axis). Certain concavities are highlighted by red arrows. Twin boundaries and twin grains A, B, B′are
marked in (F). (H, I) HR TEM images of unsupported PtTD nanoparticles. Concave regions are highlighted by red arrows. (J) 3D visualization of
two unsupported, single PtTD nanoparticles, as well as a fraction of unsupported nanoparticle agglomerate, using STEM HAADF tomography.
Several concave regions are visible on both the individual and the agglomerated nanoparticles.
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Pt crystals, the contrast variations must originate from
variations in the sample thickness. Therefore, it is also possible
to demonstrate the topological complexity of both nano
particles. Figure 1H,I shows HR TEM images of two Pt
nanoparticles with a “strawberry” like shape, including up to
three concave surface regions, which can be considered
particularly interesting for electrocatalytic applications. To
judge the complexity of the nanoparticle shapes in a broader
view, a state of the art STEM HAADF tomography technique,

utilized for the visualization of complex 3D samples with high
lateral resolution, was performed on unsupported PtTD
nanoparticles. The final 3D visualization of top down
synthesized single nanoparticles confirms the presence of
surface concavities, as it is illustrated by the example in Figure
1J (left). Moreover, it is visible that surface concave regions
appear on both smaller particles and larger particles. Even
though the unsupported nanoparticles tend to agglomerate, the
tomography technique used revealed the irregular shape of

Figure 2. (A) S parameter as a function of the positron implantation energy obtained from DBS measurement. Near the surface, i.e., at low
implantation energies, Pt/CTD shows a significantly higher S parameter in comparison to commercial Pt/CTKK. The higher S parameter is mainly
attributed to the higher defect concentration of Pt/CTD. The inset shows a magnified energy range of 0−10 keV. (B) Ratio curves normalized to the
curve of the carbon reference obtained by CDBS. Pt/CTD shows a much lower Pt signature (7.5%) in comparison to its commercial counterpart
(18.2%). Hence, the positron annihilation probability with Pt core electrons is significantly decreased in Pt/CTD, which is ascribed to a higher
concentration of defects. (C, D) Typical CVs of Pt/CTD and commercial Pt/CTKK, respectively (electrolyte, Ar saturated 0.1 M HClO4; scan rate,
50 mV/s). Red arrows indicate typical HUPD peak positions of Pt/CTKK. Pt/CTD shows an additional peak shoulder (orange arrow), which indicates
the presence of surface structural defects (see main text). (E) CO stripping peaks of Pt/CTD (black curve) and commercial Pt/CTKK (green curve).
The peak shift indicates the presence of surface structural defects. It must be noted that the CO stripping voltammograms were recorded separately,
using a slightly modified setup (see the Experimental Section). CO coverage was achieved by bubbling 0.1 M HClO4 with pure CO for ∼6 min
while a constant potential of 0.1 V vs RHE was applied. Saturation of the electrolyte with Ar for ∼30 min, followed by a subsequent performance of
a full CV cycle, further leads to the oxidation of the CO monolayer (scan rate, 20 mV/s).
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many individual nanoparticles on the surface of a larger
nanoparticle cluster, as is illustrated in Figure 1J (right side). In
comparison to the typically spherically shaped commercial Pt
nanoparticles such as the reference catalyst,34−36 the complex
shapes of PtTD nanoparticles prefigure an activity increase.
However, a representative quantification of the particularly
active sites is not possible due to the individual character of
each single nanoparticle.
In order to expand the study of single nanoparticles to the

whole system, PAS was employed. It was chosen to examine
the defective character of Pt/CTD in comparison to commercial
Pt/CTKK. PAS is known as a powerful, nondestructive tool to
detect open volume defects, i.e. vacancies or vacancy clusters,
in a crystal lattice. Due to the effective trapping of positrons in
such crystal defects, the positron is applied as a highly mobile
microprobe with outstanding sensitivity to vacancy concen
trations as low as 10−7 in metals.37 For the present study, a
low energy positron beam is required in order to investigate
the near surface region of the Pt/C samples. For a better
understanding, some elementary parts of PAS will be explained
in the following text, whereas further details can be found in
the literature.38,39 After being implanted in a solid, positrons
thermalize within picoseconds and can then diffuse quasi freely
through the crystal lattice within a diffusion length typically on
the order of 100 nm. They eventually annihilate with a core or
valence electron either in the unperturbed crystal lattice or
after being trapped at defect sites. The positron−electron
annihilation leads predominantly to a back to back emission of
two 511 keV γ quanta in the center of mass system. These γ
quanta are most important for gaining information about
defects, as they will be detected during the experiment. In the
laboratory system, the longitudinal component of the electron
momentum (pL) causes a Doppler shift of the annihilation
quanta. The resulting broadened annihilation photo peak, i.e.
recorded counts as a function of γ energy, is analyzed in DBS.
For quantitative analysis of the line shape, the so called S
parameter is commonly applied, which is defined as the
fraction of counts in a fixed central region around the 511 keV
annihilation peak. Since the central part of the annihilation
peak is dominated by positrons annihilating preferably with
low momentum valence electrons, the S parameter increases
with an increasing number of vacancies or vacancy clusters.40

In CDBS, both γ quanta of an annihilation event are detected
simultaneously in a collinear detector setup. Due to the
effective suppression of the background, the annihilation of
high momentum (core) electrons becomes experimentally
accessible: i.e., chemical information can be gained from the
surrounding of the annihilation site. For evaluation, CDB
spectra are normalized, mirrored at 511 keV, and usually
divided by a reference spectrum in order to obtain so called
ratio curves in which the elemental signatures can be clearly
observed.
Figure 2A shows the S parameter as a function of the

positron implantation energy, which is a measure of the probed
sample depth.41 Toward high energies (>25 keV), the
commercial carbon reference material (Vulcan XC72R) in
the form of carbon nanoparticles with a particle size between
30 and 60 nm42 and both the commercial Pt/CTKK and Pt/CTD
nanoparticles supported on Vulcan carbon approach the same
S parameter. This is expected, since at higher energy the
positrons are implanted with a higher implantation depth: i.e.,
most of the positrons are annihilated in the Si substrate. At low
energies (<20 keV), the carbon reference possesses a higher S

parameter in comparison to both the commercial Pt/CTKK and
Pt/CTD. This can be ascribed to the generally lower S
parameter of Pt in comparison to the carbon reference, as is
also observed in the normalized projection of the CDB spectra
(Figure S1) and the low energy region of the ratio curves
(Figure 2B). More interestingly, on comparison of both
samples, Pt/CTD shows a significantly higher S parameter than
commercial Pt/CTKK. For an interpretation, it has to be
mentioned that Pt/CTD and commercial Pt/CTKK slightly differ
in Pt on carbon weight fraction (TGA) reveals ∼15 wt % for
Pt/CTD and ∼20 wt % for the commercial Pt/CTKK), whereas
the overall Pt loading on the substrate was adjusted. Therefore,
due to its slightly smaller Pt content, a slightly higher S
parameter of Pt/CTD in comparison to commercial Pt/CTKK
was expected. However, the significantly higher S parameter of
Pt/CTD cannot be caused by only the comparably small
difference in weight fractions of the samples with similar
overall Pt loading. Instead, this effect is attributed to a higher
concentration of (open volume) defects in Pt/CTD than in
commercial Pt/CTKK. In order to additionally access the
element specific high momentum part of the annihilation line
related to core electrons, CDBS was carried out. Figure 2B
shows the ratio curves of Pt/CTD and commercial Pt/CTKK
samples. These ratio curves are obtained by normalization of
the individual CDBS raw spectra to the same intensity and
subsequent division by a reference spectrum, which is in this
case a CDBS spectrum of a carbon reference. For comparison,
a spectrum obtained for a bulk Pt reference is shown as well.
For both Pt/CTKK and Pt/CTD, the typical signature of Pt is
visible (pL = (10−80) × 10−3 m0 c). Assuming a simple model
that positrons annihilate in either defect free Pt or carbon, one
would expect that the respective Pt signal relates to the
measured Pt weight fractions (see TGA result above): i.e., the
Pt signatures in Pt/CTD would amount to 0.75 of that in Pt/
CTKK. As determined by fitting the curves (see the Supporting
Information), however, the Pt signature in Pt/CTD (7.5%) is
0.59 less distinct than in the commercial Pt/CTKK (18.2%).
Hence, the positron annihilation probability with Pt core
electrons is significantly decreased in Pt/CTD. This effect is
explained by the presence of a higher density of vacancy like
defects in Pt/CTD, since positrons are likely to be trapped at
vacancies, where in turn the annihilation probability with core
electrons is reduced. This conclusion is in accordance with the
lower density of structural defects in the commercial sample, as
observed in the DBS measurements.
Another approach to investigate the presence of structural

defects in nanostructured catalysts is the use of high energy X
rays. Indeed, recent studies have used Rietveld refinement of
WAXS patterns to extract the microstrain (i.e., the local strain)
contribution from the experimental Bragg peak broaden
ing.43−45 Microstrain broadening in diffraction data originates
in the local atom displacements from their ideal position, such
as those caused by atomic vacancies, stacking faults, or grain
boundaries.46 Here, it should be noted that at the grain
boundary of coalescing particles similarly active concave sites
are formed. Figure S2A displays the WAXS pattern measured
at the ID31 beamline of the European synchrotron radiation
facility (ESRF, Grenoble, France), including the calculated
patterns for the Pt/CTD catalyst (details about the WAXS
pattern of the commercial Pt/CTKK catalyst are available in
Figure S2B). The results shown in Table S1 unambiguously
support the conclusions obtained from DBS measurements:
while commercial Pt/CTKK features a zero value of microstrain,



a value of 0.60% is found for Pt/CTD(being comparable to or
higher than that of some PtNi alloyed samples),45 confirming
its highly defective structure. The resulting surface distortion
(SD) value was derived as 3.9 ± 0.2% for the synthesized Pt/
CTD (for further information see ref 45). It should be noted
that both techniques are not solely surface sensitive but
partially also include bulk information.
Electrochemical measurements further validate the presence

of structural surface defects. Figure 2C,D shows typical cyclic
voltammograms (CVs) of Pt/CTD and commercial Pt/CTKK,
respectively. In both cases, in the potential range of ∼0.05−
0.40 V vs the reversible hydrogen electrode (RHE), typical
hydrogen adsorption and desorption (Hads/des) features of
polycrystalline Pt are visible. In detail, commercial Pt/CTKK
depicts a sharp peak doublet with maxima at ∼0.15 and ∼0.22
V vs RHE (red dotted lines). According to Vidal Iglesias et al.,
using HClO4 as an electrolyte, features in the range between
0.09 and 0.22 V vs RHE can be ascribed to the Hads/des on
Pt(110) facets, while the effect of (111) and (100) facets
cannot be clearly attributed.47 In contrast, Pt/CTD shows an
additional distinct peak shoulder at ∼0.27 V vs RHE (orange
dotted line), which can be assigned to the Hads/des on defective
surface structures, as proposed by Chattot et al.44 Herein, we
assume that the broad Hdes peak structure provides further
evidence for the presence of structural defects on the PtTD
nanoparticle surface.
CO stripping voltammograms of both commercial Pt/CTKK

and Pt/CTD are shown in Figure 2E. While the commercial Pt/
C only shows a single peak at a potential of ∼0.78 V vs RHE,
indicating mainly isolated, well distributed nanoparticles, Pt/
CTD shows a peak doublet with maxima located at ∼0.67 and
∼0.69 V vs RHE and a singlet at a potential slightly lower than
0.78 V vs RHE. On the basis of the findings of Maillard et al.,
the appearance of the peak doublet structure at lower
potentials can be traced back to the presence of highly
defective grain boundaries.44,48 Recently, Chattot et al.
compared the ratio between charge Q derived from COads
and Hads/des peaks with the level of SD of different Pt based
ORR nanocatalysts, indicating a quasi linear relationship.49

When the proposed evaluation protocols are taken into
account, the Pt/CTD catalyst shows a QCO/2QH ratio of 0.85
± 0.4, which indicates a high density of surface defects and is
comparable to that of, e.g., hollow PtNi/C.
Previously mentioned observations can be further validated

by observations derived from TEM imaging, as depicted in
Figure 3A. Indeed, several small Pt nanoparticle agglomerates
can be observed. Overall, the Pt nanoparticles are homoge
neously distributed on Vulcan carbon; however, the Pt
nanoparticle density partially varies. The image shows that,
next to particles in the size range of 3−6 nm, several smaller
particles with diameter ≤2 nm can be observed. The
corresponding particle size distribution (PSD) from the
investigation of 125 isolated nanoparticles is given in Figure
3B, taking into account both edges of each individual particle
and no particle agglomerates. PSD analysis was performed
using the ImageJ software. On the basis of the broad size
distribution, the number averaged (dN) and surface averaged
(dS) diameters of the isolated Pt nanoparticles were
determined to be ∼3.2 ± 1.0 and ∼3.4 nm, respectively. In
the case of the commercial Pt/CTKK sample used, a number
averaged diameter of ∼2.8 ± 0.8 nm can be found in the
literature.50 In contrast to the mean size determined from
TEM, WAXS shows a global average size of 8.3 nm (Table S1),

which indicates a bimodal size distribution consisting of
smaller, isolated nanoparticles and larger particle aggregates.
Similar observations have previously been reported by Chattot
et al., where the partially aggregated A Pt/C electrocatalyst
showed a TEM derived mean particle size of 3.4 nm, while
WAXS revealed a global average size of 7.4 nm.45

In order to evaluate the electrocatalytic activity of Pt/CTD
toward the ORR, RDE measurements of freshly prepared
catalyst inks were conducted. A typical polarization curve of
Pt/CTD is depicted in Figure 4A. Evaluation of the kinetic
current was performed using the Koutecky−́Levich equation
(eq 1)

= | × | | − |I I I I I( ) / ( )kin lim lim (1)

with I being the measured current, Ikin being the kinetic
current, and Ilim being the O2 diffusion limited current of the
polarization curve. The kinetic current curve extracted from
the polarization curve in the range 0.85−1.0 V is shown in the
inset of Figure 4A. The corresponding analysis of commercial
Pt/CTKK is depicted in Figure S3. As described earlier, due to
the high concentration of surface structural defects of Pt/CTD,
we predict an activity increase in comparison to commercial
Pt/C. Indeed, at 0.90 V vs RHE, we observe an ∼3.6 times
enhanced mass activity (∼712 ± 20 mA/mgPt) and an ∼6.8
times enhanced specific activity (∼1.62 ± 0.32 mA/cm2

Pt) of
Pt/CTD in comparison to commercial Pt/CE‑tek (activity values
taken from the literature),51,52 and an ∼1.7 times mass activity
and an ∼2.7 times specific activity enhancement in comparison
to Pt/CTKK. The activities of Pt/CTKK are in good agreement
with literature values for the same catalyst, considering the
effect of the ionomer concentration.53 This is a significant
improvement over typically used Pt/C electrocatalysts,
especially as the activity is compared to one of the most
active commercial Pt/C catalysts. Moreover, the activity is
even comparable to that of some well known PtNi and PtCo
alloyed electrocatalysts.54,55

With regard to the stability of Pt/CTD, preliminary
accelerated durability tests of Pt/CTKK and Pt/CTD were
conducted in the RDE configuration. After 10000 cycles
between 0.6 and 1.0 V vs RHE, performed at 80 °C, Pt/CTD
still shows higher activity in comparison to Pt/CTKK (Figure
S4A). As expected, post mortem TEM analysis of Pt/CTD
shows strong particle sintering at elevated temperature.

Figure 3. (A) TEM image of Pt/CTD. The image reveals a
homogeneous Pt nanoparticle coverage of the carbon support;
however, parts of the support are less densely covered than others.
The inset shows a magnification of some particles marked by a green
frame (green scale bar, 20 nm). (B) Corresponding PSD of Pt/CTD,
revealing a number averaged diameter (dN) of ∼3.2 ± 1.0 nm and a
surface averaged diameter (dS) of ∼3.4 nm. The PSD was derived
from the investigation of 125 isolated Pt nanoparticles.
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Moreover, isolated particles appear to become more spherical
(Figure S4B).
To determine the specific activity of Pt/CTD, the kinetic

current at 0.90 V vs RHE was normalized to the electro
chemically active surface area (ECSA) of the catalyst.
Integration of the HUPD charge of each CV was used to
determine the ECSA. For the ad and desorption of a
monolayer of H on Pt, a charge density of 210 μC/cm2

Pt was
assumed. The determination of the mass activity was
conducted by normalizing the kinetic current to the Pt mass
deposited on the working electrode.
The specific surface area (SSA) of Pt/CTD was determined

to be ∼46 ± 8 m2/gPt, while commercial Pt/CTKK exhibits an
SSA of ∼68 ± 2 m2/gPt (being comparable to literature data,
considering the effect of the ionomer concentration).53 In both
cases, the SSA was normalized to the catalyst mass deposited
on the working electrode. When comparing the average sizes of
both catalysts, only a slightly reduced SSA in comparison to
Pt/CTKK is expected. Hence, we assume that the actual
difference in SSA is partially caused by agglomeration of the Pt
nanoparticles, as can be seen in Figure 3A. The activity data
and SSA values of Pt/CTD and commercial Pt/C are compared
in Figure 4B−D.
To further investigate the performance of Pt/CTD in an

actual membrane electrode assembly (MEA), preliminary
measurements in a single cell PEMFC were conducted. To

meet current industrial targets to produce PEMFCs with low
Pt content, MEAs with a cathode loading of ∼0.1 mgPt/cm

2

were prepared and examined. The results are shown in Figure
5. Figure 5A depicts the CO stripping voltammogram of the
Pt/CTD catalyst layer. As observed in the RDE measurements,
the voltammogram shows a characteristic double peak between
0.6 and 0.9 V, associated with surface defects. Evaluation of the
SSA gives a value of ∼26.5 m2/gPt, this being ∼40% lower than
the values measured in the RDE tests (assumed standard
charge of a CO monolayer on Pt: 420 μC/cm2). This
observation could be due to the increased catalyst batch size,
leading to stronger agglomeration of the Pt nanoparticles, or to
nonuniform ionomer wetting of the catalyst layer in the MEA.
The ORR kinetics of Pt/CTD were extracted from the H2/O2
polarization curves after correction of the iR drop and the H2
crossover. At 0.9 V, a noticeable increase in the mass activity in
comparison to Pt/CTKK (Figure 5B,C; reference data measured
in the same setup under identical conditions were taken from
the literature56) can be observed, validating the results
obtained from RDE studies. Owed to the so called particle
size effect, the specific activity of both catalysts is poorly
comparable, as the SSA of Pt/CTKK is more than 2.5 times
larger than the SSA of Pt/CTD.

56,57 Hence, in order to compare
the intrinsic activity of Pt/CTD, we included the activity data of
heat treated Pt/CTKK recorded by Schwam̈mlein et al. (HT
Pt/CTKK, taken from the literature56) with an SSA of ∼7 m2/

Figure 4. (A) Typical iR corrected polarization curve of Pt/CTD (anodic scan; electrolyte, O2 saturated 0.1 M HClO4; scan rate, 10 mV/s;
rotational speed, 1600 rpm). Pseudocapacitive currents were corrected by subtraction of a background CV. The measurement is normalized to the
geometrical area of the glassy carbon electrode used in the experiments (0.196 cm2), and an electrode loading of ∼14.5 μgPt/cm2 was adjusted. The
corresponding kinetic current curve in the potential range 0.85−1.00 V vs RHE is displayed in the inset of the graph. (B) SSA of Pt/CTD compared
to the SSA of commercial Pt/CTKK. (C) Specific activity of Pt/CTD compared to those of commercial Pt/CE‑tek (activity value taken from ref 51,
benchmarked under similar conditions) and Pt/CTKK at 0.9 V vs RHE. (D) Mass activity of Pt/CTD compared to those of commercial Pt/CE‑tek
(activity value taken from ref 51, benchmarked under similar conditions) and Pt/CTKK at 0.9 V vs RHE.
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