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To reduce the costs of proton exchange membrane fuel cells,
the amount of Pt necessary to drive efficient oxygen reduction
reaction (ORR) should be minimized. Particle nanostructuring,
(nano-)alloying, and metal-doping can yield higher activities per
Pt mass through tailoring catalysts owning a high number of
active sites and precise electronic properties. In this work, the
atom-precise [NBnMe3]2[Co8Pt4C2(CO)24] (Co8Pt4) cluster is en-
capsulated and activated in a zeolitic imidazolate framework
(ZIF)-8, which unlocks the access to defined, bare Pt� Co
nanoclusters, Co8�xPt4�yNC@ZIF-8, for the fabrication of highly
active ORR catalysts. Upon controlled C-interfacing and ZIF-8-
digestion, Co-doped Pt NPs (Pt27Co1) with a homogenous and

narrow size distribution of (1.1�0.4) nm are produced on
Vulcan® carbon. Restructuring of the Pt27Co1/C catalyst through-
out the ORR measurement was monitored via high-angle
annular dark field-scanning transmission electron microscopy
and X-ray photoelectron spectroscopy. The measured ORR mass
activity of (0.42�0.07) AmgPt

� 1 and the specific activity of
(0.67�0.06) mAcmECSA

� 2 compare favourably with the catalyst
obtained by direct C-interfacing the pristine Co8Pt4 cluster and
with state-of-the-art Pt/C reference catalysts. Our results
demonstrate the potential of ZIF-8-mediated Pt� Co NP syn-
thesis toward devising ORR catalysts with high Pt-mass activity.

Introduction

As the awareness of climate change and its consequences
grows, the rapid decoupling of the energy supply from fossil

fuels becomes critical.[1] Research in developing and under-
standing nanostructured electrocatalysts is essential to improve
energy conversion technologies, such as proton exchange
membrane fuel cells (PEMFCs). The oxygen reduction reaction
(ORR) at the cathode of PEMFCs is one of the most important
and most widely studied electrocatalytic reactions to tackle the
energy transition from fossil fuels to a hydrogen-based
society.[2] However, sluggish ORR kinetics require the use of
scarce and expensive noble metal catalysts, such as Pt, limiting
the application of PEMFCs to date.[3] Therefore, increasing the
catalyst's activity normalized to its Pt mass is becoming
essential to cut costs and enable widespread use. One
promising strategy to reach high Pt mass activity catalysts
comprises nanoparticles due to their high surface-to-volume
ratio allowing higher reaction rates compared to their bulk
equivalents.[4] In addition, the nanostructuring of the catalyst
significantly impacts the electrocatalytic ORR activity by varying
the degree of active and coordinated sites.[5,6] Further, creating
heterogeneous catalysts via adding non-noble transition metals
can introduce strain and ligand effects which influence the
electronic properties of the catalyst.[7] For instance, the binding
of the reaction intermediate *OH during ORR can be weakened,
resulting in increased catalytic activity.[8] Specifically, Pt and PtM
NPs (M=e.g. Co, Ni) with a narrow size distribution in the lower
nanometer range, homogeneously shaped and with precise
stoichiometries,[5,9] have been identified as potential superior
ORR catalysts compared to pure, regularly structured Pt.[10] A
strong interest is paid to PtCo-based catalysts, with various
academic and industrial examples having shown superior ORR
catalytic activity.[11,12] Already low amounts of Co, down to
doping levels, have been found to promote catalytic activity
and stability.[13,14] While these results showcase the potential of
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nanostructured PtCo materials, the synthesis and the under-
standing of their high activity remain modest, with structure-
activity relationships being rarely investigated.[12]

The precise synthesis of PtxCoy NPs in the lower nanometer
size (1–2 nm) is intrinsically difficult as their high density of low
coordination sites creates a strong driving force toward
agglomeration.[12,15] A distinct metal ratio and NP size are often
compromised by Co leaching, especially during electrocatalysis,
rendering a precise PtxCoy stoichiometry control highly
challenging.[12] Typically, extremely sophisticated, controlled
and non-scalable approaches (e.g., high vacuum setups) are
employed for fabricating defined NPs.[15–17] A different synthetic
strategy, however, envisions using small metal nanoclusters
(NCs; �1 nm) as atom-precise precursors for tailor-made NPs.[18]

These defined NCs are stabilized by a ligand shell and
synthesized wet-chemically, avoiding energy-intensive vacuum
procedures.[19] Yet, their capping ligands restrict the access of
reactants and impact the electronic properties. Removing the
ligands often proceeds under harsh conditions, which promotes
aggregation processes.[19,20] Ligand-stripping while cluster core
retainment constitutes a major challenge.

Metal-organic frameworks (MOFs) as 3D, stable, crystalline
and porous matrices can be employed as stabilizing scaffolds to
carry and host different species,[21] including metal NPs[22] and
ligand-stabilized clusters.[23,24] A highly suitable MOF is the
zeolitic imidazolate framework (ZIF)-8, which is known for its
formation under mild conditions, scaffolding of pore-size
exceeding species, as well as for its stability and carrier ability.[25]

For instance, [Pt9(CO)12](NBu4)2, a reactive, atom-precise cluster,
was successfully ZIF-8 encapsulated. The subsequent ligand-
removal yielded bare, ZIF-8-confined Pt NCs close to its original
nuclearity,[24] which serve as precursor to fabricate Pt NPs of
1.10�0.17 nm with a high Pt mass activity in the ORR.[9] Despite
the potential of MOF-hosted atom-precise clusters as template
for active ORR, no other similar material has been investigated
so far.

Recently, we report on the bottle-around-ship encapsulation
of a series of preformed mixed metal carbonyl nanoclusters,
e.g. [NBnMe3]2[Co8Pt4C2(CO)24] (Co8Pt4), in ZIF-8.[26] Herein, we
report on Co8Pt4@ZIF-8 as a potential bimetallic electrocatalyst
precursor (Scheme 1). The ZIF-8 encapsulated Co8Pt4 was
activated via decarbonylation yielding “naked”, pore-confined
clusters,[26] which were in turn released out the ZIF-8 matrix
generating PtxCoy NPs supported on Vulcan® carbon for electro-
catalytic ORR. A rotating disc electrode (RDE) setup is used to
determine the ORR activity, which was found to increase
throughout the electrochemical measurement. This could be
correlated to the catalyst restructuring by employing high-angle
annular dark field (HAADF)-scanning transmission electron
microscopy (STEM) and X-ray photoelectron spectroscopy (XPS).
During electrochemical cycling, partial Pt reduction and con-
trolled NP growth of the PtxCoy NPs yielded the final stable and
active catalyst species. The determined ORR mass activity of
(0.42�0.07) AmgPt

� 1 and specific activity of (0.67�
0.06) mAcmECSA

� 2 of the obtained material outperforms that of
the directly deposited Co8Pt4 cluster and competes with state-
of-the-art commercial Pt/C catalysts.

Results and Discussion

Co8�xPt4�yNC@ZIF-8 is exploited as a precursor to form PtxCoy
NPs via the bottle-around-ship approach.[26] Vulcan® XC72R
serves as a catalyst support material to test the activity of PtxCoy
NPs toward the ORR. 9.0 mg of the carbon support was
interfaced with the 18 mg Co8�xPt4�yNC@ZIF-8 by first dispers-
ing them individually in 3.5 mL of MeOH via sonication.
Secondly, both suspensions are combined, again sonicated, and
the solvent is removed in a dynamic vacuum yielding Co8�xPt4�
yNC@ZIF-8/C. Powder X-ray diffractometry (PXRD), scanning
electron microscopy (SEM), and transmission electron micro-
scopy (TEM) were used to assess the mixing behavior and

Scheme 1. Schematic overview of the catalyst synthesis procedure: Co8Pt4@ZIF-8 acts as a precursor for generating bare Co8�xPt4�yNC@ZIF-8 via cluster
decarbonylation. Acid-induced cluster release yields precise Pt-enriched PtCo NPs as electrocatalysts for the ORR. Catalyst development throughout the
measurement leads to increased ORR activity.
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interaction between C and Co8�xPt4�yNC@ZIF-8. The PXRD
mainly reveals ZIF-8-related reflections with an amorphous, C-
like background (Figure 1a).[27] The TEM image in Figure 1b
depicts particles which are assignable to C[28] and to Co8�xPt4�
yNC@ZIF-8,

[26] exemplarily marked with arrows and circles,
respectively. However, due to the similar particle size of C[29]

(Figure S1c) and Co8�xPt4�yNC@ZIF-8
[26] (d~20 nm), the two

components are challenging to differentiate, especially in the
SEM images (Figure S1). Thus, the same hybridization synthesis
was repeated using ZIF-8 particles with a diameter of ~100 nm
yielding ZIF-8/C (ZIF-8 synthesis details in the experimental
part). Now, the SEM images reveal an effective mixing (Fig-
ure S1d, e) which in turn suggests a concurrent behavior for
Co8�xPt4�yNC@ZIF-8/C.

Changing the Co8�xPt4�yNC@ZIF-8 to C ratio provides an
opportunity to vary the loading of the active catalyst material
on the carbon support, which depicts a crucial feature in
electrocatalysis to optimize the catalytic behavior depending on
the desired use. Increasing the ratio from 2 to 4 adds up to the
higher relative intensity of the ZIF-8 diffraction pattern (Fig-
ure S2). To release the nanoclusters from the ZIF-8 cage, Co8�
xPt4�yNC@ZIF-8/C composites were exposed to an aqueous

solution of 1.0 M AcOH for 2 h to achieve quantitative ZIF-8
digestion. After washing and drying, the PtxCoy/C powder was
obtained and further characterized.

PXRD only revealed carbon-related reflections as Pt(Co)
reflections were not visible, likely due to the highly dispersed,
nanoscale-size and low amount of encapsulated and then
released NPs (Figure 1a).[27] HAADF-STEM images show that the
NPs are distributed homogeneously on the carbon support
resulting in effective utilization of the active catalyst material
(Figure 2 and Figure S3). Figure 2b depicts a magnified view of
the catalyst nanoparticles with a substantial number of single
atoms attached to the carbon support alongside narrow size-
distributed NPs with a mean diameter of ~ (1.1�0.4) nm
(Figure S3). This demonstrates the potential of the MOF-
mediated bottle-around-ship approach toward producing pre-
cise NPs.[24] The metal composition of the synthesized PtCo NPs
was quantified via inductively coupled plasma mass spectrom-
etry (ICP-MS), revealing a Pt loading of (3.5�0.6) wt.-% with a
low Co content of (0.05�0.01) wt.-%. X-ray emission spectro-
scopy (XES) measurements were performed to assess the Co
content and its oxidation state in our PtxCoy NPs. The amount of
Co in the PtxCoy/C catalyst is estimated to be ~0.06 wt.-% based
on the intensity of the edge-jump (relative to that in the
Co8Pt4@ZIF-8 sample) observed in the Co Kα1 high energy
resolution fluorescence detected (HERFD) X-ray absorption
spectra (see Figure 2c). In addition, the edge position in XANES
indicates that Co, in the PtxCoy/C catalyst, is present in an
oxidized state. This leads to a metal stoichiometry of averaged
Pt27Co1/C with the Pt enrichment compared to Co8Pt4 being
attributed to a Co leaching mediated by protons[12] and 2-
MeIm[30] in the course of the ZIF-8 digestion. Utilizing the
precursor Co8�xPt4�yNC@ZIF-8 with a higher metal loading of
5.3 compared to 3.5 wt.-% Pt or as well using a higher Co8�
xPt4�yNC@ZIF-8 to C ratio (4 :1 instead of 2 :1) resulted in higher
Pt/Co content of 6.6/0.06 and 6.0/0.05 wt.-%, respectively. This
underlines the adjustability of the synthesis approach.

XPS analysis, presented in Figure 2d, shows the fitted
spectrum of the Pt 4f core level and suggests the presence of
oxidized Pt species (Pt 4f7/2 at 72.8 and 75.2 eV assigned to Pt-II
and -IV, respectively)[31] in the NPs. This is in accordance with
the tendency of small Pt particles to oxidize easily.[29] Figure S4
displays the fitted spectra of the Co 2p core-level region of
Pt27Co1/C for two individual measurements. The sharp peaks
located at 781.4 eV (Figure S4a) and 781.1 eV (Figure S4b) can
be assigned to the Co 2p3/2 core-levels of Co-II. This reveals that
not only Pt is present in an oxidized form, but also Co. An
overview of the location of the binding energies for the fitted
Co and Pt core-level regions is available in Table S1. From the
fitted spectra it is obvious that the Pt 4f and Co 2p peaks are
shifted up to ~0.4 and ~1.5 eV to higher binding energies,
respectively. The increase in binding energy of the Pt 4f[13,32] and
Co 2p[33] core-level regions has already been associated with the
alloying between Pt and Co in numerous works due to a
downshift of the d-band center as a result of the electronic
interaction of Pt and Co upon alloying. This is a strong hint that
Co is present in an alloyed form in our catalyst system. It is
important to note that other phenomena, such as the particle-

Figure 1. (a) PXRD and (b) TEM of Co8�xPt4�yNC@ZIF-8. White arrows and
circles mark exemplarily particles which are assigned to C and
Co8�xPt4�yNC@ZIF-8, respectively. The PXRD after the acidic MOF digestion
yielding Pt27Co1/C is shown in (a) and compared to a simulated ZIF-8
pattern.[30]
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size effect[34] or interactions with the carbon support,[35] can also
lead to a shift of the core-level peaks to higher binding
energies. However, the influence of metal-support interactions
on the XPS core-levels is small for amorphous carbons, such as
Vulcan® XC72R, used in this work[36] and was not observed in
the C 1s nor in the N 1s XPS spectra (Figure S5 and S6).

As mentioned previously, size-precise Pt nanoparticles
doped with small amounts of Co have shown superior ORR
activity.[13,14] To assess the catalytic performance of our derived
bimetallic PtCo composite, a water/isopropanol-based ink
containing Pt27Co1/C composite and NafionTM was evaluated
toward ORR by RDE measurements in acidic media (0.1 M
HClO4, pH~1) and compared to commercial Pt/C catalysts
commonly used in literature. The Pt loading on the glassy
carbon RDE tip was calculated to be 3.5 μgcm� 2. A Pt wire and
a mercury-mercurous sulfate electrode were used as counter
and reference electrode, respectively. A typical cyclic voltammo-
gram (CV) of the electrochemical examination of the Pt27Co1/C
catalyst in Ar-saturated 0.1 M HClO4 is shown in Figure 3a.
Typical Pt features, such as the H-adsorption/-desorption peaks
or oxide-formation/-reduction peaks, were not observed in the
first cycle (dark blue curve). This might be attributed to either
the low Pt weight loading of our Pt27Co1/C catalyst or the
potential blockage of its surface, so that little to no species can
be adsorbed to the active Pt, and the CV is dominated by the
capacitive behavior of the carbon support. The presence of
predominantly Pt-II and -IV species instead of metallic Pt could

also contribute to the missing Pt features in the CV in Ar
atmosphere. While cycling between 0.1 and 1.0 V vs reversible
hydrogen electrode (RHE) is known to clean, activate and
stabilize the catalyst surface, typically shown by, i. e., formation
and stabilization of H-adsorption/-desorption or oxide-forma-
tion/-reduction peaks over several cycles, this was not observed
in our case even after a several dozen cycles.[37] The dotted
curve in Figure 3b displays an exemplary anodic scan of the
ORR polarization curve of Pt27Co1/C in O2-saturated 0.1 M HClO4

between 0.1 and 1.0 V vs RHE directly after the electrochemical
activation. With continuous cycling under ORR conditions, the
electrocatalytic performance of Pt27Co1/C improved, which is
evident from the shift of the polarization curve toward more
positive potentials instead of stabilizing or deteriorating, as
typically observed during ORR. After several hundred cycles
(solid curve in Figure 3b), the polarization curve stabilizes and
does not change further. The ORR onset potential increased
from ~0.85 to 0.96 V vs RHE, while the current density at 0.9 V
vs RHE increased from ~0.16 to 1.46 mA cmgeo

� 2 and the half-
wave potential ΔE1/2 shifted by almost 100 mV. Following the
last ORR polarization curve, we again recorded CVs in Ar-
saturated 0.1 M HClO4 to further examine the observed activity
increase. In contrast to prior catalyst testing, characteristic Pt
features, such as H-adsorption/-desorption peaks between
~0.06 and 0.30 V vs RHE, as well as oxide-formation/-reduction
peaks of Pt between ~0.7 and 1.0 V vs RHE were now visible
(orange curve in Figure 3a). These observations support that

Figure 2. (a) HAADF-STEM image of the Pt27Co1/C electrocatalyst before electrochemical examination. (b) Zoomed-in view of single Pt atoms dispersed on
Vulcan® carbon support. (c) Co Kα HERFD XANES of Co8Pt4@ZIF-8 and Pt27Co1/C. The XANES of Co(II)-oxide and Co-foil are also shown for comparison. (d) Fitted
XPS spectrum of the Pt 4f core-level region of Pt27Co1/C directly after the synthesis.
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the main active species likely developed throughout the
electrochemical examination over up to 1000 cycles. This can
be explained by an increase in either the number of available
active sites for the ORR or the intrinsic activity of the Pt27Co1/C
catalyst material through NP size and shape alteration during
cycling (compare Figures 2a and 4a). Here, it is important to
note that the activation of the catalyst and its activity increase
is neither dependent on O2- or Ar-saturation nor on the counter
electrode material or the cycling potential window (Figure S7).
From the CVs in Ar atmosphere after electrochemical cycling for
up to 1000 cycles, we calculated a specific surface area (SSA) of
51�11 m2gPt

� 1 based on hydrogen underpotential deposition
(HUPD) as these CVs should represent the real catalyst surface
after the electrochemical activation.

HAADF-STEM images recorded after the extensive electro-
chemical cycling process (Figure 4a and Figure S8) reveal larger,
but still narrowly size-distributed NPs with a calculated mean
diameter of ~(2.05�0.66) nm homogeneously distributed on
the carbon support. Concomitantly, fewer single atoms can be
observed. The dissolution of less stable single atoms, migration,
and coalescence or Ostwald ripening during the electrochem-
ical cycling could have induced the growth of the initial NPs
until they reach an energetically stable state.[16,38,39] The distinct
NP formation is in accordance with the post-catalysis fitted XPS
spectrum of the Pt 4f core-level region revealing the presence
of Pt0 (Pt 4f7/2 at 71.3 eV, Figure 4b).[31] The presence of the
metallic Pt0 after the electrochemical measurements, in contrast
to mainly oxidized Pt species before, could contribute to more
pronounced Pt features observed in Figure 3a and a higher

Figure 3. (a) Typical CVs of Pt27Co1/C in Ar-saturated 0.1 M HClO4 at a scan rate of 50 mVs� 1 in the beginning (dark blue curve) and in the end (orange curve)
of the electrochemical examination, normalized to the geometric surface area of the glassy carbon electrode (0.196 cm2). (b) Typical iR-drop-corrected anodic
ORR polarization curves of Pt27Co1/C in O2-saturated 0.1 M HClO4 at a rotation speed of 1600 rpm and scan rate of 50 mVs� 1, normalized to the geometrical
surface area of the glassy carbon electrode. Pseudocapacitive currents were corrected by subtraction of a background CV recorded in Ar atmosphere. The
corresponding kinetic current curves in a potential range around 0.9 V vs RHE are displayed in the inset.

Figure 4. (a) HAADF-STEM images of the Pt27Co1/C electrocatalyst after electrochemical examination for up to 1000 cycles in O2-saturated 0.1 M HClO4. (b)
Fitted XPS spectrum of the Pt 4f core-level region of Pt27Co1/C after ~1000 ORR cycles.

Wiley VCH Dienstag, 27.02.2024

2405 / 338229 [S. 110/113] 1

ChemElectroChem 2024, 11, e202300476 (5 of 8) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202300476



onset potential of the ORR polarization curve in Figure 3b.
Continuous cycling of the catalyst thus leads to better
utilization of Pt in the form of enlarged, partially reduced NPs
exposing more active metallic Pt compared to the initially
predominant Pt oxide species and single atoms.[31,39,40] ICP-MS of
the catalytic layer and electrolyte post-cycling further revealed
that half of the Co leached out during the measurement,
leaving low amounts of Co incorporated in the actual catalytic
species.

The inset in Figure 3b underlines the dramatic increase in
ORR performance of the Pt27Co1/C during electrochemical
cycling by displaying the increase in kinetic current, calculated
from the ORR polarization curve, between 0.85 and 0.95 V vs
RHE. The kinetic current after the aforementioned electro-
chemical activation of Pt27Co1/C, normalized to the mass of
active Pt catalyst material, yields a mass activity as high as
(0.42�0.07) AmgPt

� 1. A more detailed look at the evolution of
ORR polarization curves for two individual measurements is
shown in Figures S10a and b. They reveal that the strongest
increase in performance happens within the first ~100 cycles,
which can also be seen by the steep increase of the MA in
Figure S10b. Furthermore, Figures S9 and S10 indicate a stable
catalyst system as the MA stays constant for ~500 cycles until a
decay in the polarization curve and the MA is noticeable. While
this testing duration indicates good catalyst stability, prolonged
testing in membrane electrode assemblies is required for a
“real-life” endurance assessment. The mass activity evaluated
for our Pt27Co1/C catalyst is comparable to that of the state-of-
the-art commercial Pt/C catalyst produced by Tanaka (TKK,
20 wt.-%, mass activity ~0.42 AmgPt

� 1) reported by Fichtner
et al.[41] The specific activity (SA) of Pt27Co1/C of (0.67�
0.06) mAcmECSA

� 2, evaluated by normalizing the kinetic current
at 0.9 V vs RHE to the ECSA, is even slightly higher than that
reported by Fichtner et al. (~0.61 mAcmECSA

� 2).[41] Comparing
the MA of our Co-doped Pt/C catalyst with the average
stoichiometry Pt27Co1/C with other PtCo/C catalyst systems from
the literature shows the success of this work as it can compete
with other catalysts and even outperform most. Table S2 and
Figure S11 give an overview of various Pt/C and PtCo/C
catalysts found in the literature. Our catalyst also outperforms
various other commercially available Pt/C catalysts (TKK, E-TEK,
HiSPEC), even reaching double the mass and specific activity
(Figure 5).[13,42]

Finally, to investigate the role of the MOF scaffolding, the
performance of the MOF-derived Pt27Co1/C catalyst was com-
pared to that of the MOF-free heterogenized Co8Pt4 cluster.
Vulcan® XC72R was impregnated with a MeOH solution of the
Co8Pt4 nanocluster, dried and activated via ligand removal at
200 °C under dynamic vacuum (5.4 wt.-% Pt, 2.8 wt.-% Co,
Co1Pt0.57/C). Again, no Pt(Co) NP reflections could be found in
the PXRD pattern (Figure S12). TEM images reveal small NPs
which are narrowly size distributed ((1.1�0.4) nm) but hetero-
geneously dispersed over the carbon support and showing less
single atoms (Figure S13). Applying this composite in the
electrochemical measurements showed only a slight activity
improvement throughout the electrochemical activation proce-
dure. However, compared to the MOF-derived Pt27Co1/C it

reaches a lower final mass activity of (0.24�0.03) AmgPt
� 1 (see

Figure 5 and Figure S14), half that of Pt27Co1/C. This points
towards advantages brought by the encapsulation of the metal
nanocluster toward defined high-performing catalysts.

Conclusions

Here, an atom-precise carbonyl cluster,
[NBnMe3]2[Co8Pt4C2(CO)24], functions as Pt� Co NP precursor via
ZIF-8-hosting. After cluster activation, Co8�xPt4�yNC@ZIF-8 is
interfaced with the nanostructured carbon support. An efficient
interfacing and adjustable Co8�xPt4�yNC@ZIF-8 to C ratio allows
to obtain homogenously distributed and narrow-size Pt27Co1
NPs with adjustable Pt-loading. RDE experiments revealed a
high catalytic ORR mass activity after the catalyst developed
throughout the electrochemical measurement. This is associ-
ated with nanoparticle restructuring and oxidation state
changes. The catalytic performance surpasses commercial Pt/C
catalysts as well as the directly deposited Co8Pt4 cluster.

The lower activity of the latter can mainly be attributed to
the composition and the significantly more inhomogeneous
PtCo NP distribution with fewer sub-nanometer species. How-
ever, the role of the Co content in the catalyst has not been
elucidated yet, while previous publications about Pt36Co/C
materials attributed their superior activity to the Co-leached
surface structure and electronic effects next to the small size
and the homogenous NP dispersion.[14] Classic approaches in
metallurgy typically yield larger NPs with an alloyed Pt core
surrounded by a pure Pt shell, which serves as the electro-
chemically active layer due to the shape defects introduced by
leaching of the non-noble metal.[43] In contrast, our synthetic
route utilizing the bottle-around-ship encapsulation of atom-
precise Co8Pt4 clusters in ZIF-8 specifically aimed to creating
defined Pt NPs doped with small amounts of Co to obtain the
same effect of shape defects of a core-shell NP. By this we could
simulate the effect of the active Pt shell without wasting the
scarce catalyst material of the alloyed NP core. Nevertheless,

Figure 5. Mass activity (MA) and specific activity (SA) of Pt27Co1/C via ZIF-8
encapsulation versus direct deposition of the metal nanocluster on carbon
(“Co8Pt4 NC/Vulcan®”) evaluated at 0.9 V vs RHE in 0.1 M HClO4 at a rotation
speed of 1600 rpm. MA and SA values of commercial Pt/C Tanaka, E-TEK, and
HiSPEC Pt/C catalysts are added from the literature to compare the ORR
activity of Pt27Co1/C via ZIF-8 catalyst synthesized in this work with state-of-
the-art Pt/C catalysts. Dotted orange and green lines mark the highest mass
and specific activity, respectively, achieved among the ORR catalysts
presented here.
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the higher Co content compared to the MOF-derived PtCo NPs
demonstrate the necessity of optimizing the digestion proce-
dure, cluster release and deposition toward maintaining the
initial cluster nuclearity. This would allow to assess the influence
of the Co content better and increase the benefits of the MOF-
mediated synthesis approach against the straight cluster
deposition further.

This study facilitates the journey towards atom-precise
cluster-MOF composites generating nanostructured and transi-
tion metal-doped ORR catalysts with high activity and minimum
Pt content for PEMFCs.

Experimental
Co8�xPt4�yNC@ZIF-8/C: 18.0/36.0 mg of Co8�xPt4�yNC@ZIF-8 and
9.00 mg carbon black (Vulcan®XC72R) were dispersed in 3.5 mL
MeOH via ultrasonication, mixed again through sonification and
dried in vacuo yielding a black powder.

ZIF-8: 775 mg 2-methylimidazole (9.44 mmol, 7.04 eq.) dissolved in
10 mL MeOH were combined with a solution of 350 mg of
Zn(NO3)2 · 4H2O (1.34 mmol, 1.00 eq.) in 10 mL MeOH at 50 °C. After
stirring for 5 min, aging for 10 min, centrifugation, washing with
THF (3×10 mL) and drying in dynamic vacuum 66 mg of the white
powder was obtained (0.29 mmol, 22%).

Pt27Co1/C (Co8�xPt4�yNC@ZIF-8 derived): 20 mg of Co8�xPt4�yNC@ZIF-
8/C was immersed in 5 mL of 1.0 m AcOH for 2 h and subsequently
washed with H2O (2×5 mL) and dried in dynamic vacuum.

Co1Pt0.57/C (direct cluster deposition): 2.6 mg of
[NBnMe3]2[Co8Pt4C2(CO)24] dissolved in 2 mL MeOH was mixed with
20 mg C (Vulcan®XC72R) suspended in 5 mL MeOH. The solvent
was removed under a dynamic vacuum while stirring. The dried
powder was heated to 200 °C under a dynamic vacuum for 2 h
utilizing a sand bath yielding a black powder.

Ink preparation

For the RDE measurements, 2 mg of the catalyst material were
dispersed in 713 μL of ultra-pure water, 289 μL isopropanol and
6 μL of Nafion, and sonicated for 20–30 min. 10 μL of this
suspension were deposited on a polished glassy carbon electrode
and dried under continuous rotation at 300 rpm to obtain a
homogeneous catalyst coating. Prior to the electrochemical meas-
urements, the glassy carbon tip was polished with 1, 0.3, and
0.05 μm alumina paste, respectively, and rinsed with ultra-pure
water. From the Pt weight loading of the catalyst, the volume of
drop-casted ink, and the geometrical surface of the glassy carbon
(0.196 cm2), the Pt loading per cm2 on the glassy carbon RDE tip
was calculated.
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