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Pyrolysis of Co-ZIF-Encapsulated Atom-Precise Pt
Clusters for Oxygen Reduction Reaction
2 Introduction

2.1.1 Platinum Clusters

The vast catalytic potential of platinum has led to significant improvements in our everyday

lives, whether in catalytic converters for efficient exhaust gas purification,[50] as catalyst for fuel

cells,[51] or in the industrial synthesis of nitric acid that is essential for fertilizer production.[52] To
render existing Pt catalysts even more efficient, a detailed understanding of surface reaction

mechanisms is of crucial importance. Therefore, Pt clusters are generating interest, not only
as model systems,[33] but as new and maybe even more active catalytic species themselves.

Chini Clusters [Pt3(CO)6]n2- (n = 2-8)
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In 1966, one of the lab students of Prof. Paolo Chini, Giuliano Longoni, was on the hunt for
platinum phosphine carbonyl clusters. In the course, he reduced Pt(CO)2Cl2 with lithium in
tetrahydrofurane (THF) and observed intensely coloured solutions ranging from green to
red.[53] Although the columnar structure of the now so-called Chini clusters was already
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proposed then, their elucidation proved difficult with the analytical techniques available. Years
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platinum phosphine carbonyl clusters. In the course, he reduced Pt(CO)2Cl2 with lithium in
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red.[53] Although the columnar structure of the now so-called Chini clusters was already
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successors Zammit, Ceriotti and Zacchini, amongst others (Figure 4).[55,56–58]

Encapsulated [Pt9(CO)18]2– cluster

1. Encapsulation

The oxygen reduction reaction (ORR) is more sluggish in proton-exchange
membrane fuel cells (PEMFCs) than hydrogen oxidation and requires
higher Pt loadings.[1] Therefore, the development of an efficient, durable,
and cheap electrocatalyst for ORR is a key challenge for the
commercialization of PEMFCs. Recently, it has been shown that dispersing
Pt-based alloy nanoparticles (NPs) inside N-doped porous carbon
frameworks results in a superior ORR mass activity.[2] In this poster, a new
precursor to derive Pt/Co sites embedded in a porous carbon matrix is
presented. Pyrolysis of atom-precise, ligand-free Pt12±x cluster
encapsulated into cobalt zeolitic imidazolate framework (ZIF-67) leads to an
N-doped carbon material with an ORR mass activity (0.38±0.030 A mgPt–1
at 0.9 ViR-free vs. RHE) similar to the commercial Tanaka Pt/C catalyst.
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of the planar sub-unit Pt3(CO)6 is depicted. In the crystal structure of [Pt24(CO)48]2- (right), seven subunits crystallize
with one Pt3(CO)6 in between, forming rod-like structures in the solid state. This indicates the ability of Chini clusters
to exchange whole Pt3(CO)6 subunits upon oxidation or reduction.[56]
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with one Pt3(CO)6 in between, forming rod-like structures in the solid state. This indicates the ability of Chini clusters
to exchange whole Pt3(CO)6 subunits upon oxidation or reduction.[56]
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4. Pyrolysis
5. Acid Wash

[NBu4]2[Pt9(CO)18]@ZIF-67

Pt12±x@ZIF-67

PtCo@NC

Synthetic procedure to derive a potential catalyst for ORR is presented in this poster. In
the first step, a composite material [NBu4]2[Pt9(CO)18]@ZIF-67 is synthesized using the
MOF-template approach.[3] Then, the material is exposed to air and heated at 200°C,
resulting in ligand-free, atom-precise Pt12±x clusters encapsulated in ZIF-67 pores.
Finally, Pt12±x@ZIF-67 is pyrolyzed at 900°C and acid washed, resulting in a N-doped
carbon material with embedded Pt/Co species (PtCo@NC).
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Figure 4: Crystal structures of Chini clusters [Pt3(CO)6]n2- for n = 3, 5 and 8.[54] In the top left corner, the structure
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In order to determine the graphitization
degree (D1/G band intensity ratio) of
the carbon matrix, the Raman spectrum
of PtCo@NC was deconvoluted into
five bands characteristic for carbon
materials, resulting in a D1/G peak area
ratio of 3.1±0.11.
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Pyrolysis of Pt12±x@ZIF-67 and PtCo@NC Characterization
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Co2+ nodes in ZIF-67 are
reduced in situ to metal Co
nanoparticles by carbonization
of the organic linker. Bigger Co
NPs are removed by washing
with 1.0 M HClO4 aqueous
solution.
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Encapsulated ligand-free Pt12±x cluster
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Through the combination of different
microscopic techniques, four different
species embedded into the carbon matrix
could be identified: i) Pt-Co alloy
nanoparticles (∼3-6 nm), ii) larger Co
crystallites (∼10-20 nm) with Pt atoms,
iii) aggregates of PtCo nanoparticles,
and iv) single metal atoms of Co and Pt.
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Conclusion
Co-ZIF-encapsulated Pt9 Chini cluster was successfully applied to derive a porous N-doped carbon with embedded Pt/Co species. Pyrolysis of
Pt-free ZIF-67 and Co-free [NBu4]2[Pt9(CO)18]@ZIF-8 (Zn-based ZIF) reveals the importance of both Pt and Co in the precursor for the
formation of the ORR active sites in PtCo@NC. Therefore, PtCo alloy NPs, confirmed by electron microscopy, could be responsible for the
observed electrocatalytic activity. The highly defined cluster@MOF system can be precisely modified in terms of cluster loadings and expanded
towards different sizes and compositions, providing a pool of precursors to study specific parameters and allow their systematic comparison to
obtain a fundamental understanding of how the MOF matrix affects the formation of metal sites during the pyrolysis process.
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