Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202200179

www.chemcatchem.org

On the Stability of Isolated Iridium Sites in N-Rich

Frameworks Against Agglomeration Under Reducing

Conditions

Andree lemhoff,™ Maurice Vennewald,” Jens Artz,® Chalachew Mebrahtu,®
Alexander Meledin,™ < Thomas E. Weirich,® Heinrich Hartmann, Astrid Besmehn,
Matteo Aramini,” Federica Venturini,” Fred W. Mosselmans,” Georg Held,” Rosa Arrigo,”® "

and Regina Palkovits** 9

Dedicated to Professor Holger Braunschweig on the occasion of his 60th birthday.

Stabilization of single metal atoms is a persistent challenge in
heterogeneous catalysis. Especially supported late transitions
metals are prone to undergo agglomeration to nanoparticles
under reducing conditions. In this study, nitrogen-rich covalent
triazine frameworks (CTFs) are used to immobilize iridium
complexes. Upon reduction at 400 °C, immobilized Ir(acac)(COD)
on CTF does not form nanoparticles but transforms into a
highly active Ir single atom catalyst. The resulting catalyst
systems outperforms both the immobilized complex and
supported nanoparticles in the dehydrogenation of formic acid
as probe reaction. This superior performance could be traced

Introduction

The quest of isolating metal sites on solid support materials has
been one of the major topics in heterogeneous catalysis in the
last decade. Great advances in analytical methods in the new
century have made it possible to confirm the presence of such
sites and their impact on catalytic processes.” A soaring
number of publications has been published in this field, in
which innovative synthetic approaches and applications for

back to decisive changes of the coordination geometry
positively influencing activity, selectivity and stability. Spectro-
scopic analysis reveals an increase of electron density on the
cationic iridium site by donation from the CTF macroligand
after removal of the organic ligand sphere from the Ir-
(acac)(COD) precursor complex upon reductive treatment. This
work demonstrates the ability of nitrogen moieties to stabilize
molecular metal species against agglomeration and opens
avenues for catalysts design using isolated sites in high-
temperature applications under reducing atmosphere.

these systems are reported together with attempts to unravel
the local structure in these intriguing yet challenging systems.”

Post-synthetic wet impregnation is a common approach for
functionalization of heterogeneous supports with isolated metal
sites."**" |In order to prevent thermodynamically favoured
agglomeration of highly dispersed metal sites, suitable anchor-
ing sites on the support are needed.”™ Efficient stabilization at
high temperatures and oxidative environments has been
demonstrated in defect sites or when using reducible
oxides.”**** However for oxide supports and widely-used late
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transition metals, insufficient stabilization is exerted under
reducing conditions and particle formation results.” The benefit
of electron-donating oxide materials to hinder agglomeration
under reducing conditions has been reported by Kurtog~lu
et al.”” Nitrogen-containing supports such as graphitic carbon
nitrides (g-C;N,) have emerged as an alternative to stabilize
isolated, generally positively-charged metal species.”*” Palladi-
um single atoms have been reported to be stable up to 150°C
in H,, showcasing the potential of nitrogen anchoring sites for
stabilization of late transition metals.””

Another prominent class of materials containing nitrogen
binding sites comprises covalent triazine frameworks (CTFs).
Besides widespread ionothermal approaches featuring carbon-
ization of the resulting porous material,’® an innovative poly-
condensation approach employing (di)-amidines was reported
by Wang et al.”! These materials have attracted interest in the
field of photocatalysis"” but no attention has been given to
applications in heterogeneous catalysis.

The dehydrogenation of formic acid has received attention
in the light of the growing interest of storing renewable energy
in hydrogen. For this transformation both homogenous"" and
heterogeneous catalysts"” have been reported, while through
immobilization the high specificity of former systems is met by
the advantages in handling and recycling offered by heteroge-
neous catalysts."¥ Upon agglomeration of isolated metal sites
and formation of nanoparticles both activity and selectivity are
impaired,”¥ thus providing an indirect characterization of metal
speciation of the catalyst upon exposure to reductive con-
ditions.

For the mainly used and scarcely available metal iridium,
little is known on the thermal stability of immobilized
complexes in nitrogen-rich frameworks. In the case of oxides,
the cleavage of organic ligands of immobilized complexes by
addition of hydrogen was shown to precede agglomeration
towards nanoparticles."™ If suitable anchoring sites are available
by the support material, it can act as a stabilizing macroligand
for isolated iridium sites as will be demonstrated for the case of
CTFs in this contribution.

Active species derived from immobilization of (Acetylaceto-
nato)-(1,5-cyclooctadiene)-iridium(l) (Ir(acac)(COD)) on a poly-
condensation-based CTF (“CTF-HUST-1") are investigated for the
dehydrogenation of formic acid. Influences of a reduction
treatment in hydrogen are studied by annular dark field
scanning transmission electron microscopy (ADF-STEM) to
identify the nuclearity of the Ir species. The electronic structure
of the metal sites after reduction is examined by X-ray photo-
electron spectroscopy (XPS) and fluorescence-detected X-ray
absorption spectroscopy (XAS). Temperature programmed
reduction-mass spectrometry (TPR-MS) measurements as well
as infrared spectroscopy are used to comment on the changes
in ligand sphere from the reductive treatment and the resulting
changes in metal support interactions are derived from
synchrotron-based in-situ near edge X-ray fine structure (NEX-
AFS) spectroscopy.
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Results and Discussion
Catalyst synthesis and characterization

The synthesis of the support material was performed by
polycondensation of diamidine and alcohol as reported by Liu
et al."® The structure of the organic framework was confirmed
by infrared and NMR spectroscopy and an ordered structure
could be demonstrated by XRD measurements (Figure S1-S3). A
specific surface area of 525 m?g ' with an ill-defined pore
structure was derived from nitrogen physisorption experiments
(Figure S4). TGA-MS analysis accounts for the stability of the
amidine-based material to up to 450°C, where the decom-
position of the framework is accompanied by the formation of
HCN (m/z=27) and significant loss of specific surface area
(Figure S5 & S6). During optimization of synthesis conditions,
160°C in the second temperature step was ideal to find a
compromise between polymer yield, porosity and sulphur
contamination during synthesis in DMSO (Figure S7 & Table S1,
see supporting information for further discussion on sulphur
contamination from synthesis).

Before further functionalisation, the residual S-content of
about 0.6 wt.% was reduced to below 0.2 wt.% by reductive
treatment in hydrogen at 300°C (Figure S12). From N1s XPS
measurements, pyridinic nitrogen sites were identified as the
main species with minor additional components at higher
binding energies (Figure S14).

The immobilization of Ir-complexes on the optimized
support material was achieved by wet impregnation in ethanol,
adopted from previous studies in our group showing ligand ex-
change with nitrogen and phosphorus-containing polymers
(Figure 12).'**'® The impregnation efficiency for a series of
iridium complexes is>95% compared to the targeted metal
loading of 1 wt.% Ir and was confirmed by ICP-MS measure-
ments (Table S3). In the catalytic dehydrogenation of formic
acid from base-free aqueous solution at 160 °C, the highest TOF
of 16900 molg, mol, 'h ' was obtained when using immobi-
lized Ir(acac)(COD) (Figure S15 & S16). This performance is
comparable to literature reports on bipyridine-based COFs""
and corresponding homogeneous catalysts formed in-situ from
the precursor and bipyridine, while outperforming a particulate
Ir/C catalyst (Table 1).

ADF-STEM proves the isolated character of the iridium
species at atomic resolution in the as synthesized Ir(acac)(COD)/
CTF sample (Figure 1b), while a uniform distribution was
confirmed using STEM Energy-Dispersive X-ray spectroscopy
(STEM-EDX) mapping (Figure S17 & S18). The size of the isolated
metal sites (0.1-0.2 nm), appearing as bright contrast features
on the dark contrast support material, corresponds well to the
atomic diameter of iridium. From infrared spectroscopic meas-
urements on a sample with higher metal loading (9.0 wt.% Ir),
the coordination at the nitrogen sites proceeds through the
exchange of the COD ligand (L type ligands) (Figure S19). This
interaction is reflected in the N1s XPS signal by a decrease in
intensity of the signal assigned to pyridinic nitrogen and a
corresponding increase of a component at higher binding
energy (Figure S20). The Ir4f,, XPS signal is located at 62.0 eV

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202200179

Figure 1. (a) Scheme of the functionalization of CTFs with Ir(acac)(COD) and subsequent reduction in hydrogen. Corresponding STEM-images of (b) the sample
as functionalized, (c) after reduction at 400 °C and (d) after reduction at 500°C.

Table 1. Catalytic performance of standard Ir/C catalyst as well as
homogeneous complexes and CTF based catalyst in the catalytic decom-
position of formic acid. Note that also the highest values in CO content in
the product gas correspond to CO, selectivities >99% for this trans-
formation.

Catalyst Conversion  TOF Cco
[%] [molg, content
mol, 'h "] [ppm]

Ir/C (5 wt.% Ir) 39.9 500 (1500(b]) 2045
Ir(acac)(COD) 9.8 1100 nd.
Ir(acac)(COD)/4,4"-Bipyridine®  97.0 35800 3020
Ir(ppy),(acac) 98.5 19300 417
Ir(acac)/CTF 98.5 16900 94
Ir(acac)/CTF¢ 99.5 24400 39

Conditions: 6 mL of 10 wt.% FA solution (13.04 mmol FA), 0.022 mol.% of
Ir, 160°C, 750 rpm, 2 h unless plateau pressure value was reached. [a] For
in-situ generation of the active complex an excess of 4 eq. bipyridine was
used. [b] Turnover frequency calculated based on exposed iridium atoms
at the nanoparticle's surface. The dispersion of the catalyst was
determined to be 33.4% by CO pulse titration. [c] after reduction at
400 °C.

and shifts to higher bindings energies (+0.4eV) during
exposure to air for catalytic tests and reduction treatment,
which accounts for oxidation of the initially immobilized
Ir(acac)-complex (Figure S21).

Correlation of dehydrogenation reactivity and iridium
nuclearity

During formic acid dehydrogenation, particle formation is a
common deactivation pathway with regard to the highly
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reductive reaction conditions."** Reduction of the catalyst prior
to use was performed in order to explore the reactivity of
evolving iridium species in dependence of the stabilization by
the CTF macroligand. Contrary to expectations of agglomer-
ation upon a reductive treatment, maximum activity and
selectivity were obtained after reduction at 400°C in hydrogen
(Table 1 & Figure 2). This translates into an increase of up to
45% in activity and 58% in selectivity compared to the
untreated Ir(acac)/CTF. The pronounced difference between the
as-synthesized and reduced catalyst can also be seen from
recycling experiment, where the former loses 88% of its initial
activity after five cycles with an increase of the CO content to
more than 700 ppm (Figure 2). For the reduced sample, a
significant improvement in stability is observed with still 16800
mol, mol, 'h ' and a CO content of just 128 ppm after five
cycles. ADF-STEM analysis after reduction indicates that the
isolated character of the iridium species is maintained up to
reduction temperatures of 400°C (Figure 1c). No particles>
0.5 nm were observed (Figure S22 & S23), while at higher
magnification the formation of small clusters (~0.5nm) as a
minor component is visible. The measured size of these entities
falls in the range of Ir4-clusters, reported by Bayram et al. and
Lu et al."” When the reduction temperature is increased beyond
the thermal stability of the support, activity and selectivity
deteriorate. This goes along with the carbonization of the CTF
framework, which is reflected in an increase in bulk carbon and
decrease in nitrogen content from elemental analysis as well as
effective iridium loading inducing uncertainties in the calcu-
lation of the activity (Table S5 & S6). The damage to the macro-
ligand results in agglomeration of the iridium sites, which is
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