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Accurate control over the coordination circumstances of single-atom catalysts
(SACs) is decisive to their intrinsic activity. Here, two single-site heteroge-
neous organometallic catalysts (SHOCs), Cp*Ir-L/GDY (L= OH™ and Cl;

Cp* = pentamethylcyclopentadienyl), with the fine-tuned local coordination
and electronic structure of Ir sites, are constructed by anchoring Cp*Ir com-
plexes on graphdiyne (GDY) matrix via a one-pot procedure. The spectroscopic
studies and theoretical calculations indicate that the Ir atoms in Cp*Ir—Cl/GDY
and Cp*Ir—-OH/GDY have a much higher oxidation state than Ir in the SAC Ir/
GDY. As a proof-of-principle demonstration, the GDY-supported SHOCs are
used for formic acid dehydrogenation, which display a fivefold enhancement of
catalytic activity compared with SAC Ir/GDY. The kinetic isotope effect and in
situ Fourier-transform infrared studies reveal that the rate-limiting step is the
B-hydride elimination process, and Cp* on the Ir site accelerates the f-hydride
elimination reaction. The GDY-supported SHOCs integrate the merits of both
SACs and molecular catalysts, wherein the isolated Ir anchored on GDY echoes
with SACs’ behavior, and the Cp* ligand enables precise structural and elec-
tronic regulation like molecular catalysts. The scheme of SHOCs adds a degree
of freedom in accurate regulation of the local structure, the electronic property,
and therefore the catalytic performance of single-atom catalysts.

hence allowing for maximal active-site
utilization. By fine-tuning the interac-
tion between the anchored single sites
and their neighboring surface atoms, the
electronic property and catalytic activity of
SACs could be optimized in principle. In
this respect, SACs build a bridge between
homogeneous and heterogeneous catalysts.

Despite  the significant progress
achieved in the construction of various
SACs, limited attempts have been made to
exquisitely regulate the local coordination
structure of SACs,! mainly due to the
lack of practical synthetic approaches
for precisely tailoring the coordination
sphere of SACs, especially for those sup-
ported on carbon materials. For instance,
the widely documented SACs of atomic
metal-nitrogen—carbon  moietiesl®)  on
carbon substrates are usually synthesized
by pyrolysis at high-temperature. Such a
condition is too extreme to fine-tune the
local coordination sphere of the catalyti-
cally active metal centers, posing a chal-
lenge for modulating the configuration

1. Introduction

The heterogeneous single-atom catalysts (SACs) have been
extensively studied for energy conversion, chemical transfor-
mation, and environmental remediation.! The SACs feature
the atomically-dispersed active sites which are immobilized on
given support through covalent coordination or ionic interaction,

at an atomic/molecular level.! Thus, synthetic strategies are
required to add another degree of freedom to tune the metal
centers in a molecular way, where the active sites can be fea-
sibly and flexibly tailored. Drop-casting the molecular catalysts
on heterogeneous support, to some extent, ensures fine-tuned
active site by utilizing the inherent coordination environment
of molecular catalysts, while catalysts are prone to aggregate
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and suffer from serious leaching issues under catalytic condi-
tions.’l As an extension of this approach, attaching molecular
catalysts on the support through covalent bonds circumvents
these problems but needs functional groups on both molecular
catalysts and the supporting materials to realize the covalent
connection. As a result, this approach is tedious and may alter
the electronic structure of the molecular catalysts.ll A remedy
to this troublesome approach is anchoring organometallic cata-
lysts to carbon materials in the form of SACs to construct the
expected single-site heterogeneous organometallic catalysts
(SHOCs; note that the organometallic motifs of SHOCs are
immobilized on both external and internal surfaces of the lay-
ered materials, making SHOCs different from the well-known
surface organometallic catalysts where the organometallic
motifs are bound to the external surface of supporting mate-
rials),”! which are endowed not only with the desired features
of SACs but also with the merits of molecular catalysts. This
synthetic strategy allows the structural manipulation of SACs
beyond the carbon supports.

Herein, we report two Cp*Ir-based SHOCs anchored on the
graphdiyne (GDY) matrix, which were constructed through
a one-pot synthetic strategy. As a 2D carbon allotrope, GDY is
periodically constituted by the sp- and sp*hybridized carbon
atoms.®! The ordered 18 C-hexagonal pores on the GDY, formed
by three butadiyne linkages between the benzene rings, provide
ideal coordinating sites for immobilization of single atoms.’)
Very recently, our group has reported a versatile synthetic pro-
cedure using high-valence metal salts and hexaethynylben-
zene (HEB) to deposit various metal single-atoms on the GDY
matrix.l In this work, the deployed Cp*Ir molecular catalysts
are capable of driving the cross-coupling reaction of GDY mono-
mers, and meanwhile the Cp*Ir molecular catalysts could be
simultaneously confined and chelated on the porous GDY
framework, leading to the formation of isolated molecular-sites
as Cp*Ir/GDY moieties (Figure 1). To our delight, the prepared
SHOCs integrate the merits of both SACs and molecular cata-
lysts, where the atomic Ir sites are stabilized by the GDY matrix,
and their electronic property is exquisitely tuned by the inherent
Cp* ligand. Formic acid (FA) dehydrogenation, which is con-
sidered a promising strategy for on-site hydrogen evolution,!!!
was used as a model reaction to elucidate the structure—function
relationship of the as-synthesized SHOCs. Benefitted from
the electronic-regulating ability of Cp*, the turnover frequency
(TOF) on the optimum Cp*Ir SHOCs is six times as high as
that of Ir SACs. The scheme of SHOCs provides a practical
way to accurately regulate the local coordination and electronic
property, and therefore the catalytic performance of atomically
dispersed active sites. In principle, such a one-pot synthetic
strategy adds a degree of freedom for catalyst design and paves
the way to expanding the scope of SACs on carbon materials.

2. Results and Discussion
2.1. Synthesis
The schematic illustration of the one-pot synthetic strategy for

target Ir catalysts is depicted in Figure 1. The monomer HEB
was prepared from hexakis|(trimethylsilyl)ethynyl]benzene by
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Figure 1. Schematic of the synthetic procedure for Ir/GDY, Cp*Ir—Cl/
GDY, and Cp*Ir-OH/GDY.

desilylation® and then used immediately for the coupling reac-
tion, in which HEB was mixed with an iridium precursor, such
as IrCls, [Cp*IrCly),, and [Cp*Ir(H,0)3]SO,, in pyridine under
argon atmosphere. The monomer HEB underwent oxidative
coupling to form the C—C bond in the presence of high-valence
iridium precursors, and these iridium precursors were concom-
itantly reduced to low-valent metal species. Moreover, the in
situ formed GDY provided abundant coordination sites to stabi-
lize the reduced iridium species. Consequently, densely atomic/
molecular Ir sites were dispersed on the GDY matrix, and the
resulting materials are denoted as Ir/GDY, Cp*Ir—Cl/GDY, and
Cp*Ir-OH/GDY (see their structures in Figure 1).

2.2. Morphology

The morphology of as-prepared materials was characterized
by bright field transmission electron microscopy (BF-TEM)
and aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM). The
BF-TEM images show an aggregated flake-like morphology for
all three samples (Figure S1, Supporting Information). Dense
atomically dispersed Ir sites but no aggregated Ir particles on
GDY were observed by HAADF STEM analysis of different
regions of samples (Figure 2a—c; and Figure S2, Supporting
Information). The Ir sites were clearly identified by numerous
separated bright dots under a high-magnification mode. More-
over, the elemental mapping images obtained by energy-disper-
sive X-ray spectroscopy indicated the uniform distributions of
Ir, C, and O elements on Ir/GDY; Ir, C, and Cl elements on
Cp*Ir-Cl/GDY; and Ir, C, O, and S elements on Cp*Ir-OH/
GDY over the entire architecture (Figure 2d—f; and Figure S3,
Supporting Information). The existence of oxygen element on

© 2022 Wiley-VCH GmbH
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Figure 2. HAADF STEM images of a) Ir/GDY, b) Cp*Ir—Cl/GDY, and c) Cp*Ir—-OH/GDY. Dark field STEM images of d) Ir/GDY, e) Cp*Ir—Cl/GDY, and
f) Cp*Ir-OH/GDY and the corresponding element mapping images of Ir, C, O, and Cl.

the entire architecture could be explained by the oxygenation
of some exposed terminal acetylene groups on the GDY sur-
face. The S mapping image (Figure S4, Supporting Informa-
tion) shows a fair amount of S element is uniformly distributed
on Cp*Ir-OH/GDY, suggesting that some of the SO~ ions
of [Cp*Ir(H,0)3]SO, remains in the as-prepared material and
cannot be washed away. The Ir loadings of 1751, 15.36, and
9.12 wt% on Cp*Ir-Cl/GDY, Cp*Ir-OH/GDY, and Ir/GDY,
respectively, were determined by inductively coupled plasma
mass spectrometry (ICP-MS). The loading mass is consider-
ably higher than those reported very recently via the pyrolysis
method.[?

2.3. Spectroscopic Characterization

The Raman spectra of Cp*Ir-Cl/GDY, Cp*Ir-OH/GDY, and Ir/
GDY (Figure S5, Supporting Information) are in good agree-
ment with the reported spectrum of GDY.®2 The minor peaks
of as-prepared samples around 2200 cm™ are ascribed to the
acetylene bond, and the other two peaks at 1347 and 1552 cm™
correspond to the D and G bands of sp? carbons, revealing the
successful construction of GDY substrates. The intensity ratios
of Ip/Ig are 0.746, 0.743, and 0.701 for Cp*Ir-Cl/GDY, Cp*Ir—
OH/GDY, and Ir/GDY, respectively, which indicates that the
introduction of Cp*Ir on GDY increases the defects of GDY.
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The Fourier-transform infrared (FTIR) spectra of Ir/GDY,
Cp*Ir-Cl/GDY, Cp*Ir-OH/GDY, and [Cp*IrCly], are shown in
Figure S6 (Supporting Information). The precursor [Cp*IrCl,],
displayed three strong vibration bands at 1450, 1380, and
1029 cm™, of which the first two bands are assigned to the out-
of-plane bending vibration of C—H and the third one to the
skeletal vibration of the Cp* ring. All these three characteristic
bands were also observed in the FTIR spectra of Cp*Ir—Cl/
GDY and Cp*Ir—OH/GDY, but the bands of 1380 and 1029 cm™*
were not detected for Ir/GDY although it coincidently displayed
a small band at 1450 cm™. The results evince the successful
introduction of Cp*Ir complexes on GDY for both Cp*Ir—Cl/
GDY and Cp*Ir-OH/GDY.

The solid-state 3C NMR spectra of Ir/GDY, Cp*Ir-Cl/GDY,
and Cp*Ir-OH/GDY were studied to further reveal the coordi-
nation structures of the metal centers in as-prepared catalysts
(Figure S7, Supporting Information). The peaks at 110-160 ppm
represent for the spZhydridized carbons of the benzene and
Cp* rings, and the peaks at 75-105 ppm for the sp-hybridized
carbons of butadiyne linkers. The sharp peak at 6.5 ppm that is
only observed for Cp*Ir—Cl/GDY and Cp*Ir-OH/GDY is attrib-
uted to the sp*hydridized carbons of the methyl groups of the
Cp* fragment.

The weak and broad peaks in the X-ray diffraction (XRD)
patterns of Cp*Ir—Cl/GDY, Cp*Ir-OH/GDY, and Ir/GDY indi-
cate the low degree of crystallinity of the samples (Figure S8a,
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Supporting Information). Ir/GDY showed a broad peak at
21° in its XRD pattern, which is identical to that indexed to
the (002) plane of GDY,®™ indicating that the insertion of
naked single Ir atoms does not apparently influence the inter-
planar spacing of GDY layers. By contrast to the SAC Ir/GDY,
this characteristic peak shifts from 21° to 12° for the SHOCs
Cp*Ir—Cl/GDY and Cp*Ir—-OH/GDY, signifying the increase of
the interplanar spacing of GDY layers (=74 A) by the insertion
of Cp*Ir-L (Figure S8b, Supporting Information). The XRD
data also demonstrate that there is no a subset of Ir/GDY in
Cp*Ir-Cl/GDY and Cp*Ir-OH/GDY, which means with Cp*Ir
complexes as precursors the Cp* ligand will not dissociate from
the Ir atom during the preparation process.

The samples were then characterized by X-ray photoelectron
spectroscopy (XPS). The C 1s core-level XPS spectra of Ir/
GDY (Figure S9, Supporting Information) can be fitted into
the peaks at 284.51, 285.22, 286.89, and 288.14 eV, attributing
to GDY-based C—C(sp?), C—C(sp), C—O, and C=0, respectively.
By contrast, one more peak at 283.50 eV can be fitted in the C
1s XPS spectra of Cp*Ir-Cl/GDY and Cp*Ir-OH/GDY, which is
assigned to the sp® carbon of the Cp* ligand. Moreover, the area
ratio of sp? and sp carbons is close to 1:2 for Ir/GDY, while the
area of sp? carbons is increased for Cp*Ir-Cl/GDY and Cp*Ir-
OH/GDY, which could be attributed to the contribution of sp?
carbons in the Cp* ring.

All the above spectroscopic characterizations of Cp*Ir-Cl/
GDY and Cp*Ir-OH/GDY support the successful grafting the
Cp*Ir moieties on GDY. Additionally, compared with the C 1s
peaks of GDY, the C 1s spectra of Cp*Ir—Cl/GDY, Cp*Ir-OH/
GDY, and Ir/GDY exhibited a new peak at about 290.8 eV
due to the 7—7* transition arising from the restoration of the
delocalized conjugated structure,*>d suggesting the pres-
ence of interaction between Cp*Ir (or Ir) and the GDY frame-
work. To further prove the interaction between Cp*Ir and
GDY, we synthesized a material, denoted as Cp*Ir-H,0/GDY,
where [Cp*Ir(H,0)3]SO, was physically absorbed on GDY
(note that Cp*Ir-H,0/GDY was prepared by soaking GDY in
a [Cp*Ir(H,0);]SO, solution at room temperature). The Ir 4f
spectra of Cp*Ir-H,0/GDY and Cp*Ir-OH/GDY are shown
in Figure S10 (Supporting Information). Compared to Cp*Ir—
H,0/GDY, Cp*Ir-OH/GDY displays negatively shifted binding
energies of Ir 4f;; and Ir 4f;,, suggesting the strong interac-
tion or coordination between Cp*Ir and GDY in the material of
Cp*Ir-OH/GDY. More evidence on the coordination between
Cp*Ir and GDY for our catalysts was provided based on the
extended X-ray absorption fine structure (EXAFS) analysis and
density functional theory (DFT) calculations (see below).

2.4. Ligation of CI- and OH~

The ligation of CI~ in Cp*Ir—Cl/GDY is evidenced by the
high-resolution Cl 2p XPS spectra (Figure S1la, Supporting
Information). To rationally identify the Cl 2p peaks, the Cl
2p XPS spectra of two references, NaCl/GDY (obtained by
the physical adsorption of NaCl on GDY, in which free CI
is present) and [Cp*IrCly], (in which CI” is bound with Ir),
were measured, which displayed Cl 2p,,/Cl 2p;, peaks at
198.98/197.39 and 201.63/200.04 eV, respectively. The Cl 2p
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peaks of Cp*Ir-Cl/GDY could be deconvoluted to two sets at
198.94/197.33 and 201.53/199.95 eV, while only one set of Cl
2p peaks at 198.94/197.36 eV was detected for Ir/GDY. By com-
paring the spectra of Cp*Ir-Cl/GDY and Ir/GDY with those
of the two references, it could be deduced that both bound CI~
(Ir—Cl) and free CI~ exist in Cp*Ir—Cl/GDY, but in Ir/GDY all
residual chlorides are free CI™ ions on the GDY framework.

The ligation of OH™ in Cp*Ir-OH/GDY is supported by the
O 1s XPS spectra (Figure S11b, Supporting Information). The
O 1s spectrum of Ir/GDY could be deconvoluted to two peaks
at 533.02 and 532.02 eV, corresponding to C—O and C=0 units
of some oxidized terminal acetylene groups of GDY. Notably,
the O 1s spectrum of Cp*Ir-OH/GDY is broader than that of
Ir/GDY. It has been documented that the O 1s peaks of metal
hydroxides are at around 531.0 eV.'3] Thereby, we proposed
that the O 1s spectrum of Cp*Ir-OH/GDY is composed of
four peaks at 533.02 (C—O), 532.02 (C=0), 531.31 (SO,%")and
530.81 eV (Ir-OH). The assignment of hydroxo ligation is fur-
ther supported by the DFT calculations. Upon geometry opti-
mizations, the structure of Cp*Ir-OH,/GDY became unstable
and the aqua ligand dissociates from the Ir center. On the other
hand, when the water molecule was replaced by the hydroxo
ligand, the structure of Cp*Ir-OH/GDY was obtained with a
local energy minimum. Accordingly, the structure of Cp*Ir—
OH/GDY was proposed.

2.5. Coordination Structure

The local coordination structure around Ir was studied by
the EXAFS analysis. Figure 3a shows the Fourier transform
curves in the R space of the Ir L;-edge EXAFS spectra for Ir/
GDY, Cp*Ir-Cl/GDY, and Cp*Ir-OH/GDY in comparison with
the references of Ir foil and IrCl;. The absence of Ir—Ir bond
(=2.6 A) verifies that the single-site feature of Ir is achieved
over the as-prepared samples. A major peak at =1.65 A was
observed for each sample, due to mostly the Ir—C backscat-
tering of the as-prepared samples; this peak was slightly posi-
tively shifted (=1.72 A) for Cp*Ir-Cl/GDY in comparison with
Ir/GDY and Cp*Ir-OH/GDY, which is presumably contributed
by the longer Ir—Cl bond of Cp*Ir-Cl/GDY than the Ir—C/O
bonds of Ir/GDY and Cp*Ir-OH/GDY. Additionally, the extra
peak at =1.15 A for Cp*Ir-OH/GDY should arise from the
X-ray scattering in terms of the covalent radius (1.27 A) of Ir.
The wavelet transform (WT) analysis was carried out for dis-
criminating the backscattering atoms and providing an effective
resolution in the k and R spaces. The WT EXAFS oscillations
of Ir L;-edge exhibited a sole intensity maximum at =6 A,
corroborating the atomic dispersion of Ir species on the GDY
matrix (Figure 3b). The EXAFS curve-fitting analysis reveals
that Cp*Ir-L/GDY (L = Cl, OH") and Ir/GDY moieties are
well established (Figure 3a; and Figure S12 and Table S1, Sup-
porting Information). Besides, EXAFS fitting results with
various other reference structures are depicted in Figure S13
(Supporting Information). Taking the materials of Cp*Ir-Cl/
GDY and Cp*Ir-OH/GDY for instance, if we assumed that the
reaction precursors were physically adsorbed on the surface
of GDY, the Ir species would exist in the form of precursors.
When the crystal structures of precursors were used for fitting,

© 2022 Wiley-VCH GmbH
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Figure 3. a) EXAFS spectra in R space for Ir/GDY, Cp*Ir—Cl/GDY, Cp*Ir-OH/GDY, Ir foil, and IrCl; with related fitting curves (dot lines). b) The wavelet
transform analysis for Ir/GDY, Cp*Ir—Cl/GDY, and Cp*Ir-OH/GDY. c) High-resolution Ir 4fXPS spectra of Ir/GDY, Cp*Ir-Cl/GDY, Cp*Ir-OH/GDY, and
related iridium precursors. d) XANES spectra of Ir/GDY, Cp*Ir-Cl/GDY, Cp*Ir—OH/GDY, Ir foil, and IrCl; at the Ir L;-edge.

their fitting curves (Figure S13d,f, Supporting Information)
are much worse than those obtained with the proposed struc-
tures (Figure S13c,e, Supporting Information). On these prem-
ises, single-molecular-site and single-atom Ir configurations
were successfully established, which extends the boundary of
conventional homogeneous and heterogeneous catalysts. The
results from EXAFS studies demonstrated that the organome-
tallic Ir complexes were successfully embedded on the 2D GDY
via the metal-support coordinate bonds.

2.6. Electronic Perturbation

To gain insight into the electronic structure of Ir/GDY, Cp*Ir—
Cl/GDY, and Cp*Ir-OH/GDY, we measured the high-resolution
XPS spectra of Ir 4f orbitals and the synchrotron-based X-ray
absorption near-edge structure (XANES) at Ir L;-edge. The pre-
cursors IrCls, [Cp*TrCly],, and [Cp*Tr(H,0)3]SO, display Ir 4f5 5/
Ir 4f;, peaks at 65.21/62.20, 64.92/61.93, and 65.13/62.08 eV,
respectively (Figure 3c). In comparison, the binding energy
values of Ir 4f at 64.03/61.04 eV for Ir/GDY, 64.26/61.25 eV for
Cp*Ir—Cl/GDY, and 64.43/61.43 eV for Cp*Ir-OH/GDY are
significantly shifted to lower binding energy by 1.18, 0.66, and
0.70 eV than that for their corresponding precursors. Moreover,
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the Ir binding energies of Cp*Ir-Cl/GDY and Cp*Ir-OH/GDY
are higher than Ir/GDY, signifying that the oxidation state of Ir
in Cp*Ir-Cl/GDY and Cp*Ir-OH/GDY is higher than that in
Ir/GDY.

As shown in Figure 3d, the Ir L;-edge XANES spectra of
as-prepared samples together with references Ir foil and IrCl;
are characterized by broad white lines, which are primarily
attributed to the electron transition from occupied 2p to empty
5d states.’?! The Ir L;-edge white-line intensities of Ir/GDY,
Cp*Ir-Cl/GDY, and Cp*Ir-OH/GDY lie between those of the
Ir foil and IrCl;, and their intensities increased in the order of
Cp*Ir-OH/GDY > Cp*Ir—Cl/GDY > Ir/GDY. The average oxi-
dation states of Ir estimated by the integrated area of the Ir L3-
edge white-line intensity are +1.3 for Cp*Ir-OH/GDY, +0.8 for
Cp*Ir—Cl/GDY, and +0.2 for Ir/GDY (Figure S14, Supporting
Information). Consistent with the results of inference from Ir
4f XPS spectra, XANES studies also demonstrate that the oxida-
tion state of Ir in Cp*Ir-L/GDY (L = CI~, OH") is higher than
that in Ir/GDY, most probably because the negatively charged
strong electron-donating ligands Cp*/Cl"/HO™ increase the
energy level of d-electrons of Ir and thus favor the back-bonding
from Ir to the coordinated triple bonds in the GDY matrix.

DFT calculations were performed to examine the Bader
chargel™ of the center Ir atoms of Ir/GDY, Cp*Ir—Cl/GDY,

© 2022 Wiley-VCH GmbH
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and Cp*Ir-OH/GDY. The results are summarized in Table S2
(Supporting Information). For Ir/GDY, the Bader charge of Ir
is +0.36 while it increases to +0.68 for Cp*Ir—Cl/GDY and fur-
ther to +0.80 for Cp*Ir—-OH/GDY. The trend of calculated Bader
charges agrees well with that of the oxidation states estimated
on the basis of Ir 4f XPS and XANES spectra. When Cp*Ir—Cl/
GDY and Cp*Ir-OH/GDY are used for FA dehydrogenation,
they have to transform in situ to Cp*Ir/GDY by the dissociation
of chlorine and hydroxo ligands. Then, Cp*Ir/GDY reacts with
formate to yield Cp*Ir-OOCH/GDY, which undergoes mul-
tiple reaction steps to achieve FA dehydrogenation. Thereby, we
also analyzed the Bader charge of Ir on Cp*Ir/GDY. It's Bader
charge is +0.55, just in between those of Ir/GDY and Cp*Ir—Cl/
GDY. These results suggest that the ligation of Cp*, CI-, and
OH" increases the positive charge on the Ir atom. To under-
stand this phenomenon, we analyzed the differential charge
density for Cp*Ir/GDY. The results show that Ir loses electrons
while electrons accumulate between Ir and GDY as well as Ir
and Cp* (Figure S15, Supporting Information), suggesting that
electrons are further transferred from Ir to GDY (and to Cp*)
via the formation of polar covalent bonds between them.

2.7. Catalysis

Evidently, the electronic structure of the Ir centers has been
modulated by the introduction of the Cp* ligand, and the
electronic perturbation would result in an apparent effect on
the chemical property of the Ir centers, such as catalytic prop-
erty. With a view to illustrating such effect, a proof-of-concept
test of Ir/GDY, Cp*Ir—Cl/GDY, and Cp*Ir-OH/GDY toward
FA dehydrogenation was conducted. The amount of released
H,/CO, was monitored by pressure transducers for kinetic
studies (Figure S16, Supporting Information), and a wet
gas meter was used to record the gas volume for long-term
evaluation. Initially, the catalytic activity of Ir-based catalysts
was examined in a 3.0 m FA aqueous solution at 363 K. The
results are shown in Figure 4a,b. Cp*Ir-Cl/GDY and Cp*Ir—
OH/GDY displayed evidently higher activity than Ir/GDY.
About 4.6 L of gas (mixed H, and CO, with H,:CO, = 1:1;
corresponding to 96% conversion) was generated for Cp*Ir—
Cl/GDY and Cp*Ir-OH/GDY in =19 and 33 h, respectively.
In comparison, only 2.7 L of gas (a conversion of 56%) was
released for Ir/GDY over an 80 h reaction. Gas chromatog-
raphy analysis showed that there were H, and CO, but no CO
in the generated gas, indicating an excellent H, selectivity of
Cp*Ir-OH/GDY, Cp*Ir-Cl/GDY, and Ir/GDY toward the FA
dehydrogenation reaction. The initial TOF values (calculated
based on the data in the initial 30 min) are 850 h™* for Cp*Ir—
OH/GDY, 560 h™! for Cp*Ir-Cl/GDY, and 150 h! for Ir/GDY.
The activity of Cp*Ir-OH/GDY is about 6 times as high as
that of Ir/GDY. For comparison, we also examined the cata-
lytic properties of Ir precursors, [Cp*IrCl,], and [Cp*Ir(H,0);]
SO,. The initial TOF values for [Cp*IrCl,], and [Cp*Ir(H,0);]
SO, are 200 and 330 h™! (Figure 4b), respectively. The cata-
Iytic performances of Cp*Ir—Cl/GDY and Cp*Ir-OH/GDY are
superior to those of their precursors. Notably, the electronic
modulation of Ir single-atom catalysts by Cp* resulted in a
significant improvement on the catalytic activity, showing the
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advantage of our strategy of structural manipulation beyond
the carbon support.

To figure out the influence of the Ir loading on the catalytic
activity of Cp*Ir-OH/GDY, we modified the Ir loading of Cp*Ir-
OH/GDY by changing the amount of precursor in the prepa-
ration process and obtained the samples of Cp*Ir-OH/GDY-2
and Cp*Ir-OH/GDY-3. The Ir loadings of 9.31 and 759 wt%
for these two samples were determined by ICP-MS analysis.
The TOF values (based on the data in the initial 30 min) are
930 and 970 h™! for Cp*Ir-OH/GDY-2 and Cp*Ir-OH/GDY-3,
respectively, for the FA dehydrogenation in a 3 m FA aqueous
solution at 363 K. Figure S17 (Supporting Information) shows
that the TOF value of Cp*Ir-OH/GDY is somewhat decreased
from 970 to 850 h™! when the Ir loading is increased from 7.59
to 15.36 wt%. This phenomenon could be caused by the fact
that as the Ir loading is increased a small number of the Cp*Ir
sites may be buried within the GDY structure and inaccessible
for catalysis, which makes the calculated TOF value (based on
the total Ir loading) lower than the real activity. Unfortunately,
the attempts to further decrease the Ir loading of Cp*Ir-OH/
GDY was not successful, because when too small amount of
the Ir(IIl) precursor (which acts as an oxidant during the GDY
formation process) was added in the preparation the HEB mon-
omer was polymerized only to low-polymerization degree GDY,
which is difficult to be isolated from the solution. Nevertheless,
the current results demonstrate that i) the total loading of Ir
in Cp*Ir-OH/GDY can be modified by changing the amount
of precursor in the preparation process and ii) a significant
number of the Cp*Ir sites in Cp*Ir-OH/GDY are active for the
catalysis of FA dehydrogenation at least with the Ir loading up
to 15.36 wt%.

The influence of the FA concentration on the initial TOF
of Cp*Ir-OH/GDY for FA dehydrogenation is illustrated in
Figure 4c; and Figure S18 (Supporting Information). A volcano
relationship between the initial TOF and the FA concentration
was observed. The initial TOF reached the maximum value
of 850 h™ in a 3.0 m FA aqueous solution. Then the activity
decreased with further increase of the FA concentration,
owing to the drop of the water concentration as the water con-
centration plays an essential role in the catalytic FA dehydro-
genation.® Next, the dehydrogenation of FA was carried out
at various pH values (Figure 4d; and Figure S19, Supporting
Information) in an aqueous solution (adjusted by the ratio of
FA/HCOONa). The catalytic performances of Ir/GDY, Cp*Ir—
Cl/GDY, and Cp*Ir-OH/GDY showed remarkable improve-
ment with an increase in pH. Cp*Ir—Cl/GDY and Cp*Ir-OH/
GDY demonstrated a much better FA dehydrogenation perfor-
mance than their precursors, [Cp*IrCl,], and [Cp*Ir(H,0);]
(SOy), at all tested pH conditions (Figure S20, Supporting
Information). To our delight, Cp*Ir-OH/GDY displayed a
TOF of 2170 h™! at pH 3.9 and 363 K, corresponding to a mass
activity of 1726 mmol g™ h7!, while the TOFs of 22-800 h™!
were reported over the past few years for the single-atom cata-
lysts supported on carbon materials in FA dehydrogenation at
371-398 K (Table S3, Supporting Information).!®!

In addition, the initial TOFs of all three as-prepared catalysts
were further measured at various temperatures to construct the
Arrhenius plot (Figure 4e; and Figure S21, Supporting Infor-
mation). The activation energy for FA dehydrogenation over
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Figure 4. a) Decomposition of FA over different catalysts in a 3 m FA aqueous solution with 10 imol Ir (total Ir contained in the added catalyst) at 363 K.
b) Comparing the TOFs (over initial 30 min) of Ir/GDY, Cp*Ir—Cl/GDY, Cp*Ir-OH/GDY, and related precursors for FA dehydrogenation. c) Plot of initial
TOF versus [HCOOH] for Cp*Ir—OH/GDY. d) Effect of pH on TOF for FA dehydrogenation using 1.0 mg of Ir/GDY, Cp*Ir—Cl/GDY, and Cp*Ir-OH/
GDY in FA/HCOONa solution (3 m). e) Arrhenius plot for FA dehydrogenation over different catalysts. f) Catalytic performance of Cp*Ir-OH/GDY for

FA dehydrogenation during successive rounds of reaction in a T M FA aqueous solution with 40 umol Ir at 363 K.

Cp*Ir-Cl/GDY and Cp*Ir-OH/GDY were calculated to be 74.57
and 71.39 k] mol™, respectively, which are lower than that of
82.37 k] mol™ for Ir/GDY and almost the same as those for
the active homogeneous catalysts.["”] For example, the activation
energy of [Cp*Ir(4,4-R,-bpy)(H,0)]SO, (R = OMe) was reported
to be 75.7 k] mol™! by the Himeda group./*®!

Moreover, the stability of Cp*Ir-OH/GDY was studied by
performing successive runs of the reaction (Figure 4f). After five
runs, almost 95% of the original activity was preserved. Clearly,
Cp*Ir-OH/GDY showed advantages in stability and recycla-
bility over homogeneous iridium catalysts. The XPS, FTIR,
XRD, and HAADF STEM measurements were performed over
Cp*Ir—-OH/GDY after reusability tests. Figure S22 (Supporting
Information) shows that there is no notable change in the C 1s
and Ir 4f XPS spectra of Cp*Ir-OH/GDY after reusability tests.
In the FTIR spectrum of Cp*Ir-OH/GDY after reusability tests
(Figure S23a, Supporting Information), the characteristic peaks
at 1450, 1380, and 1029 cm™ for the Cp* ring were maintained,
suggesting the stability of the Cp* ring on the Ir center during
the reaction. Besides, there is no considerable change in the
XRD pattern (Figure S23b, Supporting Information), and espe-
cially no characteristic peaks of Ir particles after reusability tests,
indicating no crystalline Ir particles formed during 5 rounds of
FA dehydrogenation. Atomically dispersed Ir centers on GDY
were observed by HAADF STEM analysis (Figure S24, Sup-
porting Information) after the reusability test of Cp*Ir-OH/
GDY. These results suggest that the single Ir atoms of SHOCs
on GDY have not agglomerated during the catalytic reaction.
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2.8. Mechanistic Investigation

FA dehydrogenation catalyzed by Cp*Ir type catalysts gener-
ally proceeds through three steps (Figure 5a):"¥ i) forma-
tion of a formate-coordinating intermediate, ii) release of CO,
by [-hydride elimination to generate an Ir-H species, and
iii) production of H, from the reaction of Ir-H and a proton.
With the understanding of the overall reaction, we performed
in situ FTIR measurements to further investigate the influ-
ence of the Cp* ligand on the elementary reaction steps of FA
dehydrogenation. First, a catalyst was placed on the top plate
of an attenuated total reflectance kit, and the background was
acquired. Then the 3.0 m FA aqueous solution was injected
on top of the catalyst layer at room temperature and the spec-
tral changes were recorded. Figure 5b shows the representa-
tive results using Cp*Ir-OH/GDY as a catalyst together with
the FTIR spectra of standard samples of FA and sodium for-
mate. FA in the aqueous solution displayed four distinct
bands at 1710, 1635, 1392, and 1187 cm™, which are assigned
to the stretching vibrations of C=0 and C—O, and the defor-
mation vibration of O—H. By contrast, only two broad bands
were observed at 1580 and 1352 cm™! for the aqueous sodium
formate, corresponding to the stretching vibrations of C=O.
For the FA dehydrogenation reaction catalyzed by Cp*Ir-OH/
GDY, two sets of bands were observed at ¢ = 1 min after mixing
the catalyst with the FA aqueous solution. One set of bands
at 1710, 1635, 1392, and 1187 cm™ are assigned to free FA in
the solution, and the other set of bands at 1558 and 1344 cm™
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Figure 5. a) Catalytic cycle of Cp*Ir type catalysts for FA dehydrogenation. b) In situ FTIR spectra of Cp*Ir-OH/GDY after being treated with 3 m
HCOOH for 1 and 30 min, together with FTIR spectra of HCOOH and HCOONa aqueous solutions.

are similar in shape to the FTIR spectrum of formate but red-
shifted by tens of wavenumbers, which are assigned to the
adsorbed formate species (HCOO*) binding to the Ir center.
After the reaction for 30 min at room temperature, the bands
of FA apparently attenuated while the bands of HCOO* spe-
cies remained almost unchanged. Thus, the HCOO* species is
regarded as the resting state in the Cp*Ir-OH/GDY-catalyzed
FA dehydrogenation, and in other words, the rate-determining
step is the S-hydride elimination reaction (HCOO* — CO, +
H¥*). Similar results were also observed for Cp*Ir—Cl/GDY and
Ir/GDY (Figure S25, Supporting Information).

Furthermore, we studied the deuterium kinetic isotope
effect (KIE) to investigate the rate-determining step of the
dehydrogenation reaction of FA catalyzed by Ir/GDY, Cp*Ir—
Cl/GDY, and Cp*Ir-OH/GDY. The results are summarized
in Table S4 (Supporting Information). For all three cata-
lysts, when FA or H,0O was replaced by deuterated reagent,
the reaction rate significantly decreased compared with that
observed for the reaction carried out in 3.0 m FA/H,0 solu-
tion. A similar KIE trend was observed for all three catalysts.
Taking Cp*Ir-OH/GDY for instance, the KIE values are
1.5, 2.5, and 3.3 in the mixed HCOOH/D,0, DCOOD/H,0,
and DCOOD/D,0, respectively. The KIE values are 1.6, 2.4,
and 3.2 for Ir/GDY and 1.4, 2.3, and 3.1 for Cp*Ir-Cl/GDY.
Note that the deuterium in the carboxylic acid, but not the
C—D of FA, is able to exchange with the hydrogen of H,O.
Apparently, the C—D bond of deuterated FA should display
a more pronounced KIE than the O—D bonds of deuterated
carboxylic acid and D,0 on the reaction rate. Therefore,
under test conditions (pH 1.6), the B-hydride elimination,
which involves C—H/C—D bond cleavage and Ir—H/Ir—D
bond formation, is designated as the rate-determining step,
while water is involved in the rate-limiting step most likely
via H-bonding networks. Since the rates of FA dehydrogena-
tion for Cp*Ir-Cl/GDY and Cp*Ir-OH/GDY are higher than
the rate for Ir/GDY, we deduce that the Cp* ligand on the Ir
center could accelerate the rate of the f-hydride elimination
step.
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DFT calculations were carried out to study the rate-limiting
[B-hydride elimination step on both Ir/GDY and Cp*Ir/GDY. As
shown in Figure 6, the decomposition of HCOOH to HCOO*
and H* on Ir/GDY is highly exothermic by 0.65 eV. HCOO* is
adsorbed in a bidentate form which suggests a strong interac-
tion between HCOO and the Ir site. The further decomposi-
tion of HCOO¥ is uphill by 0.54 eV with a barrier of 1.15 eV. At
the transition state, the molecule has rotated to a monodentate
form with the H atom pointing to Ir. Therefore, the high bar-
rier is due to the strong interaction between Ir and HCOO*.
Owing to the coordination of Cp¥*, the Ir of Cp*Ir/GDY is not
capable of simultaneously adsorbing HCOO* and H¥*. Even
solely adsorbing HCOO* can only be in a monodentate form.
Therefore, we suppose that H* is directly transferred to the sol-
vent as the solvated proton. Then, the first decomposition step
of HCOOH on Cp*Ir/GDY is downhill by 0.04 eV. The further
decomposition of HCOO* is downhill by 0.63 eV with a kinetic
barrier of 1.00 eV, which is 0.15 eV lower than those on Ir/GDY.
Therefore, Cp*Ir/GDY is more active for the decomposition of
HCOOH. This can be attributed to the weakened interaction
between HCOO* and Ir by the Cp* ligand, which lowers the
rotation barrier of HCOO*.
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L i ! N
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Figure 6. Free energy profiles of FA dehydrogenation catalyzed by Ir/GDY
and Cp*Ilr/GDY.
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3. Conclusion

In summary, we developed a facile and mild method to syn-
thesize single-site heterogenous organometallic Ir catalysts
embedded on GDY, namely Cp*Ir-Cl/GDY and Cp*Ir-OH/
GDY, and proved the advantages of our strategy of structural
and electronic manipulation beyond the carbon support in com-
parison with the SAC Ir/GDY. The structures of Ir/GDY, Cp*Ir—
Cl/GDY, and Cp*Ir-OH/GDY were characterized by XPS and
EXAFS. XANES analysis and DFT calculations demonstrated
that the oxidation state of Ir in Cp*Ir—L/GDY was higher than
that in Ir/GDY, most probably because the negatively charged
strong electron-donating ligands Cp*/CI"/HO™ increase the
energy level of d-electrons of Ir and thus favor the back-bonding
from Ir to the coordinated triple bonds in the GDY matrix. With
FA dehydrogenation as a proof-of-principle experiment, the
results showed that Cp*Ir—OH/GDY displayed a 5-fold increase
in activity compared to Ir/GDY. As evidenced by the KIE and
in situ FTIR studies, the fhydride elimination reaction is the
rate-limiting step for FA dehydrogenation. Both experimental
results and DFT calculations support that the introduction of
the electron-donating Cp* ligand on the Ir center accelerates
the Bhydride elimination reaction. This example for embedding
organometallic complexes directly on the GDY via strong metal-
support coordinate bonds provides a way to design more diverse
SHOCs on carbon materials for other type of reactions.
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Supporting Information is available from the Wiley Online Library or
from the author.
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