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Abstract: The catalytic reactivity of molecular Rh(III)/Ir(III) catalysts immobilized on two- and
three-dimensional Bipyridine-based Covalent Triazine Frameworks (bpy-CTF) for the hydrogenation
of CO2 to formate has been described. The heterogenized Ir complex demonstrated superior catalytic
efficiency over its Rh counterpart. The Ir catalyst immobilized on two-dimensional bpy-CTF showed
an improved turnover frequency and turnover number compared to its three-dimensional counterpart.
The two-dimensional Ir catalyst produced a maximum formate concentration of 1.8 M and maintained
its catalytic efficiency over five consecutive runs with an average of 92% in each cycle. The reduced
activity after recycling was studied by density functional theory calculations, and a plausible leaching
pathway along with a rational catalyst design guidance have been proposed.
Keywords: heterogenization on covalent triazine frameworks; immobilized bipyridine complexes;
heterogenized Ir and Rh complexes; heterogeneous CO2 hydrogenation catalyst; leaching pathway of
heterogenized half-sandwich complexes

1. Introduction
The burgeoning interest of CO2 as an energy vector for renewable fuel storage and as a C1 building
block for chemical production has renewed attention on CO2 hydrogenation into formic acid [1–8].
Formic acid and its salts are used as basic chemicals in various industries [9], and are regarded as a
liquid form of hydrogen, which is strongly viewed as an ultimate renewable fuel by the scientific and
technological community [10]. Thus, formic acid production by CO2 hydrogenation is one exemplary
approach to generate renewable fuels in a fully sustainable carbon-neutral economy.
A plethora of homogeneous catalysts has been studied in the hydrogenation of CO2 into
formate/formic acid; of which nitrogen, and phosphine ligated Rh, Ru, and Ir complexes have evolved
as effective catalytic systems for this transformation [11–20]. In particular, half-sandwich Rh, Ru,
and Ir complexes with bidentate N-donor ligands (2,20 -bipyridine, 1,10-phenanthroline and pyrimidine
and its derivatives) have demonstrated excellent catalytic activities and selectivity’s in the aqueous
phase-catalytic hydrogenation [17–19]. While the reported homogeneous catalysts exhibit excellent
activity and selectivity, the challenges encountered for this catalysis are related to the recyclability
of catalysts and product isolation (formic acid). The latter is more complicated because the catalysts
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also promote formic acid dehydrogenation effectively once the operating pressures are decreased.
Therefore, a highly active catalyst that can be easily isolated prior to product separation step with good
recyclability is necessary to implement the process in the industries.
Towards this aim, heterogeneous catalysts have been introduced, owing to their advantages of
simple isolation and recyclability [21–45]. A number of heterogeneous metal nanoparticle catalysts
that are mainly supported on supports like alumina and TiO2 have been investigated [33–38,40,42].
In addition, heterogenized catalysts have also been explored, as they combine the classical benefits
of homogeneous catalysts (high activity and selectivity) and heterogeneous catalysts (easy isolation
and recyclability) [21,26–32,43–45]. In this regard, Ru and Ir complexes supported on conventional
supports like silica, MCM-41, polystyrene and polyethyleneimine were examined [24,26,27].
Recently, Covalent Triazine Frameworks (CTFs) have emerged as a novel platform for
heterogeneous catalyst supports, owing to their robust and rigid structures, immense thermal
and chemical stability, high acid-base resistivity, large surface area, and tunable pore sizes and
structures [46–60]. They are usually prepared via trimerization of aromatic nitriles at temperatures
above 300 ◦ C using ZnCl2 as a salt melt [52–56]. CTFs synthesized at different temperatures (300, 400,
and 500 ◦ C) usually exhibit different physical and porous (surface) properties; thus, the porous
properties of CTFs, which play a key role in heterogeneous catalysis, can be easily tuned by varying
the synthesis conditions [54,56,60]. Most interestingly, CTFs with coordinating functional groups in
the skeleton have attracted a great deal of attention in the heterogeneous catalysis because they enable
anchoring of transition-metal complexes on robust and high-surface-area solid supports [46,58–64].
Consequently, the number of this type of catalyst have increased dramatically in recent years.
Our preliminary results obtained using CTF as a catalyst support for the hydrogenation of
CO2 to formate were reported in our previous communication [29] (Schemes 1b and 2). Therein,
the heterogenized Ir catalyst, Ir4.7 @bpy-CTF400, containing Cp*-Ir-NˆN(bpy) bonds was demonstrated
to be one of the most active surfaces for hydrogenation catalysis. In addition, the Ir catalyst was
shown to be recyclable, albeit with slightly reduced activity, for at least five cycles. In the present
study, the catalytic efficiency of its Rh counterpart, Rh1.7 @bpy-CTF400 has been studied (Schemes 1
and 2); the Rh catalyst showed an initial TOF 960 h−1 in CO2 hydrogenation. In addition, we
investigated whether 2D or 3D CTFs (Scheme 1c) are preferable for the hydrogenation and also
influence of the amount of immobilized catalyst on their structures and efficiencies. Using the best
catalyst, Ir4.7 @bpy-CTF400 the effect of base concentration on CO2 hydrogenation and its impact on
the final concentration of formate have been investigated. Finally, reduced activity of the Ir catalyst
(Ir4.7 @bpy-CTF400) at successive runs is studied using density functional theory calculations, and the
plausible leaching pathway with future design strategies are proposed.
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Scheme 1.
Structures
of theofhomogeneous
complexes.
(b) Ideal structures
of the
catalysts Ir@bpyScheme
1.(a)(a)
Structures
the homogeneous
complexes.
(b) Ideal
structures
of the catalysts
CTF400 and Rh@bpy-CTF400.
(c) Proposed architectural
evolution
and structural
representation
Ir@bpy-CTF400
and Rh@bpy-CTF400.
(c) Proposed
architectural
evolution
and ofstructural
the
catalyst
Ir@bpy-CTF500.
representation of the catalyst Ir@bpy-CTF500.
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Following a previously described procedure, bpy-CTF400 was obtained as a black solid through
trimerization of 5,5′-dicyano-2,2′-bipyridine (DCBPY, AK Scientific, Inc.) at 400 °C using ZnCl2
0
0 -bipyridine (DCBPY, AK Scientific, Inc.) at 400 ◦ C using ZnCl
trimerization
of 5,5
(Sigma Aldrich)
salt-dicyano-2,2
melt [58]. The
synthetic strategy similar to the preparation of Ir4.7@bpy-CTF400 2
(Sigma
Aldrich)
salt
melt
[58].
The
synthetic
strategy similar
preparation
of Irof
@bpy-CTF400
4.7bpy-CTF400
has been followed for the synthesis of Rh1.7@bpy-CTF400
[29].toInthe
brief,
a suspension
hasinbeen
followed
for
the
synthesis
of
Rh
@bpy-CTF400
[29].
In
brief,
a
suspension
of
bpy-CTF400
1.7
methanol/chloroform mixture was treated
with [RhCp*Cl2]2 at reflux temperature for 24 h under in
methanol/chloroform
was treated
reflux
temperature
forand
24 hwashed
under N2
2 ]2 atat
N2 atmosphere and mixture
the resulting
black with
solid[RhCp*Cl
was filtered
room
temperature
atmosphere
and
the
resulting
black
solid
was
filtered
at
room
temperature
and
washed
thoroughly
thoroughly with methanol and dichloromethane. The obtained black solid, designated as Rh1.7@bpywith
methanol
dichloromethane.
Theinobtained
black
solid, designated
as Rhand
was
CTF400,
was and
stable
in air and insoluble
most of the
common
volatile solvents
water.
1.7 @bpy-CTF400,
stable in
air and electron
insoluble
in most of(SEM,
the common
volatile
solvents
and operating
water.
Scanning
microscopy
JEOL LTD,
Japan,
JEM-7610F
at an accelerating
voltage
of 20.0
kV) analysis
of complex
1.7@bpy-CTF400
thatoperating
it has an at
irregular
block
Scanning
electron
microscopy
(SEM, Rh
JEOL
LTD, Japan, showed
JEM-7610F
an accelerating
shaped
morphology,
as
depicted
in
Figure
1a.
Energy-dispersive
spectroscopy
(EDS,
JEOL
LTD,
voltage of 20.0 kV) analysis of complex Rh1.7 @bpy-CTF400 showed that it has an irregular
block
Japan,morphology,
JEM-7610F operating
at an
accelerating
voltage of 20.0 kV)
mapping illustrated
the LTD,
presence
shaped
as depicted
in Figure
1a. Energy-dispersive
spectroscopy
(EDS, JEOL
Japan,
of a homogeneous
of Rh andvoltage
Cl atoms
the framework
(Figures
1b and S1),
JEM-7610F
operatingdistribution
at an accelerating
of throughout
20.0 kV) mapping
illustrated
the presence
of a
suggesting
the
uniform
metalation
of
Rh
cations
to
the
bpy
units
of
bpy-CTF400.
In
addition,
the
homogeneous distribution of Rh and Cl atoms throughout the framework (Figure 1b and Figure S1),
atomic ratio
Rh to Cl was
close to of
theRh
theoretical
1:2 (Table
indicating the possibility
suggesting
theofuniform
metalation
cations value
to theofbpy
units S1),
of bpy-CTF400.
In addition,
of
formation
of
complex
Rh
1.7@bpy-CTF400 as that of homogeneous [bpyRhCp*Cl]Cl (the structure is
the atomic ratio of Rh to Cl was close to the theoretical value of 1:2 (Table S1), indicating the
shown in Scheme 1a). Inductively coupled plasma mass spectrometry (ICP-MS, iCAP-Q, Thermo
possibility of formation of complex Rh1.7 @bpy-CTF400 as that of homogeneous [bpyRhCp*Cl]Cl
fisher scientific) analysis was performed to determine the exact amount of Rh present in Rh1.7@bpy(the structure is shown in Scheme 1a). Inductively coupled plasma mass spectrometry (ICP-MS,
CTF400, and results revealed 1.72 wt.% (0.167 mmol/g) of Rh was incorporated in Rh1.7@bpy-CTF400.
iCAP-Q, Thermo fisher scientific) analysis was performed to determine the exact amount of Rh present
Since CTFs synthesized at 400 °C are often considered to be sheet-like 2D ring structures, the 1.72
in Rh1.7 @bpy-CTF400, and results revealed 1.72 wt.% (0.167 mmol/g) of Rh was incorporated in
wt.% of Rh indicates the presence of one {RhCp*(N-N)Cl
2} unit in about every ninth CTF ring. N2
◦ C are often considered to be sheet-like 2D ring
Rhadsorption-desorption
CTFs
synthesized
at
400
1.7 @bpy-CTF400. Since
analysis (Belsorp II mini, BEL Japan, Inc ) was performed at 77 K to reveal the
structures,
the 1.72 wt.%
of results
Rh indicates
the presence
of Similar
one {RhCp*(N-N)Cl
unit
in about every
2 }Rh
porous properties,
and the
are shown
in Table S2.
to bpy-CTF400,
1.7@bpy-CTF400
ninth CTF ring. N2 adsorption-desorption analysis (Belsorp II mini, BEL Japan, Inc ) was performed at
77 K to reveal the porous properties, and the results are shown in Table S2. Similar to bpy-CTF400,
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referenced
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of 284.6
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shown
in Figure
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to the
value of to
284.6
shown
in Figure
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complex
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Rh
@bpy-CTF400
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show
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EBE
value
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environments
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both compounds.
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environments
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in both compounds.
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that coordination
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and coordination
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that the formation
of theenvironment
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@bpy-CTF400
Rh
@bpy-CTF400
similar to those
of homogeneous [bpyRhCp*Cl]Cl.
are1.7
similar
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[bpyRhCp*Cl]Cl.

Figure
1. (a)(a)
SEM
image
of1.7Rh
and
the corresponding
EDS mapping
of
Figure 1.
SEM
image
of Rh
@bpy-CTF400
and (b)
the(b)
corresponding
EDS mapping
of Rh. (c,d)
1.7 @bpy-CTF400
Rh.
(c,d)
Deconvoluted
Rh
3d
XP
spectra
of
(c)
Rh
@bpy-CTF400
(pink)
and
(d)
homogeneous
Deconvoluted Rh 3d XP spectra of (c) Rh1.7@bpy-CTF400
(pink) and (d) homogeneous
1.7
[bpyRhCp*Cl]Cl (blue).
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Ir@bpy-CTF500
2.1.2.
Three-Dimensional Architecture
Three dimensional
dimensional bpy-CTF,
bpy-CTF, represented
represented as
as bpy-CTF500,
bpy-CTF500, was
was synthesized
synthesized through
through the
the
Three
◦
trimerization of
DCBPY at
at 500
500 °C
using ZnCl
ZnCl22 as
as aa salt
salt melt
melt [58].
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2a, aa number
number of
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in Figure
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in bpy-CTF500
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of bpy-CTF400
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This
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that
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showed that
that carbon
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between
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in bpy-CTF500
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2b) XPS
[47],analysis
in the XPS
analysis of bpy-CTF500
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nitrogen
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of bpy-CTF500
strongly confirm
the
confirm the of
occurrence
of a cross-linking/rearrangement
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and
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(a) FT-IR
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of bpyFigure 2.
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(a) FT-IR
spectra
of
11.3 @bpy-CTF500.
CTFs.
(b) XPS
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spectrum
of bpy-CTF500.
(c) N2 adsorption-desorption
isotherm.
bpy-CTFs.
(b)ofXPS
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spectrum
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(c) N2 adsorption-desorption
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SEM-EDS
Ir mapping
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mapping
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The
synthesized 3D
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2 2
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described method,
method, and
and Ir
Ir11.3@bpy-CTF500
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previously described
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to
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and
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of
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bpy-CTF.The
Theuniform
uniformmetalation
metalationofofIr Ir
cation
and
atomic
ratios
Ir
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Cl
atoms
in
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11.3@bpy-CTF500 was confirmed by SEM-EDS analysis (Figures 2d and S2, and
of Ir to Cl atoms in Ir11.3 @bpy-CTF500 was confirmed by SEM-EDS analysis (Figures2d and S2, and
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[IrCp*Cl
2]2 treated with bpy-CTF500 was identical to that treated with
Table S1).
S1). While
Whilethe
theamount
amountofof
[IrCp*Cl
2 ]2 treated with bpy-CTF500 was identical to that treated
bpy-CTF400, ICP-MS analysis of Ir11.3@bpy-CTF500 revealed that a very large amount of Ir, at 11.3
wt.% (0.587 mmol/g), was incorporated into Ir11.3@bpy-CTF500, corresponding to ~33% total bpy units

Catalysts 2018, 8, 295

7 of 16

with bpy-CTF400, ICP-MS analysis of Ir11.3 @bpy-CTF500 revealed that a very large amount of Ir, at
11.3 wt.% (0.587 mmol/g), was incorporated into Ir11.3 @bpy-CTF500, corresponding to ~33% total
bpy units bound to the Ir(III) center. This finding may be attributed to the large pore volume of
3D bpy-CTF500. N2 adsorption-desorption analysis demonstrated that the porous characteristic of
bpy-CTF500 was maintained in Ir11.3 @bpy-CTF500, although about twofold decrements in surface
area and pore volume compared with those of the original bpy-CTF500 were observed (Figure 2c and
Table S2). This result indicates that the pores of bpy-CTF500 are partially occupied by the {[IrCp*Cl]Cl}
unit. XPS analysis of Ir11.3 @bpy-CTF500 illustrated that the EBE value of Ir4f7/2 is 62.1 eV, matching
that of homogeneous [bpyIrCp*Cl]Cl exactly (Figure 2e,f) [29]. These results collectively reveal the
successful formation of the 3D complex Ir11.3 @bpy-CTF500 and indicate that both CTFs (bpy-CTF400
and bpy-CTf500) afford the exact same coordination environment of Ir regardless of the architecture of
the bpy-CTF.
2.1.3. Ir@bpy-CTF400 with Various Ir Loadings
Ir@bpy-CTF400 with different Ir loading amounts were synthesized by treating bpy-CTF400
(0.15 g) with varied amounts of [IrCp*Cl2 ]2 (0.03, 0.07 and 1.00 g). Thus, besides Ir4.7 @bpy-CTF400
where Ir content was 4.7 wt.%, three catalysts with Ir contents of 1.4, 4.1, and 10.6 wt.% were obtained
(determined by ICP-MS) and denoted as Ir1.4 @bpy-CTF400, Ir4.1 @bpy-CTF400, and Ir10.6 @bpy-CTF400,
respectively. N2 sorption measurements demonstrated that the pore volume and surface area of
Ir1.4 @bpy-CTF400, Ir4.1 @bpy-CTF400, and Ir10.6 @bpy-CTF400 were 0.28, 0.30, and 0.01 cm3 /g and
479.9, 257.4, and 9.74 m2 /g, respectively (Table S2); these results were consistent with the metal loading
amount, and since Ir10.6 @bpy-CTF400 contains higher metal loading, it had shown a very small pore
volume and surface area. EDS analysis revealed that the atomic ratios of Ir to Cl in Ir1.4 @bpy-CTF400
and Ir4.1 @bpy-CTF400, were close to the theoretical value (1:2), similar to Ir4.7 @bpy-CTF400, but that
of Ir10.6 @bpy-CTF400 was slightly lower (1:1.6) (Table S1). XPS measurements of Ir1.4 @bpy-CTF400,
Ir4.1 @bpy-CTF400, and Ir10.6 @bpy-CTF400 further revealed that all of the materials presented an Ir4f7/2
EBE value of 62.1 eV (Figure 3) [29], which was attributed to the coordination of Ir cations with
the bpy unit of bpy-CTF. However, Ir10.6 @bpy-CTF400 showed a second more-reduced Ir species at
60.9 eV (Figure 3d), which correspond to the Ir(0) species [27]. The formation of reduced Ir species
in Ir10.6 @bpy-CTF400 is likely corroborated by the porous property of bpy-CTF400, as discussed
below. Table S2 (entries 1, 3, 6–8) clearly demonstrates that when the Ir content in Ir@bpy-CTF400 is
4.7 wt.%, the pore volume is reduced by about 4 times (0.09 cm3 /g) in comparison with that of the
original bpy-CTF400 (0.40 cm3 /g). When bpy-CTF400 is treated with an excess of the Ir precursor,
most of the bpy-CTF400 pores are initially occupied (up to 4.7 wt.%) by {IrCp*Cl2 } units through
the formation of an Ir(III) complex and only fewer pores are then available to accommodate excess
{IrCp*Cl2 } units, and so coordination between the remaining Ir cations and the bpy units of bpy-CTF400
cannot progress. Consequently, Ir(0) species may be generated through the abundant availability of
nitrogen sites present in bpy-CTF400 acting as initial nucleation sites. Notably, nucleation sites of
substitutional nitrogen species for the formation of nanoparticles has been documented in N-doped
carbon materials [65]. Similarly, the formation of Pt(0) and Pd(0) nanoparticles precursors has been
observed previously when bpy-CTF was treated with Pt(II) and Pd(II) precursors [58]. These results
collectively reveal that the successful formation of Ir@bpy-CTF400 complex structure is closely related
to the porosity of the CTF.

Catalysts 2018, 8, 295
Catalysts 2018, 8, x FOR PEER REVIEW

8 of 16
8 of 16

(a)

(c)

62.1 eV

62.1 eV
65.1 eV

Intensity

Intensity

65.1 eV

(b)

(d)

60.9 eV
64.2 eV

72

68

64

60

Binding Energy (eV)

56

72

68

64

60

56

Binding Energy (eV)

Figure
@bpy-CTF400,(b)
(b)IrIr4.14.1
@bpy-CTF400,
Ir@bpy-CTF400
1.4@bpy-CTF400,
4.7 @bpy-CTF400
Figure 3.
3. Ir
Ir 4f
4f XP
XP spectra
spectra of
of (a)
(a) Ir
Ir1.4
@bpy-CTF400,
(c)(c)
Ir4.7
andand
(d)
(d)
Ir@bpy-CTF400
peaks
corresponding
the
bindingenergy
energyofofIr(III)
Ir(III) complex
complex is
is represented
10.6 @bpy-CTF400
Ir10.6
(the(the
peaks
corresponding
to to
the
binding
represented
using
using blue
blue and
and the
the peaks
peaks corresponding
corresponding to
to the
the binding
binding energy
energy of
of Ir(0)
Ir(0) species
species isis represented
represented using
using
green).
green).

2.2.
2.2. Hydrogenation
Hydrogenation of
of CO
CO22 into
into Formate
Formate
2.2.1.
2.2.1. Effect
Effect of
of Rh
Rh and
and Ir
Ir Metal
Metal Centers
Centers
Half-sandwich
Ru, Rh,
Rh, and
andIr Ircomplexes
complexes
with
bidentate
N-donor
ligands
bpy,
Half-sandwich Ru,
with
bidentate
N-donor
ligands
(e.g., (e.g.,
bpy, 1,101,10-phenanthroline,
pyrimidine,
and
their
derivatives)
exhibit
excellent
catalytic
activity
toward
phenanthroline, pyrimidine, and their derivatives) exhibit excellent catalytic activity toward CO2
CO
to formate
in aqueous
media
[17–19].
Although
catalysts
feature
the
2 hydrogenation
hydrogenation
to formate
in aqueous
media
[17–19].
Although
these these
catalysts
feature
the same
same
backbone,
significant
differences
in
catalytic
activity
was
observed
when
a
different
metal
backbone, significant differences in catalytic activity was observed when a different metal center is
center
is employed
within
same
array of[17].
ligands
[17].the
Among
the metal-centered
Ru,
Rh, and Ir
employed
within the
same the
array
of ligands
Among
metal-centered
Ru, Rh, and
Ir complexes
complexes
withligand
the same
ligand
groups, Irexhibit
complexes
exhibitactivity
the highest
[18].
However,
with the same
groups,
Ir complexes
the highest
[18]. activity
However,
in the
case of
in
the
case
of
unsubstituted
bpy
and
1,10-phenanthroline
ligated
Ru,
Rh,
and
Ir
complexes,
Rh
unsubstituted bpy and 1,10-phenanthroline ligated Ru, Rh, and Ir complexes, Rh metal-centered
metal-centered
complexes
demonstrated
better
activity
[17].
These
findings
encouraged
us
to
tailor
complexes demonstrated better activity [17]. These findings encouraged us to tailor the structural
the
structural
of Rh1.7 and
@bpy-CTF400
andobserved
validate metal-center
the observedbehavior
metal-center
behavior in
design
of Rh1.7design
@bpy-CTF400
validate the
in heterogenized
heterogenized
catalysts.
catalysts.
In
In our
our previous
previouscommunication,
communication,we
weobserved
observedthe
theoptimal
optimalcatalytic
catalyticactivity
activityofofIrIr4.74.7@bpy-CTF400
@bpy-CTF400
at
8
MPa
total
pressure
(CO
/H
=
1)
in
1
M
triethylamine
(Et
N)
solution
[29].
Therefore,
2
2
3
at 8 MPa total pressure (CO2/H = 1) in 1 M triethylamine (Et N) solution [29]. Therefore, the
the catalytic
catalytic
performance
of
Rh
@bpy-CTF400
was
examined
in
1
M
Et
N
solution
under
8
MPa
total
pressure
and
1.71.7@bpy-CTF400 was examined in 1 M 3Et3N solution under 8 MPa total pressure
performance of Rh
the
are summarized
in Table
As shown
in Tablein1,Table
entry1,1,entry
the Rh1,catalyst
a formatea
andresults
the results
are summarized
in 1.
Table
1. As shown
the Rh produces
catalyst produces
◦ C with turnover number (TON) of 168. The catalyst demonstrated
concentration
of
0.01
M
in
2
h
at
80
formate concentration of 0.01 M in 2 h at 80 °C with turnover number (TON) of 168. The catalyst
−1 at 120 ◦ C−1under 8 MPa total pressure
ademonstrated
maximum TON
of 1410 with
initialwith
TOFanofinitial
960 hTOF
a maximum
TON an
of 1410
of 960 h at 120 °C under 8 MPa total
and
generated
a maximum
formate concentration
of 0.11 M (Table
1, entries
1–4).
By comparison,
pressure
and generated
a maximum
formate concentration
of 0.11
M (Table
1, entries
1–4). By
Ir
@bpy-CTF400
exhibited
a
TON
of
5000
in
2
h
and
afforded
a
maximum
formate
concentration
1.4
comparison,
Ir1.4@bpy-CTF400 exhibited a TON of 5000 in 2 h and afforded a maximum formate
of
0.60 M under
reaction
(Table
1, entry 5).
To investigate
of
concentration
of the
0.60same
M under
the conditions
same reaction
conditions
(Table
1, entry 5).the
To recyclability
investigate the
Rh
@bpy-CTF400,
the
solid
obtained
after
each
run
was
recovered
by
filtration,
washed
with
water
1.7
recyclability of Rh1.7@bpy-CTF400, the solid obtained after each run was recovered by filtration,
and
acetone,
80 ◦acetone,
C underdried
vacuum
h, andvacuum
reused for
cycle.
As shown
as entries
6
washed
withdried
wateratand
at 80for
°C8under
for next
8 h, and
reused
for next
cycle. As
and
7 inas
Table
1, after
each
ca. 80%
of the
catalytic
maintained.
These
results
clearly
shown
entries
6 and
7 inrun
Table
1, after
each
run ca.activity
80% of was
the catalytic
activity
was
maintained.
indicate
that
the
catalytic
efficiency
of
Ir
@bpy-CTF400
is
superior
to
that
of
Rh
@bpy-CTF400,
4.7
These results clearly indicate that the catalytic
efficiency of Ir4.7@bpy-CTF400 is1.7superior to that in
of
contrast
to
the
trend
of
the
homogeneous
catalysts.
Onhomogeneous
the basis of these
findings,On
thethe
Ir metal-centered
Rh1.7@bpy-CTF400, in contrast to the trend of the
catalysts.
basis of these
catalysis
to further
studies.
findings,were
the Irsubjected
metal-centered
catalysis
were subjected to further studies.

Catalysts 2018, 8, 295

9 of 16

Table 1. Catalytic Performances of Rh1.7 @bpy-CTF400 in comparison with Ir1.4 @bpy-CTF400 a.
Entry

Catalyst

(◦ C)

T

Final Formate
Concentration (M)

TON b

TOF c
(h−1 )

1
2
3
4
5
6d
7e

Rh1.7 @bpy-CTF400
Rh1.7 @bpy-CTF400
Rh1.7 @bpy-CTF400
Rh1.7 @bpy-CTF400
Ir1.4 @bpy-CTF400
Rh1.7 @bpy-CTF400
Rh1.7 @bpy-CTF400

80
100
120
120
120
80
80

0.01
0.03
0.11
0.02
0.60
0.01
<0.01

168
440
1410
240
5000
78
57

84
220
705
960
2500
39
29

a

The hydrogenation of CO2 was carried out in 1 M aqueous Et3 N solution (20.0 mL) under 8 MPa total pressures
(CO2 /H2 = 1) for 2 h using [Rh] or [Ir] = 0.122 mM. b TON = concentration of formate/concentration of Ir.
c TOF = TON h−1 . d Second recycle. e Third recycle.

2.2.2. Influence of Three-Dimensional Architecture of Ir@bpy-CTF500
The structure of CTFs synthesized at 400 ◦ C is usually believed to be restricted to 2D sheets
stacked together via van der Waals forces; these frameworks commonly exhibit a laminar architecture
with periodic pore structures [66]. Very recently, structural evolution of the 2D structure of CTFs into a
3D architecture via cross-linking reactions between the stacked sheets was explored using m-CTF by
synthesizing the CTF at temperatures exceeding 400 ◦ C [47]. m-CTF and other CTF synthesized above
400 ◦ C displayed a dramatic increase in surface area and pore volume [47,53,56]. Hence, we envisaged
that if 3D bpy-CTF is employed as a catalyst support, the resulting heterogenized Ir catalyst would
also feature a 3D architecture with a large pore volume and surface area. Thus, bpy-CTF synthesized at
500 ◦ C (designated as bpy-CTF500) was employed as catalyst support to heterogenize the Ir complex
(Scheme 1c). Surprisingly, to date, the catalytic properties of heterogenized 3D CTF-based complexes,
and the comparative studies between 2D and 3D CTFs within the same array of monomers have not
yet been demonstrated.
To check the catalytic performance of Ir11.3 @bpy-CTF500, CO2 hydrogenation was performed in
1 M aqueous Et3 N solution at 120 ◦ C under 8 MPa total pressure, and the results are compared with
those of Ir4.7 @bpy-CTF400 in Table 2, entries 1–3. As expected, Ir11.3 @bpy-CTF500 also catalyzed the
hydrogenation of CO2 to formate and generated 0.26 M formate in 2 h with an initial TOF of 2480 h−1
and TON of 2720, which are about twofold lesser than Ir4.7 @bpy-CTF400. However, as the reaction
duration was increased, formate generation by Ir11.3 @bpy-CTF500 also gradually increased and reached
0.6 M after 6 h. While the XPS results of Ir4.7 @bpy-CTF400 and Ir11.3 @bpy-CTF500 at the Ir4f7/2
level were not very different, the activity of Ir11.3 @bpy-CTF500 was significantly lower than that of
Ir4.7 @bpy-CTF400. We envisage that Ir4.7 @bpy-CTF400 possesses relatively more hydrophilic character
than Ir11.3 @bpy-CTF500 and thus, diffusion of the reactants (CO2 , H2 , H2 O, and Et3 N) and product
(triethylammonium formate) occurs more smoothly in Ir4.7 @bpy-CTF400 than in Ir11.3 @bpy-CTF500,
leading to the faster generation of formate. Further studies are necessary to clarify the micro-level
arrangements of bpy units as well as Ir active centers on the pore surfaces of Ir4.7 @bpy-CTF400 and
Ir11.3 @bpy-CTF500. Thus, the 2D sheet-like structure of bpy-CTF is more advantageous than its
3D structure in obtaining heterogenized Ir(III) complex with optimal catalytic performance for the
hydrogenation of CO2 .
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Table 2. Catalytic Performances of catalysts Ir11.3 @bpy-CTF500, Ir1.4 @bpy-CTF400, Ir4.1 @bpy-CTF400,
and Ir10.6 @bpy-CTF400 in comparison with Ir4.7 @bpy-CTF400 a .
Entry

Catalyst

Final Formate
Concentration (M)

TON b

TOF
(h−1 ) c

1d
2
3e
4
5
6

Ir4.7 @bpy-CTF400
Ir11.3 @bpy-CTF500
Ir11.3 @bpy-CTF500
Ir1.4 @bpy-CTF400
Ir4.1 @bpy-CTF400
Ir10.6 @bpy-CTF400

0.60
0.26
0.60
0.60
0.60
0.37

5000
2720
5000
5000
5000
3032

2500
1360
2480 f
2500
2500
1516

The hydrogenation of CO2 was carried out in 1 M aqueous Et3 N solution (20.0 mL) at 120 ◦ C under 8 MPa
total pressures (CO2 /H2 = 1) for 2 h using [Ir] = 0.122 mM. b TON = concentration of formate/concentration of Ir.
c TOF = TON h−1 . d See Ref 28. e Time = 6 h. f Initial TOF for 15 min.
a

2.2.3. Effect of Ir Loadings on Ir@bpy-CTF400
The presence of abundant bpy sites in the bpy-CTF could possibly lead to heterogenization of a
large amount of metal complexes on bpy-CTF; thereby the resulting catalyst could have an increased
number of active sites per gram of support. As discussed earlier, besides Ir loading of 4.7 wt.%
(Ir4.7 @bpy-CTF400), loadings of 1.4, 4.1 and 10.6 wt.% Ir were synthesized. CO2 hydrogenation to
formate using Ir1.4 @bpy-CTF400, Ir4.1 @bpy-CTF400 and Ir10.6 @bpy-CTF400 was performed under an
Ir concentration of 0.122 mM at 120 ◦ C and 8 MPa total pressure in 1 M aqueous Et3 N solution for 2 h;
the results of these experiments are summarized in Table 2 (entries 1, 4–6). Both Ir1.4 @bpy-CTF400 and
Ir4.1 @bpy-CTF400 generated a formate concentration of 0.6 M with TON of 5000 within 2 h, thereby
indicating that they are as active as Ir4.7 @bpy-CTF400. By contrast, Ir10.6 @bpy-CTF400 generated
only 0.370 M formate with TON of 3032 within 2 h; this concentration is about 1.6 times less than
that produced by Ir4.7 @bpy-CTF400. The reduced activity of Ir10.6 @bpy-CTF400 may be attributed
to the presence of either reduced Ir species or multinuclear Ir metal centers. Similar results were
previously observed by Hicks et al. during polyethyleneimine-tethered iminophosphine/Ir-catalyzed
CO2 hydrogenation [27]. Therefore, the better activity of Ir@bpy-CTF400 was maintained until an Ir
loading of 4.7 wt.% was achieved, after which it decreased as the catalyst loading continued to increase
to 10.6 wt.%, indicating the Ir catalyst loading amount on bpy-CTF400 must be tuned to achieve the
optimal performance of Ir@bpy-CTF400.
2.2.4. Effect of Base Concentrations on the Production of Formate
To employ CO2 hydrogenation catalysts industrially, apart from high TOF (TON), the catalyst
must generate high formate concentrations within a short reaction time. Thus, we aimed to increase
the formate concentration generated by catalyst Ir4.7 @bpy-CTF400. Based on the available reports and
our experience, CO2 hydrogenation reaches chemical equilibrium during the conversion and restricts
further generation of formate [67]. Hence, the concentration of formate produced by Ir4.7 @bpy-CTF400
at 120 ◦ C under 8 MPa total pressure in 1 M Et3 N solution was limited to ~0.6 M even after 10 h.
Therefore, to shift the chemical equilibrium toward the product side, hydrogenation was performed
in solutions with various concentrations of Et3 N using Ir4.7 @bpy-CTF400 (0.12 mM) at 120 ◦ C under
8.0 MPa total pressure. As shown in Table S4, when the concentration of Et3 N was increased to 2 M,
formate generation increased to 0.79 M in 2 h and reached equilibrium (1.18 M) after 7 h. Similarly,
in 3 M aqueous Et3 N solution, formate concentrations of 0.84 and 1.34 M were obtained within 2 and
5 h, respectively; in this system, equilibrium, with 1.80 M formate produced, was achieved after 10 h.
This result clearly indicates that the production of formate with high concentration is limited (up to
1.80 M) in the aqueous phase CO2 hydrogenation catalysis. Finally, to generate this high formate
concentration at a relatively short reaction time, the catalyst concentration was increased to 1.22 mM
and obtained 1.80 M of formate within 4 h.
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2.2.5. Leaching and Computational Studies
Although the recycling performance of Ir4.7 @bpy-CTF400 is better than that of Rh1.7 @bpy-CTF400
(Figure S6), the efficiency of Ir4.7 @bpy-CTF400 in successive runs also decreases, with approximately
92% of the activity being retained for each cycle [29]. To investigate this, the resulting filtrate and
precipitate were analyzed using ICP-AES and XPS, respectively. ICP-AES analysis revealed that the
Ir content in the precipitate decreased to 4.38 wt.% from the original content of 4.7 wt.% (about 6.8%
was decreased). Analysis of the filtrate showed that it contained approximately 7.1 ppm Ir, indicating
that 5.5% of the originally loaded Ir is leached. XPS analysis of the precipitate showed that no changes
in the binding energies of Ir occur (Figure S7); this suggests that the coordination environment of
heterogenized Ir(III) catalyst remains unchanged upon use. These results clearly suggest that the
reduced activity of Ir4.7 @bpy-CTF400 in successive runs mainly originates from Ir leaching.
To obtain insight into the pathway(s) of catalyst leaching, density functional theory (DFT)
calculations were performed (Scheme 3). As shown in Scheme 3a, the dissociation of bpy from
the metal center at the resting state catalysts is highly endergonic (≥61 kcal/mol); thus, the possibility
of direct dissociation of {IrCp*Cl} or {IrCp*H} unit is excluded. Recently, Crabtree et al. showed through
computational studies that the half-sandwich Ir precursor [IrCp*Cl2 ]2 undergoes decomposition in the
presence of carbonate salts and forms a carbonate bound IrCp*Cl species [68,69]. Based on this, other
possible routes were proposed. Owing to the high CO2 pressure and the use of basic aqueous media in
CO2 hydrogenation, the bicarbonate (HCO3 − ) is present to a significant extent in the reaction. Thus,
we anticipate that HCO3 − could react with Ir centers and displace the bpy unit. However, theoretical
calculations revealed that the replacement of bpy with HCO3 − is also highly endergonic (35 kcal/mol)
(Scheme 3b). The dissociation of bpy from a reduced monovalent metal center obtained via hydride
transfer to the Cp*-ring is also endergonic (38.5 kcal/mol) (Scheme 3c). The theoretical calculations
performed by Himeda et al. showed that the heterolysis of H2 occurs via the transfer of a proton to
HCO3 − [70,71]. Considering these calculations, we anticipate that the heterolysis of H2 occurs as a
minor pathway via proton transfer to the bpy N-site (Scheme 3) since the bpy N is always vicinal to
the metal center and the incoming H2 molecule (i.e., the bulky Cp* pushes bpy and other ligands to
one side). Subsequently, the bond between the Ir and bpy could dissociate and allow the Ir species
to leach into the solution. DFT calculation for this pathway suggested that the heterolysis of H2 via
proton transfer to the bpy N-site is feasible with ∆E ~14.1 kcal/mol and further reaction with HCO3 −
stabilizes the Ir center, allowing the dissociation of bpy-site from the metal center with the overall
thermodynamics of ∆E ~3.3 kcal/mol (Scheme 3d). The energy barrier for the process was calculated
to be 23.7 kcal/mol, which is reasonable for the reaction temperature used (120 ◦ C).
Thus, the dissociation of Ir-N bond through the proton transfer to bpy N-site during H2 heterolysis
is most presumably responsible for the low recyclability of Ir catalyst. These results propose that
a different Ir-surface bond instead of {Cp*-Ir-NˆN} is required to achieve a good recyclability of
hydrogenation catalysts. With this understanding, we suggest twofold design strategies for the
effective Ir catalyzed hydrogenation of CO2 : (1) Employing tridentate pincer type (such as NˆNˆN)
frameworks instead of bidentate bpy-CTF. (2) Replacing Cp* in the {Cp*-Ir-NˆN} surface with ligand(s)
that rapidly abstract the proton from H2 heterolysis such as oxyanionic ligands (acetylacetonate,
carboxylate, and carbonate); these ligands could inhibit the deleterious interaction between bpy N-site
with H2 via changing the coordination mode from bidentate to monodentate.

Catalysts 2018, 8, 295
Catalysts 2018, 8, x FOR PEER REVIEW

12 of 16
12 of 16

Scheme
3. Plausible
of the
heterogenized Ir
Ir catalyst.
catalyst.
Scheme 3.
Plausible leaching
leaching pathways
pathways of
the heterogenized

3. Conclusions
3. Conclusions
Heterogenized half-sandwich Rh(III) and Ir(III)-bipyridine complexes were synthesized through
Heterogenized half-sandwich Rh(III) and Ir(III)-bipyridine complexes were synthesized through
post-synthetic metalation of bpy-CTF with Rh/Ir precursor using coordination bonding. The
post-synthetic metalation of bpy-CTF with Rh/Ir precursor using coordination bonding. The influence
influence of central metal cation in the hydrogenation clearly pictured that the Rh complex is less
of central metal cation in the hydrogenation clearly pictured that the Rh complex is less efficient
efficient compared to the Ir complex. The 3D bpy-CTF, synthesized through structural evolution of
compared to the Ir complex. The 3D bpy-CTF, synthesized through structural evolution of the 2D
the 2D bpy-CTF, was employed as a catalyst support for synthesizing 3D heterogenized Ir(III)
bpy-CTF, was employed as a catalyst support for synthesizing 3D heterogenized Ir(III) catalyst.
catalyst. Studies using the different architectural structures of CTFs revealed that the CTFs
Studies using the different architectural structures of CTFs revealed that the CTFs architectures
architectures significantly affect the efficiency of catalysts; the 2D Ir catalyst demonstrated higher
significantly affect the efficiency of catalysts; the 2D Ir catalyst demonstrated higher efficiency in the
efficiency in the hydrogenation of CO2 compared to 3D catalyst. Metal loading studies on 2D bpyhydrogenation of CO2 compared to 3D catalyst. Metal loading studies on 2D bpy-CTF revealed that
CTF revealed that there is a critical balance between the CTF porosity and amount of Ir(III) complex
there is a critical balance between the CTF porosity and amount of Ir(III) complex to maintain the
to maintain the desired Cp*-Ir-N^N complex structure; Ir loading of up to 4.7 wt.% is optimal for the
desired Cp*-Ir-NˆN complex structure; Ir loading of up to 4.7 wt.% is optimal for the formation of
formation of heterogenized Ir@bpy-CTF400 catalyst with maximal catalytic activity. Studies on the
heterogenized Ir@bpy-CTF400 catalyst with maximal catalytic activity. Studies on the hydrogenation
hydrogenation of CO2 in solutions with various concentrations of Et3N unveiled that the generation
of CO2 in solutions with various concentrations of Et3 N unveiled that the generation of high formate
of high formate concentration is limited; in a solution of 3 M Et3N at 120 °C under 8 MPa pressure
concentration is limited; in a solution of 3 M Et3 N at 120 ◦ C under 8 MPa pressure produced a
produced a maximum formate concentration of 1.8 M. Although the Ir catalyst is easily separable and
maximum formate concentration of 1.8 M. Although the Ir catalyst is easily separable and efficient,
efficient, the activity upon recycling was reduced; leaching studies indicated that about 5.5% of the
the activity upon recycling was reduced; leaching studies indicated that about 5.5% of the originally
originally loaded Ir has been leached into the solution. DFT calculations on the leaching pathway
loaded Ir has been leached into the solution. DFT calculations on the leaching pathway showed that
showed that interaction between bpy N-site and H2 during heterolysis of H2 is the basis for Ir-N bond
interaction between bpy N-site and H2 during heterolysis of H2 is the basis for Ir-N bond dissociation.
dissociation. Based on this understanding, twofold design strategies were suggested to develop
recyclable and efficient heterogeneous catalytic systems.
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Based on this understanding, twofold design strategies were suggested to develop recyclable and
efficient heterogeneous catalytic systems.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/7/295/
s1, Figure S1: SEM-EDS mapping of catalyst Rh1.7 @bpy-CTF400. Figure S2: SEM-EDS mapping of catalyst
Ir11.3 @bpy-CTF500. Figure S3: SEM-EDS mapping of catalyst Ir1.4 @bpy-CTF400. Figure S4: SEM-EDS mapping of
catalyst Ir4.1 @bpy-CTF400. Figure S5: SEM-EDS mapping of catalyst Ir10.6 @bpy-CTF400. Figure S6: Recyclability
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