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ABSTRACT:Photocatalytic CO2 reduction into formate (HCOO� ) has been widely studied
with semiconductor and molecule-based systems, but it is rarely investigated with covalent
organic frameworks (COFs). Herein, we report a novel donor� acceptor COF namedCo-PI-
COF composed of isoindigo and metallated porphyrin subunits that exhibits high catalytic
e� ciency (� 50 � mol formate g� 1 h� 1) at low-power visible-light irradiation and in the absence
of rare metal cocatalysts. Density functional theory calculations and experimental di� use-
re� ectance measurements are used to explain the origin of catalytic e� ciency and the
particularly low band gap (0.56 eV) in this material. The mechanism of photocatalysis is also
studied experimentally and is found to involve electron transfer from the sacri� cial agent to the
excitedCo-PI-COF. The observed high-e� ciency conversion could be ascribed to the enhanced
CO2 adsorption on the coordinatively unsaturated cobalt centers, the narrow band gap, and the
e� cient transfer of the charge originating from the postsynthetic metallation. It is anticipated
that this study will pave the way toward the design of new simple and e� cient catalysts for photocatalytic CO2 reduction into useful
products.
KEYWORDS:isoindigo, CO2 reduction, formate, photocatalysis, covalent organic frameworks

� INTRODUCTION

Excessive anthropogenic emissions of carbon dioxide (CO2)
into the atmosphere have resulted in the accumulation of
greenhouse gases and have led to the worldwide phenomenon
of global warming. At the same time, CO2 is a nontoxic,
inexpensive, abundant, and renewable source of carbon.1 The
development of e� cient processes that would convert CO2

into high value-added products has thus been looked at as a
viable and economic option.2 Among these processes, the
photocatalytic CO2 reduction into valuable chemicals has been
noted as particularly promising. This is due to the fact that the
reaction can be performed under ambient conditions, while the
reactants employed are simple, namely, water, CO2, and
sunlight, which is an inexhaustible and environmentally
friendly energy source. Additionally, the photocatalytic CO2

reduction does not induce secondary pollution.3 CO2 photo-
reduction reactions can take up various forms, with CO and
formate (HCOO� ) being the most common reduction
products.4 However, the latter product is favorable as it is
the simplest oxygenated species produced from the reduction
of CO2 and an intermediate in the formation of methanol and
higher-order hydrocarbons, which� nd uses in plastics, paints,
organic solvents, and fuel cells.5,6

Although many semiconductor7,8 and molecular-based
systems9,10 have been studied for the photoreduction of
CO2, their limited conversion e� ciency, low CO2 binding
a� nity, unfavorable active-site architecture, and rapid charge
recombination limit their overall performance.11 This shifted
the focus of research in the� eld to develop and test new
materials that can make a breakthrough in the e� ciency of
photocatalytic CO2 reduction.12� 16 Covalent organic frame-
works (COFs) have emerged as a class of noble-metal-free and
purely organic materials possessing permanent porosity and a
long-range structural order.17 COFs are proven to have the
potential to address many of the issues faced by the current
systems due to many unique properties: (i) structural
tunability and large surface area with numerous spatially
isolated docking sites for CO2 binding, (ii) long-range
crystallinity and order that help to understand the structure�
activity relations and allow for further optimization, (iii) the
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inherent pores in the COFs’ structures that facilitate CO2
adsorption through noncovalent interactions and act as
nanoreactors, (iv) the conjugated� -electron structure that
allows for rapid and e� cient charge-carrier transport, and (v) a
combination of the electron donor and acceptor in the
backbone structure that serves as an e� ective light-harvesting
apparatus, mimicking an“arti� cial leaf”.18 A majority of the
reported examples of COFs used in photocatalytic CO2
reduction produce CO as the product, that is, as described
above, less desired than formate.19 Those COFs that do
catalyze the formation of HCOO� often involve expensive
noble metals such as Ru,20 various cocatalysts,21 or even
enzymes.22 Nonetheless, COFs have recently been described as
emerging platforms for CO2 photoreduction.23

To address the drawbacks of the existing systems, we herein
report the synthesis of a novel COF namedPI-COFcomposed
of isoindigo and metalloporphyrin building units and evaluate
its potential for CO2 photoreduction into formate (HCOO� ).
Isoindigo derivatives have served as electron-de� cient moieties
with broad adsorption ranges in organic solar cells and� eld-
e� ect transistors.24,25 Porphyrins, in contrast, contain con-
jugated� -electron systems and serve as excellent electron-
transfer carriers. Metalloporphyrins in particular have demon-

strated high catalytic activity26 and selectivity on account of
favorable CO2 binding in the metal sites through metal�
carbonyl coordination bonds.11,27 This unique combination of
building blocks ensures a built-in photosensitizer (isoindigo
derivative with extended� -conjugation) and a molecular
catalyst (metalloporphyrin), which jointly facilitate e� cient
charge transfer.28 Additionally, the nitrogen richness of this
material further enhances its a� nity for CO2 adsorption. The
PI-COF has a square layered structure, corresponding to a
tetragonal cell withP4� symmetry, and the postsynthetically
cobalt-metallatedCo-PI-COFhas calculated lattice parameters
of a = b = 40.87 Å and an interlayer spacing of 4.94 Å. It
catalyzes the CO2 reduction reaction upon irradiation with
visible light (150 W) and generates� 50� mol formate g� 1 h� 1.
The source of HCOO� carbon has been veri� ed throughout
the photochemical reaction by employing13CO2. Lastly, a
proposed mechanism of CO2 photoreduction is established
based on the density functional theory (DFT) calculations and
the experimental data analysis. Overall, this study reports a rare
example of a simple donor� acceptor COF-based photocatalyst
for the reduction of CO2 into formate with yields comparable
to more complex systems containing noble metals.20

Figure 1.Synthesis and characterization of thePI-COF. (a) Synthetic scheme for the preparation of thePI-COF; (b) experimental powder XRD
pattern of thePI-COF along with the Pawley-re� ned simulated structure; (c) cross-polarization magic-angle spinning13C solid-state NMR
spectrum of thePI-COFwith peaks assigned to carbon atoms; (d) schematic representation of the metallation reaction with Co to obtain theCo-
PI-COFwith structural models drawn in di� erent orientations.
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� RESULTS AND DISCUSSION

PI-COF was synthesized through imine bond formation
between 5,10,15,20-tetrakis(4-aminophenyl)porphyrin and an
aldehyde derivative of isoindigo. Crystallinity was only
achieved after several trials with di� erent solvent combinations
and temperature ranges. The di� culty of achieving crystallinity
is likely related to the� exible aliphatic chains in the isoindigo
subunits, which are essential for enhanced solubility. The
optimized reaction was carried out in a sealed tube in a 3:1
mixture of 1-butanol and mesitylene in the presence of 6 M
acetic acid for 5 days (Figure 1a, details in theSupporting
Information). The material was puri� ed by extensive washing
with 1,4-dioxane and used for analysis after drying. This report
is only the second time that isoindigo subunits have been
incorporated into COFs,29 although their photoadsorption
properties and applications in optoelectronics are well
established in conjugated polymers.24

The molecular characterization of thePI-COFwas realized
by two techniques. The Fourier-transform infrared (FT-IR)
spectroscopy data of the COF indicate the presence of the C�
N bond at 1603 cm� 1, which strongly suggests the coupling of
the aldehyde with the amine (Figure S1). Furthermore, the
C� O vibration present in the isoindigo monomer at 1612
cm� 1 and the N� H vibration of porphyrin at 3210 and 3346
cm� 1 are all absent in the� nal COF, suggesting the completion
of the reaction. In addition, the lactam C� O vibration of the
isoindigo moiety is preserved in both the starting material and
the COF at 1690 and 1697 cm� 1, respectively. Solid-state
cross-polarization magic-angle spinning13C NMR spectrosco-
py was used to further detail the structure of thePI-COF
(Figure 1c), and signals corresponding to both building blocks
of the COF were identi� ed. In the aliphatic region between 10
and 40 ppm, various signals corresponding to the aliphatic side
chains of the isoindigo moiety were found. The signals around
120, 130, and 150 ppm correspond to the porphyrin subunit,
speci� cally to its phenyl ring, C� C pyrrole, and C� N pyrrole
functionalities, respectively. Furthermore, the signals belonging
to the isoindigo subunit appeared at around 135, 140, and 165
ppm and were assigned to the free phenyl ring, fused phenyl
ring, and lactam C� O functional group, respectively.
Combined, these results strongly indicate that the coupling

reaction was successful and resulted in the formation of a
network, as shown inFigure 1a.

The bulk properties of thePI-COFwere also investigated at
the microscopic level. Based on scanning and transmission
electron microscopies (SEM and TEM), we found that the
morphology of the material corresponds to unspeci� c fused
rod-like structures (Figure S2). Fused clumps of these
structures measure several microns in all directions and can
be broken down into smaller aggregates with sonication. The
thermal stability of the material was investigated with
thermogravimetric analysis (Figure S3). Unlike most of our
previously reported covalent organic materials,30,31 both
starting reagents in this work exhibit a very high thermal
stability. This could be attributed to the fact that both starting
materials contain fused rings or macrocyclic structures, which,
in general, are thermally more stable than simple organic
compounds. Because thePI-COF is formed through imine
chemistry, it may appear that the COF is slightly less thermally
stable than its building blocks. Nevertheless, it does not start to
degrade until 400°C, which is comparable to other reported
COFs. The initial weight loss at� 200°C is likely related to
trapped solvent molecules.

To utilize thePI-COF for photocatalytic CO2 conversion,
we introduced Co metal centers into the material by
postsynthetic metallation of the porphyrin subunits (Figure
1d).32 Due to the long-range order within the structure of the
PI-COF, such postsynthetic modi� cations are expected to
occur in a more controlled manner than in amorphous
materials.33,34 The obtainedCo-PI-COFwas characterized by
similar means as the pristine COF. FT-IR spectroscopy
measurements indicated that the C� N, lactam C� O, and
C� C� H stretching are all preserved and exhibit minimal
shifts in their respective signals (Figure S1). The morphology
of the metallated COF remains unchanged, as indicated by
both SEM and TEM micrographs (Figure S4). Thermal
stability is slightly reduced compared to thePI-COF, which
can be explained by the addition of the metal centers. Above
600 °C, the coordination bonds between the metal and the
nitrogen atoms of the pyrrole rings in porphyrin break.

The permanent porosity of both thePI-COF and Co-PI-
COFwas evaluated with N2 gas adsorption at 77 K. Fitting the
gas adsorption data to the Brunauer� Emmett� Teller (BET)

Figure 2.Pictorial top and side views of the computed most stable structural con� gurations obtained for the (a)PI-COFand (b)Co-PI-COF.
Most representative distances are also indicated, as well as the simulation unit cell used in the calculations (dashed-line red box). White, dark gray,
blue, red, and purple spheres represent the H, C, N, O, and Co atoms, respectively. (c) Simulated XRD patterns of the structures in (a,b),
indicating the indexes and angles associated with major Bragg’s di� raction peaks.
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model resulted in the total surface areas of 183 and 22 m2 g� 1,
respectively. The pore size distribution corresponding to the
adsorption measurement in thePI-COF indicated that the
material contained pores with diameters ranging between 2.7
and 12.9 nm. The average pore size was 4.9 nm. Metallation
a� ected the porosity of the material (Figure S5). Due to the
presence of Co2+ atoms, the pores in the polymeric network
were mostly� lled up, so theCo-PI-COFprimarily exhibited a
mesoporous nature. This can be nicely observed in the type IV
isotherm, which exhibits an open hysteresis loop closing at
precisely 0.4 relative pressure. The total surface area decreases,
which can be attributed to the introduction of the metal ions
into the network. Finally, to observe the presence of metal
ions, we carried out mapping in the scanning transmission
electron microscopy (STEM) mode of electron microscopy
(Figure S6). These experiments clearly demonstrate an even
distribution of all constituent chemical elements, including
carbon, nitrogen, oxygen, and cobalt. Mapping experiments
allowed us to estimate an average Co content of� 8 wt %.

To understand the structures of the synthesized materials,
the initial crystal models of the pristine and metallated
materials were simulated with the use ofBiovia Materials Studio
software. A crystal structure based on the stacked square layers
was built in the tetragonalP4�space group. The structure was
� rst geometrically optimized with the use of a universal
force� eld. A pro� le re� nement of the experimental powder X-
ray di� raction (PXRD) data was completed starting with this
lattice, resulting in unit cell parameters ofa = 43.24 Å andc=
4.57 Å. Then, DFT calculations were completed, and the
optimization of the cell shape and size, simultaneous to the
relaxation of the structure, revealed in all cases perfectly square
two-dimensional lattices (even with no symmetry constraints)
with optimized lattice parameters of 41.04 and 40.87 Å for the
PI-COF and Co-PI-COF, respectively (Figure 2). As
mentioned, di� erent interlayer stacking fashions have been
tested, where eclipsed stacking was energetically preferential in
both the PI-COF and Co-PI-COF. The reliability of the
theoretically obtained structures and stacking has been

checked via the good agreement between the experimental
and simulated di� ractograms (Figure 1b). The most favorable
eclipsed AA stacking con� guration predicted by theory in both
cases reveals interlayer distances of 4.87 and 4.94 Å, with a
theoretically estimated pore size of around 4.9� 5.3 nm2 in a
perfectly canonical system, in both cases.

Prior to testing thePI-COF and Co-PI-COF in photo-
catalytic CO2 conversion experiments, we resorted to DFT
calculations to investigate the donor� acceptor properties of
the COF building blocks and to determine the band gap. The
systems analyzed involved more than 300 atoms, so going to
more accurate methods beyond the conventional DFT to
describe the electronic properties was computationally
unfeasible. Both materials showed low band dispersion. As
can be seen in the band diagrams, computed for the high-
symmetry� � X � XY� � path, thePI-COFyields a direct
band gap of 0.88 eV for the� point and the Fermi level in the
middle of the gap (Figure S7). Its valence band is primarily
located on the porphyrin subunit, while the conduction band is
mostly located in the isoindigo building block. In contrast, the
Co-PI-COF exhibits a smaller band gap of 0.56 eV.
Metallation of the framework with Co2+ ions with three free
electrons in the 3d orbital creates a narrow-gap extrinsicn-type
semiconductor (Figure 3) with a Fermi level closer to the
conduction band. A separate depiction of the spin-up and spin-
down channels illustrates that the band gap originates from the
spin-up states. Therefore, the system is highly reactive and
expected to exhibit high performance in a range of processes,
including CO2 conversion. Additional theoretical studies
demonstrated that the net magnetization per Co atom is
� 1.7 � B (Figure S8). The 3D isosurfaces of the orbital
electronic densities corresponding to the valence and
conduction electronic states of the di� erent nonmetallated
and Co-metallated COF systems are studied here. From these
� gures, we can extract information about the spatial local-
ization and delocalization degree of these states, which may
directly connect with the transport, catalytic, and optical
performance of the systems, the homogeneity in the spatial

Figure 3.(a) Computed band diagram separately speci� ed for spin-up and spin-down channels for theCo-PI-COFalong the high-symmetry� �
X � XY� � path, where a band gap of 0.56 eV is indicated. (b) 3D isosurfaces (both with values of 0.0005 e� Å� 3 for the sake of comparison)
corresponding to the valence band (VB) and conduction band (CB).
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distribution of the states, and their orbital character to permit
dipolar transitions between them.35

To investigate the optical properties of thePI-COFandCo-
PI-COF, we resorted to� uorescence spectroscopy (Figure
S9). The steady-state emission spectra of the two powder
samples obtained upon excitation at 375 nm indicate that
metallation induces a decrease in the relative intensities of the
three main peaks (430, 480, and 685 nm). This photo-
luminescence intensity decrease explains the restrained charge-
carrier recombination rate of the photoinduced electrons and
holes upon metallation. In both materials, the most prominent
single peak occurs at 685 nm, so we performed� uorescence
lifetime measurements at that wavelength with a 375 nm laser
excitation. Our results indicate that metallation primarily
a� ects the third term (� 3) of the � uorescence lifetime, which
increases from 4.34 ns in thePI-COFto 6.79 ns in theCo-PI-
COF (Figure S9).

To assess the potential of theCo-PI-COFin photocatalytic
applications, its photochemical performance was examined for
the photocatalytic reduction of CO2 under visible-light

irradiation (Figure 4a). The CO2 photoreduction reaction
was conducted using a prepared sample of theCo-PI-COFas a
heterogeneous catalyst, while TEOA in acetonitrile (MeCN)
was used as a solvent saturated with CO2. The concentration of
the photocatalytic product (HCOO� ) was quanti� ed by ion
chromatography (IC) analysis of the reaction solution (Figure
S10). Interestingly, theCo-PI-COF showed a signi� cant
photocatalytic activity of CO2 reduction. The amount of the
photocatalytic product (HCOO� ) continuously increased,
reaching 11� mol in 6 h with an average formation rate of 2
� mol h� 1 (Figure 4b, Table 1). This rate is comparable or
higher36 than that in reported COF-based systems, yet it
avoids the use of expensive noble metals and uses Xe
irradiation of far lower power.20 In order to investigate the
chemical stability of theCo-PI-COF, recycling experiments
were performed, and they revealed a� 25% decrease in the
second cycle, followed by no obvious change in the conversion
of CO2 to HCOO� anions for the next four cycles (Figure 4c).
No Co leaching into the supernatant was detected by atomic
adsorption spectroscopy postcatalysis.

Figure 4.Photocatalytic CO2 reduction experiments. (a) Scheme showing the photocatalytic process with theCo-PI-COF; (b) amount of
HCOO� generated from CO2 as a function of the time of irradiation over theCo-PI-COFandPI-COFand in the absence of the CO2 source; (c)
recyclability of theCo-PI-COF; (d) emission spectra of theCo-PI-COFafter the addition of 0� 300� L of triethanolamine (TEOA) (� ex = 390
nm); (e) emission spectra of thePI-COFafter the addition of 0� 300� L of TEOA (� ex= 390 nm); (f)13C NMR spectra for the obtained product
using13CO2 as a source.

Table 1. Conversion Rates for CO2 Reduction to Formate Using COF Photocatalysts in the MeCN/TEOA Mixture

catalyst rate of HCOO� [ � mol g� 1 h� 1] irradiation range and lamp intensity refs

DQTP COF� Zn 152.5 800 nm� � � 420 nm (300 W) 42

3.0 wt % Ru/TpPa-1 108.8 800 nm� � � 420 nm (300 W) 20

COF-367-Co (II) 48.6 800 nm� � � 380 nm (300 W) 36

COF-367-Co (III) 93 800 nm� � � 380 nm (300 W) 36

0.7 wt % Ru@TpBpy 172 800 nm� � � 420 nm (300 W) 43

Co-PI-COF 50 800 nm� � � 420 nm (150 W) this work
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The Co-PI-COFwas proven to be photocatalytically active
since no HCOO� anions were obtained when the reaction was
allowed to occur in the dark. Additionally, no HCOO� anions
were detected when the reaction occurred in the absence of
CO2 as a source. More importantly, only 2� mol HCOO� was
produced when the cobalt-freePI-COF was employed as the
photocatalyst under the same experimental conditions. This
suggests that the metallated porphyrin units operate as the
photosensitizer and catalytic sites.37� 39 A control experiment
was also performed with Co-metallated porphyrin monomers,
namely, the insoluble tetrabromo derivative of Co-porphyrin
and the soluble tetraphenyl Co-porphyrin. Only 0.11� mol
formate was produced after 6 h of irradiation (Figure S11).
These results demonstrate the importance of incorporating the
electron donor� acceptor units into a well-de� ned arrangement
within the COF structure. Additionally, they showed that
crystallinity of the COF is necessary to alleviate the
recombination of photogenerated carriers to some degree
and minimize charges trapped at the defect sites, as shown in
similar systems.40,41

These results allowed us to postulate a mechanism of the
catalytic process. The porphyrins are� rst reductively quenched
via visible-light absorption to form the excited CoTAPP*;
then, they accept electrons from TEOA to form CoTAPP• � .
Lastly, they reduce CO2 to formate at the Co(II) centers,
which act as adsorption and activation sites for the CO2
molecules. In such a scenario, the sacri� cial electron donor
TEOA is very important to complete the photocatalytic cycle
and to avoid the recombination of the charges in the porphyrin
subunits. This plausible reaction pathway could explain the
high activity of theCo-PI-COFwhen compared to thePI-
COF toward CO2 photoreduction. In addition, the reduced
band gap predicted by DFT calculations and experimentally
con� rmed by Tauc plots obtained from the di� use re� ectance
spectra (Figure S12) results in enhanced visible-light
absorption and superior photocatalytic activity of theCo-PI-
COF over the pristine COF. Interestingly, the band gap of the
Co-PI-COFof 0.72 eV is one of the lowest among the COFs
reported for photocatalytic CO2 reduction.23 There are several
factors that likely in� uence the narrowing of the band gap in
this material. It has previously been found that extended� -
conjugation,44 donor� acceptor dyads45 in the backbone, and
isoindigo building blocks in particular29 result in the narrowing
of the band gaps.

To further demonstrate that the excitedCo-PI-COFwas
reductively quenched by TEOA, the luminescence quenching
experiments of theCo-PI-COFandPI-COF were performed
with the addition of di� erent amounts of the TEOA solution.
As shown inFigure 4d,e, the luminescence ofCo-PI-COFwas
e� ciently quenched by TEOA. Therefore, the photocatalytic
reduction of CO2 occurred via electron transfer from TEOA to
the excitedCo-PI-COF. Moreover, the reaction was allowed to
occur in a controlled environment, where isotopic13CO2 was
used in order to verify the source of the obtained product,
HCOO� . After 6 h of photocatalytic reaction, the HCOO�

produced was quanti� ed by analyzing the reaction solution
using 13C NMR spectroscopy. The peak at 167 ppm was
assigned to H13COO� (Figure 4f). The obtained results
con� rmed that the synthesizedCo-PI-COF was capable of
e� ciently converting CO2 to HCOO� through an induced
photocatalytic reaction.

� CONCLUSIONS
In conclusion, a donor� acceptor COF composed of isoindigo
and metalloporphyrin subunits was designed, synthesized, and
fully characterized. The structure of the COF was elucidated
by experimental PXRD measurements and DFT calculations.
DFT was also used to calculate the band gaps prior to and
following the introduction of the Co2+ metal centers. The
reported system is one of the most elegant systems in the
literature due to its low band gap of 0.72 eV, CO2-philicity, and
optical activity, even without the presence of expensive rare
metals or cocatalysts. The high performance of theCo-PI-
COF compared with thePI-COF could be explained by the
e� cient charge carrier separation, the low band gap, and the
strong CO2 adsorption at the metal centers. With a rate of 50
� mol HCOO� g� 1 h� 1, the material performs similarly to other
systems while being irradiated with a Xe lamp of a far lower
power. This study is therefore expected to pave the way toward
more sustainable yet equally e� cient photocatalytic systems
for CO2 reduction.
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