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Construction of Donor—Acceptor Heterojunctions in Covalent
Organic Framework for Enhanced CO, Electroreduction

Qiao Wu, Min-Jie Mao, Qiu-Jin Wu, Jun Liang, Yuan-Biao Huang,* and Rong Cao*

1. Introduction

Covalent organic frameworks (COFs) are promising candidates for

electrocatalytic reduction of carbon dioxide into valuable chemicals due to
their porous crystalline structures and tunable single active sites, but the low
conductivity leads to unmet current densities for commercial application. The
challenge is to create conductive COFs for highly efficient electrocatalysis of
carbon dioxide reduction reaction (CO,RR). Herein, a porphyrin-based COF
containing donor—acceptor (D-A) heterojunctions, termed TT-Por(Co)-COF,

is constructed from thieno[3,2-b]thiophene-2,5-dicarbaldehyde (TT)

and 5,10,15,20-tetrakis(4-aminophenyl)-porphinatocobalt (Co-TAPP) via

imine condensation reaction. Compared with COF-366-Co without TT,
TT-Por(Co)-COF displays enhanced CO,RR performance to produce CO due
to its favorable charge transfer capability from the electron donor TT moieties
to the acceptor Co-porphyrin ring active center. The combination of strong
charge transfer properties and enormous amount of accessible active sites in
the 2D TT-Por(Co)-COF nanosheets results in good catalytic performance with
a high Faradaic efficiency of CO (91.4%, —0.6 V vs reversible hydrogen electrode
(RHE) and larger partial current density of 7.28 mA cm=2 at —0.7 V versus

RHE in aqueous solution. The results demonstrate that integration of D-A
heterojunctions in COF can facilitate the intramolecular electron transfer, and

generate high current densities for CO,RR.
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The ever-increasing energy demand by
human society mainly depends on the
burning of fossil fuels, which makes a
substantial increase in atmospheric carbon
dioxide (CO,) concentration, leading to the
intensification of the greenhouse effect
and global warming.l The efficient con-
version of CO, into value-added chemicals
has long aroused the interest of scientists
worldwide for the carbon-neutral cycle.?1°!
Among them, electrochemical carbon
dioxide reduction (CO,RR) using renew-
able electron energy with the advantages
of being mild and clean, is a promising
strategy to utilize CO, as a green C; feed-
stock sources to produce fuels and chemi-
cals."I However, the inert CO, usually
leads to low current density and low energy
conversion efficiency in the CO,RR,
which is not enough to meet the commer-
cial applications. Thus, it is desirable to
develop highly efficient electrocatalysts to
improve the performance for CO,RR.

Recently, porous crystalline materials,
including metal-organic frameworks,"®22 and covalent organic
frameworks (COFs),2>32 have received increasing attention
in CO,RR due to their high CO, adsorption affinity, accessible
for the substrates to the isolated single-sites, and abundant of
tunable active sites. Particularly, COFs connected by covalent
bonds with robust reticular frameworks usually show high
chemical stability, which can offer promising platforms for
fabricating efficient electrocatalysts for CO,RR.3334 Moreover,
a large number of active molecular catalyst such as cobalt por-
phyrin can be precisely integrated into the periodic array struc-
tures to obtain porous crystalline COFs with high surface areas
for heterogeneous electrocatalytic CO, reduction. However, the
majority of 2D COFs with poor electrical conductivity usually
show very limited current densities and low energy conversion
efficiency in CO,RR. Hence, it is highly demanded to create
conductive 2D COFs with efficient electron transfer ability to
the integrated single active sites for CO,RR in order to generate
high current density.

To address this goal, we turned our attention to porphyrin-
based 2D COFs with donor-acceptor (D-A) conjugations as
a promising approach to increase the electron transfer rate.
Sulfur-containing aromatic heterocycles and their deriva-
tives, as a class of excellent electron donors with high electron
mobility, have been widely used to synthesize highly conductive

© 2020 Wiley-VCH GmbH

siidl

www.small-journal.cor, updates


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202004933&domain=pdf&date_stamp=2020-11-05

ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

benzyl alcohol /
o-dichlorobenzene

6 M AcOH (aq)

(15: 5: 2 vIviv)
e ———1

120°C, 72h

www.small-journal.com

Figure 1. a) Schematic synthesis of 2D TT-Por(Co)-COF, featuring tetragonal pores with a diameter of 2.0 nm. b) Illlustration of TT-Por(Co)-COF net-

works stacked along the ¢ axis, showing the interlayer distance of 3.51 A.

charge transfer materials when being combined with mole-
cules as electron acceptors.l>>* Metalloporphyrin has a conju-
gated electron system and can be used as an excellent electron
acceptor or electron transfer carrier.'**] Moreover, porphyrins
generally have small highest occupied molecular orbital and
lowest unoccupied molecular orbital (HOMO-LUMO) gaps
that can easily allow uptake and release of electrons, leading
to fast electron transfer to reactant substrates and enhance
activities.l*] Thus, the covalent connection of sulfur-containing
aromatic heterocycles and metalloporphyrins active sites to con-
struct D-A conjugation system in a COF would be an effective
strategy to improve intramolecular charge transfer capacity to
enhance the energy conversion efficiency of CO,RR.

The integration of a well-defined electron-rich thieno[3,2-b]
thiophene-2,5-dicarbaldehyde (IT) monomer (Figure la) and
metalloporphyrin units into the architectures of a 2D COF with
unique D-A heterojunctions would thus be expected, in which
highly efficient electronic transmission paths could be made to
enhance electrocatalytic CO,RR performance. Herein, we con-
structed D—A heterojunctions in a porous crystalline 2D Co-
porphyrin-based COF (TT-Por(Co)-COF), in which thieno[2,3-b]
thiophene-based building blocks serving as electron donors,
while Co-porphyrins as electron acceptors. Thus, TT-Por(Co)-
COF has shown fast electron transfer ability as verified by the
carrier mobility measurements, electrochemical impedance
spectroscopy (EIS), and conductivity measurements. Moreover,
the 2D TT-Por(Co)-COF could be easily exfoliated to nanosheets
with three- to four-layers by ultrasonic treatment, thus an abun-
dant of Co active sites can be exposed to the electrolytes and
CO,. Due to its good charge transfer ability and large number
of accessible active sites, TT-Por(Co)-COF nanosheets exhibited
high CO selectivity with Faraday efficiency up to 91.4% at the
potential of —0.6 V versus reversible hydrogen electrode (RHE)
and larger partial current density of 728 mA cm™ at 0.7 V
versus RHE in aqueous solution, which is higher than COF-
366-Co with partial current density of 2.89 mA cm™ at the
same potential.

2. Results and Discussion

The 2D TT-Por(Co)-COF was synthesized via a solvothermal
Schiff-base condensation reaction of 5,10,15,20-tetrakis(4-
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aminophenyl)-porphinatocobalt (Co-TAPP) and thieno[3,2-b]
thiophene-2,5-dicarboxaldehyde (TT) with 1:2 molar ratio in
a solvent mixture of benzyl alcohol, o-dichlorobenzene and
6 M acetic acid (15:5:2, v:v:v) at 120 °C for 72 h (Figure 1a). For
comparison, we also prepared the metal-free TT-Por(2H)-COF
(Figure S1, Supporting Information) with TAPP monomer
instead of Co-TAPP under similar conditions (Figure S2,
Supporting Information).”’! To investigate the role of TT in
TT-Por(Co)-COF, the COF-366-Co (Figure S3, Supporting Infor-
mation) with 1,4-benzenedicarboxaldehyde (BDA) instead of
TT was also prepared according to the reported method.?3l The
powder X-ray diffraction (PXRD) patterns (Figure 2a) showed
intense peaks in low 260 angles range of TT-Por(Co)-COF, with
no residual peaks characteristic of the starting materials. The
triclinic P1 space group was built by Materials Studio, and
Pawley refinements of the XRD patterns was carried out for full
profile fitting against the proposed models, which provided a
unit cell parameter of a = 26.34 A, b = 25.60 A, c=5.09 A, and
0 =115.69°, B=89.79°, y=90.88°. The weighted-profile R factor
(Ryp) is 6.02% and unweighted-profile R factor (R,) is 4.67%,
which indicate reasonable profile differences. TT-Por(Co)-
COF has intense PXRD peaks at 3.38, 6.67, and 7.63°, which
are assigned to the (100), (200), and (020) facets, respectively.
The simulated PXRD patterns were consistent with the exper-
imental results. These refinements reveal that there is 1D
channel along ¢ axis with the theoretical pore sizes of 2.0 nm,
and the distance between adjacent stacking 2D sheets is 3.51 A
(Figure 1).

The Fourier transform infrared spectroscopy (FI-IR) in
Figure 2b shows that the C=N imine stretching vibration
band at 1583 cm™! appeared in the TT-Por(M)-COF (M=Co,
2H) materials, while the C=0 stretching vibration band at
1653 cm™! belonged to the TT monomer disappeared after
polymerization, confirming the formation of the imine bonds
as well as the completeness of the Schiff-base condensation
reaction.”’ Moreover, the newly formed C=N bonds (chemical
shift values at 146.8 ppm for TT-Por(Co)-COF and 1478 ppm
for TT-Por(2H)-COF) were also verified by solid-state 13C NMR
spectra (Figures S4 and S5, Supporting Information),”] which
further confirmed the successful condensation reaction for the
formation of TT-Por(M)-COF (M=Co, 2H). Inductively coupled
plasma (ICP) optical emission spectrometry demonstrated that
TT-Por(Co)-COF had a high Co content of 4.16 wt%, suggesting
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Figure 2. a) Experimental (red) and simulated (blue) PXRD patterns of TT-Por(Co)-COF. b) Comparison of FT-IR spectra of TT-Por(Co)-COF and TT-
Por(2H)-COF with the TT, TAPP, and Co-TAPP monomer. c) N, adsorption curve at 77 K and d) CO, adsorption curve at 298 K for TT-Por(Co)-COF.

high number of Co-porphyrin active sites have been inserted in
the framework. The elemental analysis (EA) revealed that the
contents of S and N were 8.37 and 9.86 wt%, respectively, fur-
ther indicating that TT and Co-porphyrin motifs are existed in
TT-Por(Co)-COF.

N, and CO, isotherms were collected to investigate the
porosity nature and CO, affinities of TT-Por(M)-COF (M=Co,
2H) materials. The N, isotherms at 77 K showed that TT-
Por(Co)-COF has a high Brunauer-Emmett Teller (BET)
surface area of 748 m? g~! and a pore volume of 0.60 cm® g
(Figure 2c). The pore size distribution analysis revealed that the
pore range of TT-Por(Co)-COF located between 1.2 and 1.9 nm
(Figure S6, Supporting Information), which is in agreement
with the simulated pore size of 2.0 nm along ¢ axis (Figure 1a).
On the other hand, TT-Por(2H)-COF showed similar results
with a slightly lower BET surface area of 628 m? g! and pore
sizes centered at 1.1 and 2.2 nm (Figure S7, Supporting Infor-
mation). Furthermore, the CO, uptake values for TT-Por(Co)-
COF and TT-Por(2H)-COF were 12 and 14 cm® g™, respectively
(Figure 2d; Figure S8, Supporting Information), which would
be beneficial for promoting CO,RR performance.

The scanning electron microscopy images show that
TT-Por(Co)-COF are composed of sheet-like layered struc-
ture (Figure S9, Supporting Information), which is sup-
ported by the transmission electron microscopy image (TEM)
(Figure 3a). The high-resolution TEM (HR-TEM) image of
TT-Por(Co)-COF (Figure 3a) displays crystal ordered pore chan-
nels with lattice fringe spacing of 2.2 nm, which is consistent
with the pore size of simulated network (Figure 1a). The fast
Fourier transform patterns of yellow box field in Figure 3a
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displays polycrystalline structure composed of sheets, which
also confirms the successful formation of crystalline ordered
TT-Por(Co)-COF. Besides, the energy-dispersive X-ray spectros-
copy (EDS) elemental mapping images demonstrate that C, N,
S, and Co elements are uniformly distributed in TT-Por(Co)-
COF (Figure 3b), which is consistent with EA and ICP tests. To
guarantee those porphyrin cobalt active sites in the TT-Por(Co)-
COF layers could be effectively exposed to the electrolytes and
CO,, the 2D TT-Por(Co)-COF material with thinner sheets
were prepared by exfoliation under high-frequency sonication
at room temperature. As shown by atomic force microscopy
(AFM) image in Figure 3c, thickness of about 1.3 nm can be
clearly seen, which is corresponding to three- to four-layer TT-
Por(Co)-COF nanosheets (Figure 3d). Such ultrathin 2D TT-
Por(Co)-COF nanosheets would be beneficial for the accessible
Co active sites for electrolytes and CO,.

To further confirm the electronic and coordination structure
of the cobalt species in TT-Por(Co)-COF, X-ray absorption spec-
troscopy was performed. The X-ray absorption near-edge struc-
ture (XANES) of Co K-edge (Figure 4a) located between those
of CoO and Co foil, implying the positive charged cobalt is
between Co(0) and Co(II) in TT-Por(Co)-COF. Furthermore, a
weak pre-edge peak at 7115 eV is observed, which is recognized
as the 1s—4p, shake-down transition and suggests the existence
of Co-N, square-planar structure.® The Co K-edge of extended
X-ray absorption fine structure (EXAFS) shows a main signal
at 1.50 A assigned to the Co—N scattering path (Figure 4b),
which is similar to that of [5,10,15,20-tetrakis(4-cyanophenyl)
porphyrinato]-Co (Co-TPPCN, 1.47 A).* More importantly, no
obvious signals ascribed to Co—Co (2.17 A) can be detected,

© 2020 Wiley-VCH GmbH
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Figure 3. a) TEM image of TT-Por(Co)-COF (Inset: HR-TEM image and the fast Fourier transformation and the lattice distance), and b) the corre-
sponding HAADF-STEM and EDS mapping of C, N, S, and Co elements in of TT-Por(Co)-COF. c) The atomic force microscope image (AFM) of TT-
Por(Co)-COF sheets, scale bar is T um. d) The height profile of AFM along the marked white line of TT-Por(Co)-COF sheets.

further revealing that atomic Co—N, species are predomi-
nated and Co, CoO, and Co;0, particles are not detected in
TT-Por(Co)-COF. In order to determine the Co coordination
environment, the fitting results from EXAFS show that the
coordination number of Co species in TT-Por(Co)-COF is cal-
culated to be 4.0 (Figure 4c; Table S1, Supporting Information),
suggesting that the Co porphyrin structure is retained.

To investigate superiority of TT-Por(Co)-COF over COF-
366-Co without TT unit for the electron-transfer behavior
in electrocatalytic CO,RR, the conductivity measurements
were performed in air using the powder pellet two-electrode
method (Figure S10, Supporting Information). Interestingly,
the TT-Por(Co)-COF has a two times higher electron conduc-
tion value (1.38 X 10® S m™) than that of COF-366-Co (6.5 X
107 S m™),P% indicating that the D-A heterojunctions play an
important role in promoting charge transfer. The results also
suggest that an oriented electron pathway could have been
created from the strong electron donor TT to the acceptor
Co-TAPP in 2D TT-Por(Co)-COF. The current-voltage curves
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(Figure S11, Supporting Information) show that the carrier
mobility (1) of TT-Por(Co)-COF (0.18 cm? V1 s7)) is higher than
that of COF-366-Co (0.06 cm? V=1 s71),5% which could be attrib-
uted to the electron transfer from the TT units to the cobalt
porphyrin rings. In addition, EIS tests show that TT-Por(Co)-
COF has smaller semicircle than COF-366-Co (Figure S12, Sup-
porting Information), which is in agreement with conductivity
measurements.

To further confirm that the charge transfer from the elec-
tron donator of TT moieties to electron acceptor Co por-
phyrin in TT-Por(Co)-COF, cyclic voltammetry curve and solid
state UV spectra measurements were conducted. We calcu-
lated and discussed LUMO and HOMO of the monomers
(Figure S13-S15, Supporting Information). The electrochem-
ical tests provided the oxidation and reduction potentials of
electroactive linker molecules. As shown in Figure S13, Sup-
porting Information, we obtained the first oxidation waves
(E9X = 0.95 V) of Co-TAPP and TT fragment (E°X = 1.16 V)
by differential pulse voltammetry (DPV) tests. The potential

© 2020 Wiley-VCH GmbH
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Figure 4. a) Co K-edge of XANES spectra of TT-Por(Co)-COF, Co foil, CoO, and Co30,. b) Co K-edge of EXAFS spectra of TT-Por(Co)-COF, Co foil,

Co-TPPCN, and CoO. c) The EXAFS fitting curves of TT-Por(Co)-COF.

of E(Fc/Fc*) = —4.80 eV versus E,. (vacuum conditions) was
obtained when ferrocene (Fc) was used as internal reference.>!
The Tauc plots of solid-state UV spectra (Figure S14, Sup-
porting Information) show that the band gaps (E,) for TT frag-
ment and Co-TAPP are 2.04 and 1.66 eV, respectively. The rela-
tive positions of HOMO and LUMO were obtained according
to the formula (HOMO = —[(eF°%-eE(Fc/Fc*) + 4.8 V)] eV,
LUMO = HOMO - E,).**) The LUMO of TT possesses higher
potential (-3.47 eV) than Co-TAPP (-3.64 eV), which is suf-
ficient to realize the electron transfer from TT to Co-TAPP
(Figure S15, Supporting Information). This is also confirmed
by an apparent change of bonding energies of Co and S in TT-
Por(Co)-COF, compared with those in Co-TAPP and TT mon-
omers. The X-ray photoelectron spectroscopy (XPS) of Co,,
revealed that the binding energies of the cobalt species in TT-
Por(Co)-COF (780.31 eV for 2p;;, and 795.60 eV for 2p, ;) were
lower than those of Co-TAPP (780.98 eV for 2p;; and 796.03 eV
for 2p;;,) (Figure S16a, Supporting Information). While the
bonding energy (164.33 eV, 2p;),) of sulfur in TT-Por(Co)-COF
(Figure S16b, Supporting Information) was higher than that
of sulfur in TT monomer (163.96 eV, 2ps),). The XPS results
suggest the presence of charge carrier migration pathway from
TT to porphyrin cobalt center in TT-Por(Co)-COF. In addition,
compared with the solid-state UV spectrum of COF-366-Co, a
red-shift phenomenon for TT-Por(Co)-COF with strong mole-
cular D-A heterojunctions was observed (Figure S17, Sup-
porting Information),’? which was attributed to the electron
transfer behavior in TT-Por(Co)-COF.

The strong electron transfer ability and abundant accessible
Co active sites in the TT-Por(Co)-COF nanosheets with D-A
heterojunctions motivated us to investigate their electrocata-
lytic CO,RR performances. The CO,RR performances for TT-
Por(Co)-COF were tested in a three-electrode electrochemical
H-type cell with a cathodic compartment and an anodic com-
partment separated by a Nafion-117 proton exchange mem-
brane. The linear sweep voltammetry (LSV) curves (Figure 5a;
Figure S18, Supporting Information) demonstrate that TT-
Por(Co)-COF and COF-366-Co have much larger current den-
sities in COj-saturated than in Ar-saturated 0.5 m KHCO;
solution, indicating higher reaction activity of electrocatalytic
CO,RR than hydrogen evolution reaction (HER). Gas chroma-
tography (GC) analysis revealed that the main gas products
was CO or H, (Figure 5b; Figure S19, Supporting Information)
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and there was no liquid product based on 'H NMR spectros-
copy analysis (Figure S20, Supporting Information). It should
be noted that CO was not produced when the electrocatalysis
was conducted under Ar-saturated atmosphere (Figure S21,
Supporting Information), further confirming their activities
originated from CO, reduction. As shown in Figure 5b, TT-
Por(Co)-COF exhibited a high Faradaic efficiency (FEco) of
91.4% at —0.6 V versus RHE, which was higher than that of
COF-366-Co (67.3%) at the same potential and other reported
COFs (Table S2, Supporting Information). With the increase
of potential, the CO partial current density of TT-Por(Co)-COF
continuously increased and reached up to a maximum value
of 728 mA cm™ at —0.7 V versus RHE, which is 2.5 times
that of COF-366-Co (2.89 mA cm™?) (Figure 5¢) and is higher
than other reported COFs in terms of the CO partial current
density (Figure S22, Supporting Information).l2*33%50 Such
excellent CO,RR performance of TT-Por(Co)-COF highlights
the effectiveness merging D-A electron heterojunctions into
the network.

To confirm the active sites of TT-Por(Co)-COF, we meas-
ured the TT-Por(2H)-COF without cobalt or ketjenblack for
the catalytic CO,RR under the same conditions. As shown in
Figures S23-S24, Supporting Information, TT-Por(2H)-COF
showed negligible catalytic activities for CO,RR and only HER
happened at various applied potentials. In addition, ketjen-
black exhibited almost 100% Faradaic efficiency (FEy,) at —0.9
to —1.1 V versus RHE, which indicated the inability of ketjen-
black for CO,RR (Figure S25, Supporting Information). These
results indicated the important role of cobalt centers in TT-
Por(Co)-COF for the CO,-to-CO conversion. The results indi-
cating that important role of cobalt centers of TT-Por(Co)-COF
for the CO,-to-CO conversion. To estimate the electrochemical
active surface area, cyclic voltammetry tests of TT-Por(Co)-COF
and COF-366-Co are conducted (Figure S26, Supporting Infor-
mation). The results indicated that TT-Por(Co)-COF (2.64 X
10~ mol) and COF-366-Co (2.09 x 10~ mol) have almost active
sites. However, compared with COF-366-Co without TT, TT-
Por(Co)-COF has a higher FEcq of 91.4% at —0.6 V versus RHE,
which is attributed to the efficient electron transfer from TT
to porphyrin cobalt center in TT-Por(Co)-COE. Moreover, TT-
Por(Co)-COF showed an acceptable turnover frequency (TOF)
of 481 h™! based on Co center at —0.7 V versus RHE (Figure S27,
Supporting Information).

© 2020 Wiley-VCH GmbH
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Figure 5. a) LSV curves in CO,-saturated and Ar-saturated 0.5 M KHCOj at a scan rate of 10 mV s7\. b) FEcs and c) J., from —0.6 to —0.9 V versus
RHE of TT-Por(Co)-COF and COF-366-Co. d) Stability test of TT-Por(Co)-COF in CO,-saturated 0.5 m KHCOj; electrolyte at a potential of —0.6 V versus

RHE during 10 h.

To study the long-term stability of TT-Por(Co)-COF, the
electrocatalyst was performed with chronoamperometric test
at a fixed potential of —0.6 V versus RHE in CO,-saturated
0.5 M KHCOj; solution. After 10 h, the corresponding FEcq
can be retained at values above 80% over the entire experi-
ment (Figure 5d). Compared with the fresh catalyst, significant
change on the Co K-edge of TT-Por(Co)-COF after electrolysis at
—0.6 V was not observed (Figures S28-S29, Supporting Infor-
mation), indicating that the coordination environments of most
cobalt centers were remained. Besides, the ICP result of TT-
Por(Co)-COF after long-time durability test ruled out leaching
of Co species from the framework, which is in agreement with
the negligible metal ions in the electrolyte. Moreover, the XPS
curves (Figure S30, Supporting Information) after electroca-
talysis showed that bonding energies at 780.29 and 795.12 eV
are responsible for 2p;;, and 2p,,, respectively, corresponding
to the valence state of Co?". Therefore, the gradual decrease
in current density during the long-time durability is probably
not caused by the structure change of TT-Por(Co)-COF. The
decrease in current density could be connected with the hydro-
genation on the pyrrole rings of porphyrin under a protic and
reductive environment, which is also noticed previously in
cobalt phthalocyaninel® and nickel-porphyrin systems.>*>°]

3. Conclusion

In summary, D-A heterojunctions were constructed in a 2D
cobalt porphyrin-based COF (T'T-Por(Co)-COF) that was obtained
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by a Schiff-base reaction of thieno[3,2-b]thiophene-2,5-dicar-
baldehyde (TT) and Co-TAPP to enhance the electrocatalytic
performance of CO,RR via improving charge transfer ability. TT-
Por(Co)-COF has a good electron conduction value (1.38 x 1078
S m™Y) and carrier mobility value (0.18 cm? V! s7!). Moreover,
the LUMO of TT possesses higher potential (-3.47 eV) than
Co-TAPP (-3.64 eV), which is beneficial to realize the electron
transfer from TT to porphyrin cobalt center in TT-Por(Co)-COF.
In addition, compared with COF-366-Co, a red-shift phenom-
enon for TT-Por(Co)-COF was observed in solid-state UV spec-
trum, which was attributed to the electron transfer behavior
in TT-Por(Co)-COF. As a result, compared with COF-366-Co
without TT, TT-Por(Co)-COF is able to selectively convert CO,-to-
CO with a high FE of 91.4% at —0.6 V versus RHE and larger
partial current density of 7.28 mA cm2 at —0.7 V versus RHE in
aqueous solution. This work provides a new avenue to improve
the current density of electrocatalytic performance of CO,RR via
integration of D-A heterojunction units into framework mate-
rials for the beneficial of electron transfer ability.

4. Experimental Section

Materials: All chemicals and solvents were purchased without further
purification.  Thieno[3,2-b]thiophene-2,5-dicarboxaldehyde ~ (TT)  was
purchased from HWRK CHEM, Co(OAc),-4H,0 (98%) was purchased from
Alfa, pyrrole (99%) was purchased from Adamas, benzyl alcohol (99%)
was purchased from Macklin. Chlorobenzene, o-dichlorobenzene, dioxane,
DMF, acetic acid, NaOAc, and K,CO; were purchased from Sinopharm
Chemical Reagent Co., Ltd., Carbon fabric, LION Ketjenblack (ECP600)D).
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Synthesis  of  5,10,15,20-tetrakis(4-aminophenyl) porphinatocobalt (11)
(Co-TAPP): Co-TAPP was synthesized according to reference.?l TAPP
(200 mg, 0.30 mmol) and NaOAc (108 mg, 1.3 mmol) were added
mixed solution with 45 mL of DMF and 63 mL of chlorobenzene, then
Co(OAc),-4H,0 (147 mg, 0.59 mmol) was added. After equipping with
a Soxhelt apparatus with a paper thimble containing K,CO; (1.1 g,
8.0 mmol), reaction mixture was stirred under nitrogen at reflux for 24 h.
Upon cooling, the Soxhlet apparatus was replaced with a distillation
setup, and the solvent was removed under vacuum. The dark solid
was suspended in CHCl; (100 mL), then solvent was removed through
vacuum filtration. The crude product was then washed thoroughly with
water three times, saturate NaHCOj; solution one time, and then water
again three times. The resulting dark purple microcrystalline powder was
dried under high vacuum overnight.

Synthesis  of  TT-Por(Co)-COF:  Thieno[3,2-b]thiophene-2,5-
dicarboxaldehyde (TT) (7.84 mg, 0.04 mmol) and Co-TAPP (14.62 mg,
0.02 mmol) were added to a Pyrex tube measuring 10 x 8 mm (o.d x i.d)
and dispersed in a solvent mixture of benzyl alcohol, o-dichlorobenzene
and 6 M acetic acid (15:5:2 viv:v). After sonication for 10 min the tube
was flash frozen at 77 K and flame sealed. Then the reaction was heated
at 120 °C and kept for 3 days, the precipitate was separated by filtration,
and transferred to a Soxhlet extractor and washed thoroughly with
dioxane (12 h) and acetone (12 h). Finally, the product was evacuated at
120 °C under dynamic vacuum.

Synthesis of TT-Por(2H)-COF: TT-Por(2H)-COF was prepared under
the similar conditions of TT-Por(Co)-COF with TAPP as monomer
instead of Co-TAPP.¥I

Synthesis of COF-366-Co: COF-366-Co was synthesized according to
ref. [23].

Electrochemical ~Measurements: The electrochemical tests were
performed in a standard three-electrode configuration using H-type
cell separated by an anion exchange membrane (Nafion-117) by
chi700e at room temperature. One compartment contained 70 mL
0.5 M KHCOj electrolyte and Pt foil as counter electrodes, another with
Ag/AgCl electrode as reference electrode and catalyst-modified carbon
fabric electrode as work electrode. 5 mg of the catalyst and 1.7 mg
ketjenblack were dispersed in 1 mL of isopropanol, and 40 pL of Nafion
(5 wt%) under sonication for 2 h to form homogeneous ink. 80 uL ink
was loaded onto the carbon fabric electrode with 1x 1 cm?. During the
electrochemical tests, the 0.5 m KHCO; was purged with Ar or CO,
for 30 min to achieve the Ar-saturated or CO,-saturated solution. LSV
was tested with a scan rate of 10 mV s™' from 0 to —1.0 V versus RHE.
All tested potentials were converted to RHE scale using the following
equation: Es rigy = Evs agjagalyt 0.059 pH +0.197 V (pH =7.2). The gas
phase composition was analyzed by Gas Chromatograph.

Faradaic Efficiency Calculation for CO:

Jco Vco XN XF
FE=4C0 - JCOR "2 1
./total .Itotal ( )

where o is the partial current density of CO; Jio1y is the total current
density; N is the number of electron transferred for product formation,
in which it was two for CO; v¢o is the production rate of CO (tested
by GC); F is the Faradaic constant, 96 485 C mol™"; FE is the Faradaic
efficiency for CO production.

Evaluation of TOF (h™) for CO:

’product/NF

TOF = Pl
Mear X w/MmetaI

% 3600 (2)

loroduct is the partial current of CO; mg, is the catalyst mass in the
electrode, g; @ is the metal loading in catalyst; M e, is the atomic mass
of metal.

The Nyquist plots were obtained by the EIS test which was
conducted by applying AC voltage with 5 mV amplitude in frequency
range from 100 mHz to 100 kHz. DPV was tested in acetonitrile,
with 0.1 M tetrabutylammonium hexafluorophosphate as electrolyte
and 0.1 mm ferrocene as internal reference, Pt wires as the counter
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electrode, Ag/AgCl as reference electrode, and glassy carbon electrode
as work electrode. The potential window was from 0 up to 1.4 V with
a modulation amplitude of 0.005 V, modulation time of 0.05 s, and an
interval time of 0.5 s.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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