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COF for
Unravelling

Atomically Dispersed Co* in a Redox-Active
Electrochemical CO, Reduction to Ethanol:
Mechanistic Insight through Operando Studies

Ashish Singh,”™ Soumitra Barman,™ Faruk Ahamed Rahimi,’> Anupam Dey,® Rohan Jena °Ravi
Kumar,” Nijita Mathew,” Dibyendu Bhattacharyya,” Tapas Kumar Maji’*

Designing cheap, stable, and efficient electrocatalysts for selective CO, reduction to ethanol is a green and sustainable
approach for converting greenhouse gas into value-added products. In this context, developing single-atom-based
electrocatalysts (SAEs) could be advantageous because of maximum atom utilization. Here, we report the design and
synthesis of a donor-acceptor-based redox-active covalent organic framework (COF), TAPA-OPE, obtained by condensation
between tri-amino-triphenyl amine (TAPA) and Oligo-(p-phenyleneethynylenes) (OPE) based dialdehyde. Owing to the
presence of suitable metal chelating sites, TAPA-OPE was utilized for covalent grafting of atomic Co® (Co-TAPA-OPE),
which has been confirmed by EXAFS, HAADF-STEM, and XPS studies. The Co-TAPA-OPE acts as a stable SAE for selective
reduction of the CO, to ethanol at -0.67 V vs. RHE. Faradaic efficiency (FE) for the ethanol formation is calculated to be
66.8%. The in-situ XAS study discloses that single Co-site transiently changes its oxidation state and coordination
environment during electrocatalytic reduction process. Further, in-situ FTIR study is performed to track the intermediates
during the CO, reduction reaction (CO;RR), which eventually assists in elucidating the plausible reaction mechanism

through Density Functional Theory (DFT).

Introduction

Increasing global CO, release based on the large-scale
combustion of fossil fuels has led to an alarming threat to the
environment and sustainable growth of the world’s economy.l’

Therefore,

capture and conversion of CO, to renewable fuels and

comprehending sustainable technologies for

feedstocks has attracted considerable attention, aiming to
mitigate the rising CO, concentration in the atmosphere.3'9The
electrochemical CO, products
encompassing C, (carbon monoxide, formic acid, methane), C,
(ethylene, ethanol)} or C; products (propanol} by exploiting
renewable electricity leads to the accumulation of intermittent
electricity as the reduced product.lo’ 1
various possible products in electrochemical CO, reduction

reduction to various

However, among

reaction (CO,RR), C, products are highly sought-after due to
their high commercialization value."? Particularly, ethanol
carries a positive energy balance and is one of the largest
volume organic products formed in the course of CO,RR and,
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therefore, ubiquitously being utilized as a liquid fuel or fuel
additive, thus, noted to be a highly demanding product during
the COZRR.B’ " However, the biggest bottleneck in realizing
efficient electrochemical conversion of CO, to ethanol lies in
the formation of the C-C bond, which involves numerous
intermediates and the transfer of multiple electrons and
protons.15 In this regard, designing and developing an
electrocatalyst for selective reduction of CO, to ethanol under
ambient conditions is highly desirable due to not only being
biofuel as well as a green solvent but also serving for storage
and distribution of carbon-based fuels and renewable
feedstocks in the chemical sector. Various electrocatalysts
based on transition metals (mainly Cu, Co, and Ni}, metal-
nitrogen-carbon (M-N-C)-type materials such as cobalt-
phthalocyanine, porphyrins, Cu-Ag alloys, and Mn(ll}/Ru(ll)
polypyridyl complexes have been examined for CO,RR to
ethanol.’®**®  However, poor catalytic performance and
selectivity, high overpotential, operational costs, and durability
are the major concerns that need to be addressed.”

Recently, covalent organic frameworks (COFs), a novel class of
crystalline porous organic materials, have attracted significant
attention owing to synthetic tunability, excellent stability,
robustness, and permanent porosity. COFs have been
employed for gas storage, separation, sensing, photocatalysis,
and biomedical applications.3o'32 Further, designing and
developing redox-active COFs have gained recent attention
due to the possibility of electrocatalytic and energy storage
applications.33 Electroactive COFs prepared by assimilating



redox-active organic struts are still at a primitive stage and
limited to investigation of the rudimentary electrochemical
processes. Furthermore, judiciously chosen organic building
blocks bearing metal chelating ability in the COFs can provide a
platform to anchor atomically dispersed electroactive metal
ions via post-synthetic modification. Owing to the high surface
area and microporosity of the resulting hybrid COFs, substrate
diffusion towards the catalytic site would be accelerated and,
thus, likely to exhibit significantly enhanced electrocatalytic
performances towards COZRR.34’ s Recently, the fabrication of
atomically dispersed metal-based electrocatalysts has gained
widespread attention as they offer maximum atom utilization
efficiency and display impressive heterogeneous catalytic
activity with unique redox properties.zg’ 36-38
challenges associated with stabilization as well as poor loading
ability of atomically dispersed metal ions are foremost
concerns that are overshadowing their applications in the

However,

realm of single atom electrocatalysts (SAEs).*® Therefore, the
complexation of electroactive 3d metal ions like Co®, Ni*,
Fe®, and Cu® in the COF materials would be a novel approach
and pave the way to realize COF-based single atom-driven
electrocatalytic CO, reduction to ethanol which is yet to be
documented.

Herein, we report the synthesis and characterization of a new
redox-active COF (TAPA-OPE) by integrating Tris-(4-
aminophenyl} amine (TAPA) and substituted Oligo-(p-
phenyleneethynylenes) (OPE)} based dialdehyde via Schiff base
(Fig. 1a, S1-S2, and Scheme S1-S2). The
manifestation of metal-chelating sites was exploited for the
coordinative grafting of Co”* in TAPA-OPE COF to prepare Co-
TAPA-OPE, with a Co loading of ~2.8 wt%. Atomic dispersion
and coordination environment of Co”* in the COF was
confirmed by microscopic (HAADF-STEM) and spectroscopic
analysis (EXAFS and XPS), respectively. The Co-TAPA-OPE
shows electrocatalytic activity for CO,RR to ethanol with a

condensation

maximum Faradaic efficiency of ~ 66.8% at the potential of
-0.67 V vs. RHE. Utilizing in-situ X-ray absorption spectroscopy
(XAS), we found that under the elctrochemical conditions Co
centre in Co-TAPA-OPE COF undergoes reversible structural
change of Co-Complex and oxidation state change of the Co-
centre which catalyses the CO, reduction. The analysis
revealed that the Co was transiently reduced from +2 to +2-8
(0<8<1) during the catalytic reaction. Additionally, the in-
situ FTIR experiment was performed to monitor a real time
reaction progress of the CO,RR to ethanol which indicated the
formation CHO* species, a keyintermediate for C, product
formation. Further, a plausible mechanism of CO,RR has been
formulated by the Density Functional Theory (DFT} in line with
the experimental results.

Results and discussion

Structural characterization of the newly synthesized TAPA-OPE
COF was performed by powder X-ray diffraction (PXRD)
analysis and various other spectroscopic and microscopic
techniques. The PXRD pattern of the TAPA-OPE showed the
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crystalline nature of the material (Fig. 1lb-c). The Pawley
refinements of PXRD patterns of the TAPA-OPE were carried
out for full profile fitting in Materials Studio 20 based on both
staggered (AB) (triclinic with P1 space group)} and eclipsed (AA)
(trigonal with P3 space group) model (Fig. 1b &S53-54). The
non-planar geometry around the central nitrogen of the TAPA
unit was taken into consideration while optimizing the
structure. It was observed that the staggered model was found
in better agreement with the experimentally observed pattern
(weighted-profile R factor Ry, = 3.73% and unweighted-profile
R factor R, = 2.83%) as compared to the eclipsed model (R, =
4.09% and R, = 3.14%).” The long alkyl side-chain at the OPE-5
unit, as well as the non-planar geometry of TAPA is likely to be
accountable for the AB stacking in TAPA-OPE cor.® Pawley
refinement of the staggered model vyielded unit cell
parameters of a = 55.837 A, b=55.826 A, c=9.348 Aand a =
90.185°, 8 = 90.048°, y = 119.661°. TAPA-OPE COF exhibited
diffraction peaks at 20 = 3.15, 4.21, 5.76, 6.41, 7.22, 8.51,
10.81, 12.50 and 14.52° (Fig. 1c), corresponding to the (110},
(200), (210), (300), (220), (410), (121), (321) and (341) facets,
respectively. It should be noted that the interlayer distance
could not be fixed from the experimental PXRD data due to the
broad peak in the range of 28 = 17-25°, likely to be due to the
non-planarity brought in the system (TAPA-OPE} by the TAPA
unit and alkyl chain of the OPE unit. Moreover, it was set to be
4.65 A by force-field-based calculations.

Further, FTIR spectra of TAPA-OPE showed a peak at 1618 cm’
1, which is a characteristic peak for the imine bond (-C=N-},
indicating the Schiff base condensation reaction for polymer
formation (Fig. $5).% A distinguished peak for alkyne bond (-
C=C-) appeared at 2205 em™, ensuring the presence of OPE-5
unit in the polymer. Solid-state 3¢ NMR revealed peaks
between 14-69 ppm for TAPA-OPE that can be attributed to
the alkyl/alkoxy carbon chain substitution of the OPE-5 unit
(Fig. 1e).”* Further, peaks at 84 and 92 ppm were attributed to
the alkyne bond (-C=C-} of the OPE-5 unit. Peaks between
115-146 ppm were attributed to the aromatic rings of TAPA
and OPE-5 units. Notably, a characteristic peak for imine
carbon (-C=N-} appeared at 154 ppm, confirming the TAPA-
OPE was formed by the Schiff base condensation.®
Thermogravimetric analysis (TGA) showed stability of the
TAPA-OPE up to 345 °C (Fig. S6). TAPA-OPE was activated at
150 °C for 24 h prior to the N, adsorption study at 77K. The
activated COF showed type-l sorption profile, indicating the
microporous nature of the polymer (Fig. 1d).”® The BET surface
area was found to be 391 mz/g, and the pore size centered at
1.39 nm as calculated by the nonlocal density functional
theory (NL-DFT)} method (Fig. S7). Morphology of the TAPA-
OPE was investigated by Field Emission Scanning Electron
Microscopy (FESEM) and Transmission Electron Microscopy
(TEM). FESEM images showed irregular elongated sheet like
morphology (Fig. 1f). High-resolution TEM images displayed
2D-layered morphology, which was stacked on top of each
other (Fig. 1g).

Redox-active behavior of TAPA-OPE was investigated by CV
performed with respect to (w.r.t.) Ag/Ag" in acetonitrile and,
two redox couple peaks were observed at 0.67/0.58 V and
0.02/-0.26 V (Fig. S8). This is a characteristic feature for the
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Fig. 1 (a) Synthetic scheme for TAPA-OPE COF. (b) Simulated structure of TAPA-OPE in staggered confirmation. Characterization of TAPA-OPE (c-g); (c) PXRD, (d) N5

adsorption (77 K), (e) solid state 13C NMR, (f) FE-SEM, and (g) TEM image.

formation of mono and bi-cationic species at the TAPA center,

respectively, and is responsible for the redox-active nature of
the COF.*"*

The electrochemical bandgap for TAPA-OPE was calculated to
be 3.17 eV. Further, owing to highly conjugated architecture,
the electrical conductivity of TAPA-OPE was measured, which
showed the value of 8.55 x 10° (£t4) S em™?, illustrating the
semiconducting nature of the COF material (Fig. $9)."° Next,
we envisioned the exploration of metal chelating ability of
TAPA-OPE toward electroactive metal ion to realize COF-based
single atom electrocatalysis. We have chosen the cobalt ion
(Co®™) due to its excellent electrocatalytic activity, high
abundance, and significantly cheaper as compared to
electroactive noble metals.”” The detailed synthetic procedure

for cobalt (C02+) complexation in the TAPA-OPE (Co-TAPA-OPE)
is described in the experimental section (Fig. 2a). Co-TAPA-OPE
was characterized by PXRD, FTIR, microscopic analysis (FESEM,
TEM, HAADF-STEM, and elemental mapping), X-ray
photoelectron spectroscopy (XPS), X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) studies. XPS analysis of Co-TAPA-OPE
provided closer insight into the oxidation state of metal ions
(Fig. 2b). Two intense peaks at 769.23 and 784.75 eV were
attributed to the Co 2p1/2 and Co 2p3/2, respectively, confirming
the presence of coordinated Co® metal ion.* Additionally,
three peaks for carbon spectrum (Cls) at 284.79, 286.30, and
289.86 eV indicated the existence of three types of carbon and
can be assigned for C-C, C=C/C=N, and C=C, respectively. Two
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Fig. 2 (a) Synthesis of Cos+ metalated TAPA-OPE COF. (b-e) Characterization of Co-TAPA-OPE; (b) XPS spectra, (c) N5 adsorption at 77 K, (d) FE-SEM, (e) a broad area HAADF-

STEM image and the corresponding elemental maps in the region.

peaks for nitrogen at 398.70 and 399.95 eV could be attributed
to the pyridinic and imino (-C=NH) nitrogen, respectively.48 A
peak at 533.41 eV corresponded to the oxygen atom that
appeared for the alkoxy side-chain of OPE unit. The Inductive
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
analysis indicated the presence of 2.8% cobalt in the Co-TAPA

OPE. The attenuated total reflection (ATR)-FTIR spectra were
recorded in the low-frequency region (150 em™ - 500 em™) for
both TAPA-OPE and Co-TAPA-OPE. The presence of the two
characteristic bands at 278 cm™ (Co-Cl} and 464 em™ (Co-N} in
Co-TAPA-OPE indicated the covalent integration of Co™ in the
COF matrix (Fig. $10)."° Next, the TGA-Mass spectrometry
experiment performed for the Co-TAPA-OPE has shown good
stability, and no weight loss was observed in the
temperature region (<100 °C), supporting the absence of any
guest molecule in the polymer matrix (Fig. S11a). Importantly,
weight loss corresponding to the water molecule observed in

low-

the mass analysis corroborating the presence of water
molecules in the coordination environment of the Co (Fig.
S11b). A similar PXRD pattern of the Co-TAPA-OPE was found

as observed for the TAPA-OPE, illustrating the structural
integrity was maintained after complexation with co™ (Fig.
S12). Adsorption study of the Co- TAPA-OPE showed
significantly decreased N, uptake at 77K (180 ml/g at 1 atm) as
compared to the bare TAPA-OPE (320 ml/g at 1 atm), which
could be attributed to the pore blocking after co™
coordination in the Co-TAPA-OPE (Fig. 2c). FE-SEM and TEM
images of Co-TAPA-OPE displayed similar morphology to the
bare TAPA-OPE (Fig. 2d-e, 3a), indicating that the COF’s
morphology remained intact after metalation. Further, the
High-angle annular dark-field scanning transmission electron
microscope (HAADF-STEM) image acquired for the Co-TAPA-
OPE displayed bright intense spots at atomic scale, illustrating
the presence of well-dispersed single metal atoms (Fig. 3b).>*
> HAADF-STEM Energy-dispersive X-ray (EDX) analysis showed
a homogeneous dispersion of cobalt (Co), chlorine (Cl}, carbon
(C), nitrogen (N} and oxygen (O} elements in the polymer
matrix (Fig. 2e & S13). The loading amount of cobalt calculated
by the EDX was found to be ~2.81 wt% (Fig. S13), which is in
agreement with the ICP analysis.
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Fig. 3 (a) HRTEM image of Co-TAPA-OPE COF. (b) High resolution HAADF-STEM image. (c) XANES spectra at the Co K-edge of Co foil, CoCIS, CogOﬂ, and Co-TAPA-OPE COF. (d)
The corresponding EXAFS fitting curves of Co-TAPA-OPE COF at R space. (e) Wavelet transform (WT) for the EXAFS signals of Co foil, and Co-TAPA-OPE COF.

Next, X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine (EXAFS)
measurements were performed to elucidate the electronic
structure and coordination environment of the Co-TAPA-OPE
COF (Fig. 3c-e). As shown in Fig. 3c, the absorption edge
position of Co-TAPA-OPE COF located near CoCl, rather than
Co foil, suggesting that the Co in Co-TAPA-OPE COF carried a
positive charge with the valence state of the Co being +2.
More importantly, the Co K-edge absorption of Co-TAPA-OPE

COF was close to CoCl,, signifying the presence of atomically
53,54

structure

dispersed Co”* ions.
Moreover, the EXAFS wavelet transform (WT) analysis was
employed to discriminate the atomic configuration of Co-
TAPA-OPE COF. The WT contour plots for Co foil showed the
intensity maxima at 7.1 A (Fig. 3e), which was subjected to
the Co-Co coordination. In contrast, the WT contour plots for
Co-TAPA-OPE COF exhibited an intensity maximum at 3.6 A_l,
clearly ruled out the possibility of the presence of Co
nanoparticles. Quantitative EXAFS fitting was performed at Co
K-edge to extract the quantitative local structure parameters
of Co atom in Co-TAPA-OPE COF (Fig. 3d, S14). The fitting

curves based on a model structure of Co-TAPA-OPE COF
demonstrated that the Co atom is coordinated in an
octahedral geometry, carrying two Co-N bonds with a distance
of 1.96 A and two Co-Cl bonds in the equatorial plane with a
distance of 2.16 A (Table S1). Additionally, two H,0 molecules
are coordinated in axial positions with a Co-O bond distance of
21A%

Inspired by the unique structural features of Co-TAPA-OPE
COF, the electrocatalytic activity was assessed toward CO,
reduction in an H-type cell (Fig. 4a-h, S15). The electrocatalytic
performance of the Co-TAPA-OPE towards CO,RR was
evaluated in 0.2 M KHCO; electrolyte solution by performing
cyclic voltammetry, linear sweep voltammetry (LSV), and
chronoamperometry study (Fig. 4a-c}). LSV study was
performed for Co-TAPA-OPE COF in the Ar- and CO,-purged
electrolytes (Fig. 4a). A noteworthy enhanced current density
in CO, saturated solution over Ar-purged electrolyte is
attributed to the direct CO,RR through solvated CO,. Cyclic
voltammetry curve of Co-TAPA-OPE COF in Ar-saturated
solution (pH-8.4) did not display any reduction peak in the
region of negative potential. Whereas, the CO, saturated (pH-
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Fig. 4 (a) LSV plot showing the increased current density in presence of COS. (b) CV curve in Ar and CO5 medium. (c) Current-time profile at different applied potential. (d)

Product distribution plot during COSRR at different potentials. {e) TH NMR of electrolyte using solvent suppression method. {f) Plot showing partial current density at

different potentials. (g) Partial current density plot of ethanol formation and corresponding TOF. (h) Long-term stability of the catalyst over 24 h at-0.67 V.

7.2} solution has exhibited a reduction peak at -0.4 V, which is
accountable for the Co-catalyzed CO, reduction (Fig. 4b).1
Controlled potential electrolysis (CPE) was performed for 2 h
at -0.47, -0.57, -0.67, -0.77 and -0.87 V potentials (Fig. 4c). The
chronoamperometry plot, as shown in Fig. 4c, showed a steady
current at every individual potential from -0.47 to -0.87 V vs.
RHE (Fig. 4c). The CO,RR product distributions and subsequent
Faradaic efficiency (FE} was examined as the function of
applied potentials from -0.47 to -0.87 V over Co-TAPA-OPE

COF (Fig. 4d, Table S2). The gaseous products and the liquid
products were quantified using GC-MS and 'H NMR,
respectively (Fig. S16-17). NMR study confirmed the
production of ethanol in the electrolyte along with the
formation of a subtle amount of formate as liquid product in
the course of CO;RR (Fig. 4e}. CO and CH,; were detected as
minor gaseous products. The ethanol production was not
observed at the potential below -0.47 V and therefore, the
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active potential for ethanol detection was found to be as low
as -0.47 V. This observation suggests that the actual onset
potential and overpotential -0.47 V and 560 mV,
respectively, considering the equilibrium potential of 0.09 V vs.
RHE.*® At -0.47 V, FE for ethanol formation was calculated to
be 30.8%, which was significantly enhanced to ~ 66.8% at a
potential of -0.67 V. To the best of our knowledge, this FE
value of ~ 66.8% represents the highest FE for the
electrocatalytic CO, to ethanol conversion among reported Co-
based electrocatalysts (Table S3). In fact, the employment of
single atom Co in a COF framework for ethanol formation is
not reported to date (Table S4). The partial current density of
ethanol was found to be 2.87 mA cm™ at -0.67 V, which is
quite significant in terms of electrochemical CO, reduction in
H-type cell (Fig. 4f). After analyzing FE trends for each product,
the intrinsic rate of CO,-to-ethanol in terms of turnover
frequency (TOF) was found to be 0.04 st at-067 Vv (Fig. 4g).
Flow cell was used to realize the mass transport limitation of

are

CO,, and it was observed that the partial current density of
ethanol formation was increased significantly and maximum
partial current was observed to be 35.8 mA em™ (Fig. S18). It
was also observed that the H, generation was also suppressed
at higher overpotentials. The source of carbonaceous products
was confirmed by performing electrolysis using isotopic CO,
(13C02) in 0.2 M Na,SO, solution. The extracted '"H-NMR from
the electrolyte evidently showed a split triplet peak due to
coupling with 3¢ of ethanol at 1.05 ppm, which corroborated
the origin of ethanol from the electroreduction of CO, (Fig.
519)." Additionally, GC-MS study of the electrolyte solution
after electrolysis using 13CO2 as reactant showed the presence
of a peak at m/z = 32 for [13CH20H]+ formation instead m/z at
31 for [CH,OH]" (Fig. $20). The chronoamperometry study with
the catalyst was performed over a 24 h span at -0.67 V,

This journal is © The Royal Society of Chemistry 20xx

showing excellent stability with respect to both current density
and FE of CO,-to-ethanol (Fig. 4h). Furthermore, the
electrochemical double layer capacitance (Cg4), which is
directly related to electrochemically active surface area (ECSA),
was found to be similar before and after chronoamperometry
measurement at different potentials (Fig. $21)."® We noticed
that the FE and CO,RR product distributions varied at the
different applied potential. The total density
represents the overall conversion of CO, to all products. The
charge transfer resistance (R} was realized by measuring
impedance in Ar and CO,-purged solutions and it was noticed
that CO,-purged solution exhibited lower R, at -0.67 V (Fig.
S$22). The kinetics of ethanol formation was realized using Tafel
plot. The Tafel slope was calculated to be 215.7 mV dec™ (Fig.
S23). The morphology of Co-OPE-TAPA COF was assessed using
FESEM after electrolysis at -0.67 V for 2 h, and it showed no
noticeable change in morphology after electrochemical CO,RR
(Fig. S24). Further, the CO,RR activity was also evaluated for
metal-free TAPA-OPE COF. However, LSV curve of the TAPA-
OPE COF showed no significant enhancement in the current
density either in Ar atmosphere or in CO, atmosphere (Fig.
S25). Furthermore, we also executed chronoamperometry in
the range of -0.3 V to -09 V for the TAPA-OPE COF.
Subsequently, the CO,RR product was analyzed by GC-MS for
gaseous products and "H-NMR for liquid products (Fig. S26-
S27).
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Fig. 6 In-situ FTIR study of electrochemical COSRR with Co-TAPA-OPE. (a) Rapid scan
measurement during LSV at 10 mV sT. (b) In-situ FTIR study during controlled

potential electrolysis at -0.67 V.
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Nonetheless, hydrogen was the only product obtained from
the proton reduction, and no liquid or gaseous carbonaceous
product was observed, which unambiguously confirmed that
the Co is the active catalytic center for electrocatalytic CO,
reduction.

Additionally, electrochemical CO,RR was performed at four
different pH of 6.8, 7.2, 7.8 and 8.5 to examine the correlation
of onset potential with pH.57'59 In LSV curves, the overpotential
at pH 6.8, 7.2, 7.8 and 8.5 are found to be 659, 415, 516, 687
mV, respectively, at 1 mA cm®. This observation suggests that
the overpotential value differs with the pH of electrolyte.
Additionally, the FE% of the Co-TAPA-OPE COF varied with the
pH of the electrolyte which was observed by performing
electrolysis at different potential (-0.6, -0.7, -0.8, -0.9 and -1 V)
at different pH (Fig. S28).

In-situ XAS measurements were performed to gain insight of
the oxidation state and coordination environment of single Co
site on Co-TAPA-OPE COF, (Fig. S29). Fig. 5a and, 5b display the
normalized operando Co K-edge XANES spectra which showed
the shift of the Co K-edge to ~0.6 eV lower energy during
electrolysis at -0.67 V vs. RHE (Fig. 5b inset). This suggested the
change in oxidation state of Co” towards lower oxidation
state.® Average oxidation state of the Co site was estimated
by developing correlation diagram of known Co-samples using
the energy position at half of the edge step. When the
potential of -0.67 V was applied, an average oxidation state of
1.72 was observed, indicating that partial reduction of co® to
Co**?® (0<58<1) (Fig. 530).61 After electrochemical CO, reduction,
the Co K-edge of Co-TAPA-OPE COF shifted back to higher
energy, which indicates the recovery of +2 oxidation-state of
Co after CO, reduction (Fig. 5b}). The peak contributing Co-0O,
Co-N signature at approximately 1.58 A in the Fourier
transform of the EXAFS spectrum decreased slightly during
electrolysis. This indicates the change of the coordination
environment in Co single site during CO,RR because of the
strong binding of the CO, (Fig. 5¢). The peak shifted (~ 0.17 A)
to shorter lengths during CO, reduction with the catalyst
biased at -0.67 V vs. RHE, compared with that under open-
circuit voltage.

In addition, quantitative EXAFS fitting was performed at Co K-
edge to extract the quantitative local structure parameters of
Co atom in Co-TAPA-OPE COF after electrolysis at -0.67 V (Fig.
S31). The fitting curves demonstrated octahedral geometry of
the isolated Co atom with two Co-N bonds, two Co-Cl bonds in
the equatorial plane and two coordinated H,0 molecules in
axial positions (Table S3). Both XANES and EXAFS data supports
the stability of Co-TAPA-OPE COF during electrolysis as it is
important to understand the structural evolution of the
material during electroreduction.® ®*

In-situ FTIR measurement using external reflection
configuration was implemented to identify the product
formation pathway (Fig. 6). A Si prism was used beveled at 60°.
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A detailed description of the setup is given in the supporting
information (Fig. S32). The spectra collected at different
potential in Ar atmosphere were used as background to
minimize the effect of proton reduction pathway. Then, CO,
was passed as feeding gas to perform controlled potential
electrolysis (CPE). The
synchronization technique to achieve the large number of

rapid scan was performed using

spectra in single pulse for 180 s during LSV measurement
under CO, atmosphere. During LSV measurement, in-situ IR
experiment was performed and spectra were collected in a
regular time interval. A peak at 1660 em™ corresponded to
C=0 stretching of COOH* species.64 Furthermore, a band at
around 1752 cm™ could be ascribed as surface bound CHO*
species which is a key intermediate for C-C coupling (Fig. 6a).”®
% Next, FTIR spectra were taken during chronoamperometric
study at the applied potential of -0.67 V vs. RHE to observe
intermediate species during CO, electroreduction (Fig. 6b). The
peak appeared at 1520 em™ was corresponded to the
carbonate (CO32') species. The peaks observed during
electrolysis at 1260, and 1380 em™ corresponded to C-OH
stretching (O-H deformation) and C-O stretching of COOH*
species, respectively, the most important
intermediate in the course of formation of €0.** Apparently,

which s

we observed surface adsorbed asymmetric IR band of CO at
1902, and 1996 em™. Further, a band displayed at 1752 cm™
could be attributed to the CHO* species which is likely to be
the key intermediate for C-C coupling.66 Meanwhile, the
formation of another important intermediate CH;0* was
observed at 2960 cm™ during chronoamperometric study at -
0.67 V vs. RHE.*”®®

Density functional theory (DFT) calculation was performed in
line of EXAFS and in-situ IR analysis to deduce the plausible
mechanism of electrocatalytic CO, reduction to ethanol in co™
metalated COF which is aptly supported by relative Gibbs free
energy (AG) plot (Fig. 7, $33-535).1% & 2% 228971 |4y prief, the
EXAFS study suggested hexa-coordinated environment around
the C02+, coordinated with two water molecules (axial
positions), two chloride ion and two nitrogen atom of the COF
framework (Fig. 3d). Similar hexa-coordinated environment
around Co®* has taken into consideration for DFT calculations
with smallest repetitive unit of the framework consisting of
one OPE and one TAPA unit, named as [Co"(r]z—COF—
N,N’}(H,0),Cl,] (H,0*0H,) (Fig. 7, S33). The catalysis initiated
possibly with simultaneous CO,-binding with proton-coupled
reduction of [Co"(n>-COF-N,N")(H,0),Cl,] (H,0*OH,) to form
[Co"(n%-COF-N,N')(COOH)(H,0)Cl,]  (H,0*COOH)  through
removal of one loosely bound axial water molecule (AG =
+1.07 eV).ZO’ 870,72, 73 Next, another simultaneous CO,-binding
with proton-coupled reduction of [Co"(r]z—COF—
N,N’}(COOH}(H,0)Cl,] (H,0*COOH) likely to be occurred by
releasing the remaining water molecule to generate
intermediate  [Co"(n*-COF-N,N’)(COOH),Cl,] (HOOC*COOH),
which was found to be the most uphill process of the whole
catalytic mechanism (AG = +2.25 eV).

This journal is © The Royal Society of Chemistry 20xx
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DFT, at an applied potential of -0.67 V vs. RHE.

In the following steps, proton-coupled reduction followed by
water elimination from the intermediate [Co"(r]z—COF—
N,N’)(COOH),Cl,] (HOOC*COOH) would afford [Co"(n*-COF-
N,N’)(COOH)(CO)Cl,] (OC*COOH) (AG = -2.55 eV), which upon
further proton-coupled reduction and simultaneous water
elimination would lead to the formation of [Co"(r]z—COF—
N,N’}(CO),Cl,] (OC*CO) (AG = -1.16 eV). Next proton-coupled
reduction would result in the reduction of axial CO of [Co"(r]z—
COF-N,N)}{(CO),Cl,] (0C*CO) to afford [Co"(n’-COF-
N,N’)(CHO)}CO)Cl,] (OC*CHO) (AG = +0.07 eV).”® The
subsequent proton-coupled reduction would convert the
intermediate [Co"(n*-COF-N,N’)(CHO)(CO)Cl,] (OC*CHO) to

[Co"(n%-COF-N,N’}(OCH,)(CO)Cl,] (OC*OCH,) (AG = -1.15 eV) to
[Co"(n%-COF-N,N’}(OCH,)(CO)Cl,] (OC*OCH,) (AG = +0.14 eV) to
[Co"(n-COF-N,N’}(HOCH,)(CO)Cl,] (OC*HOCH;) (AG = -1.67
eV), which after proton-coupled reduction and subsequent
water elimination would afford [Co"(r]Z—COF—N,N’)(CH3)(CO)CI2]
(OC*CH;) (AG = -0.15 eV). Interestingly, upon proton-coupled
reduction of [Co"(n*-COF-N,N’)(CH,)}(CO)Cl,] (OC*CH3), a rapid
C-C coupling is likely to be occurred to generate C,-
intermediate [Co"(n*-COF-N,N’}(OCHCH,)Cl,] (*OCHCH,) (AG =
-1.48 eV). In the next step, proton-coupled reduction of
[Co"(n*-COF-N,N’)(OCHCH,)Cl,]  (*OCHCH;) would afford
[Co"(n*-COF-N,N’)(OCH,CH5)Cl,] (*OCH,CHs) (AG = +0.45 eV),
which upon further proton-coupled reduction resulted in the
formation of [Co"(n*-COF-N,N}(HOCH,CH,)Cl,] (*HOCH,CH;)
(AG = -2.04 eV). Lastly, the intermediate [Co"(r]z—COF—
N,N’}(HOCH,CH;)Cl,] (*HOCH,CH;) expected to release ethanol
(AG = +0.03 eV} and the initial catalyst [Co"(r]z—COF—
N,N’}(H,0},Cl,] (H,0*%0OH,) would be regenerated by retaking
two water molecules, which would then re-enter into the

This journal is © The Royal Society of Chemistry 20xx

catalytic cycle to continuing the ethanol production (Fig. 7,
S$34-S35).

Conclusions

In conclusion, we have synthesized donor-acceptor based
electroactive COF material (TAPA-OPE), which possessed
metal-chelating sites and, therefore, utilized further for
coordinately grafting of the co** upon post-synthetic
modification to single atom driven COF based
electrocatalyst (Co-TAPA-OPE) for selective reduction of the
CO, to ethanol. The XANES and EXAFS analysis ensured the
octahedral geometry of the atomically dispersed Co™ in the
Co-TAPA-OPE. The electrochemical CO, reduction to ethanol
using Co-TAPA-OPE was achieved with the active potential of -
0.47 V. The maximum partial current density of -2.87 mA em™
and maximum FE of ~ 66.8% was achieved during the CO,RR.
The chronoamperometry experiment was performed over a

realize

period of 24 h and activity was found to be retained, indicating
impressive catalytic stability. /n-situ XAS study demonstrated
the reversible change in the oxidation state of co® single atom
site. It also provided the support of stability of the catalyst
after electrolysis. Further, In-situ FTIR study executed to
monitor the real time reaction progress which has provided
experimental evidence about the intermediates formed during
the CO,RR. Further, based on the experimental results, a
plausible mechanism for the CO, reduction to ethanol was
elucidated through the DFT calculation. Thus, the present work
demonstrates a sustainable approach towards developing COF
based single atom driven electrocatalyst for the
electrochemical CO, reduction to value added fuels. This study

J. Name., 2013, 00, 1-3 | 9



could pave a way towards developing COF based cheap and
stable electrode materials for utilizing CO, to valuable C,-
feedstocks and achieving carbon neutrality.
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