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ABSTRACT

The lower electricity consumption (EC) and higher value-added products are much desired yet still challenging for the
development of CO, coupling electrocatalytic systems. Herein, we give insight into the inherent nature of the retrenchment
of EC by exploring the photo-assisted co-electrolysis of methanol and CO, system using a kind of hydroxyl-rich covalent
organic frameworks (Dha-COF-Co) with well-tuned pore structure and morphology. Specifically, the hydroxyl induced
hydrogen bond interaction in Dha-COF-Co enables to simultaneously regulate the pore microenvironment and nanoribbon
morphology of COFs for performance boosting. Notably, the obtained Dha-COF-Co nanoribbon exhibits an overall EC
retrenchment of ~41.2% (highest in porous crystalline materials to date) when replacing the anodic OER with MOR in the
photo-electrocatalytic MOR-CO,RR coupling system, as well as superior FE,coon (@node, ~100%) and FE (cathode,
>95%) at 1.8 V. Combined theoretical calculations with various characterizations, the vital role of hydroxyl group in both
microenvironment and morphology tuning that can facilitate the CO,RR and MOR kinetics to retrench the EC has been
intensively discussed.

KEYWORDS

electricity consumption, photo-electrocatalysis, electrocatalytic CO, reduction reaction, CO, coupling electrocatalytic
system, nanoribbon

much essential to lower the overall EC for CO, coupling
electrocatalytic systems.

For CO, coupling electrocatalytic systems, there are some
possible strategies for lowering the EC, including the replacing
OER with more thermodynamically favored half reactions,
introducing advanced assisted techniques (e.g., light energy, heat

1 Introduction

The capture, conversion, and utilization of CO, have become
urgent issues to be solved in the context of "carbon neutrality"
policy [1-3]. In particular, electrocatalytic CO, reduction reaction
(CO,RR), powered by renewable electricity, offers potential for

energy storage and artificial closure of carbon cycle under mild
conditions [4-13]. However, the conventional anodic oxygen
evolution reaction (OER, theoretical oxidation potential of 1.23 V
vs. RHE) coupled to CO,RR reaction consumes up to 90% of the
electricity while producing low valuable oxygen (a near-infinite
resource in atmosphere) [14-22]. This thermodynamic constrain
results in high electricity consumption (EC), and henceforth
unsatisfied economic efficiency in CO,RR-OER coupling system
[23]. In order to improve the economic feasibility of CO,RR, it is

energy or magnetic energy) or improving the reaction kinetics of
electrocatalysts, etc. Initially, utilizing new anodic oxidation
reactions that are more thermodynamically favorable than OER
could be an effective strategy to be paired with cathodic half
reaction (CO,RR) for radically lowering the EC and improving the
energy conversion efficiency of the overall electrolysis [24-32].
Specifically, methanol oxidation reaction (MOR) is a potential
anodic reaction to be coupled with CO,RR, in which methanol
can be transformed to value-added chemicals such as formic acid
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and thus might reduce the overall cost and increase economic
efficiency [33-36]. In addition to this, the photo-electrocatalytic
method has been recognized as a promising approach to realize
high selectivity in MOR and CO,RR under mild conditions
[37-39]. The light sensitive electrocatalysts would change the
electronic property and thus the activity toward MOR and CO,RR
when coupled with photon energy under light irradiation,
eventually lowering EC and improving energy conversion
efficiency. Based on these issues, the kinetics of MOR and CO,RR
are also key factors that dominate the EC of MOR-CO,RR
coupling system, during which the faster kinetics enable a lower
cell potential and meanwhile lower EC [40-42]. Therefore, the
design of efficient CO, coupling electrocatalytic systems that can
simultaneously meet these requirements to achieve lower EC and
higher value-added products are much desired.

With these considerations in mind, the design of efficient
electrocatalysts would play a vital role in achieving such powerful
CO, coupling electrocatalytic systems. Specifically, there are some
basic demands for the design of target photo-electrocatalytic MOR-
CO,RR electrocatalysts: 1) active sites for the boosted kinetics of
both MOR and CO,RR; 2) unique structure struts for efficient
light absorption and photoelectron conversion and 3) catalytic
microenvironment tuning and optimization for structure-property
relationship and mechanism study. Nevertheless, the reported
works for MOR-CO,RR coupling systems are mostly focused on
the selectivity improvement by changing catalyst structure,
whereas some important strategies, like the tuning of
microenvironment or morphology, introducing auxiliary units
and regulating inherent photo-electronic property have been
rarely explored. In this regard, covalent organic frameworks
(COFs), possessing unique properties like abundant channels,
clear crystalline structures, high stability and adjustability, are
regarded as ideal platform for photo-electrocatalytic MOR-CO,RR
coupling system [43-45]. Especially attractive are their benefits in
specially designed structure and tunability that may impart COFs
with well-tuned microenvironments for kinetic improvement,
integration with advanced assisted techniques and mechanism
research. Therefore, it would be very interesting to explore the
effect of microenvironment on morphology, performance
boosting and catalytic mechanism to investigate the probability of
COFs in low EC photo-electrocatalytic MOR-CO,RR coupling
system.

Herein, we give insight into the inherent nature of the
retrenchment of EC by exploring the photo-electrocatalytic MOR-
CO,RR coupling system using a kind of hydroxyl-rich COFs (Dha-
COF-Co) with well-tuned pore structure and morphology
(Scheme 1). The hydroxyl-rich COFs nanoribbons (Dha-COF-M
(M = Co, Ni and H)) were selected as the model catalysts to
investigate the photo-electrocatalytic MOR coupled with CO,RR,
during which they serve as the bifunctional catalysts can
simultaneously accomplish the efficient photo-electrocatalytic
MOR and CO,RR in an integrated system. Notably, an overall EC
retrenchment of ~41.2% (highest in porous crystalline materials)
can be achieved when replacing the anodic OER by MOR in the
photo-electrocatalytic MOR-CO,RR coupling system for Dha-
COF-Co, which can give a FEycooy (anode, ~100%) and FEqq
(cathode, >95%) at 1.8 V and represent to be one of the highest
performances to date. Moreover, the vital role of hydroxyl
functional group that can accelerate the CO,RR and MOR kinetics
has been systematically studied by DFT calculations and sufficient
characterizations, in which the hydroxyl can act as the auxiliary
catalytic site to boost the H,O dissociation of MOR reaction and
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facilitate mass transfer. This work offers a new design strategy of
COFs to lower the EC and improve the energy efficiency of photo-
electrocatalytic MOR-CO,RR coupling system.

Conventional OER-CO,RR system: high EC, low efficiency
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Schemel The schematic illustration of low electricity consumption (EC)
photo-electrocatalytic MOR-CO,RR coupling system.

2 Experimental

2.1 Materials

All chemicals and solvents were commercially available and used
without further purification. Potassium bicarbonate (KHCO;),
potassium hydroxide (KOH), methanol, acetonitrile, N-butyl
alcohol, ethanol, 1, 2-dichlorobenzene, chloroform, acetic acid, N,
N-dimethylformamide (DMF) and N, N-dimethylacetamide
(DMA) were purchased from China National Medicines
Corporation Ltd. Nafion solution (5 wt.%) were obtained from
Sigma-Aldrich. Cobalt acetate tetrahydrate (Co(OAc),4H,0)
and nickel acetate tetrahydrate (Ni(OAc),-4H,0) were obtained
from Shanghai Aladdin Bio-Chem Technology Co., Ltd.
2,3-dihydroxynaphthalene-1,4-dicarbaldehyde, tetrakis(4-
aminophenyl)-porphinato and naphthalene-1,4-dicarboxaldehyde
were purchased from Jilin Chinese Academy of Sciences-Yanshen
Technology Co., Ltd. Carbon paper was purchased from Fuel Cell
Store. All aqueous solutions were prepared with Millipore water
(18.25 MQY).

2.2 Synthesis of Dha-COF-Co

TAPP-Co (14.7 mg, 0.02 mmol), 2,3-dihydroxynaphthalene-1,4-
dicarbaldehyde (8.7 mg, 0.04 mmol), 1,2-dichlorobenzene
(0.33 mL), N,N-dimethylacetamide (1.0 mL) and 6 M aqueous
acetic acid (0.2 mL) were mixed in a Pyrex tube (o.d. x length,
19 cm x 65 mm). After sonication for about 20 min, the tube was
flash frozen at 77 K (liquid N, bath) and degassed to achieve an
internal pressure of ~100 mTorr. After the temperature recovers
to room temperature, the mixture was heated at 120 °C and left
undisturbed for 72 h. After cooling to room temperature, the
precipitate was filtered and washed thoroughly with THF and
acetone each for three times. After filtration, the wet sample was
transferred to a Soxhlet extractor and washed with THF (24 h).
Finally, the product was evacuated at 120 °C under dynamic
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vacuum overnight to yield activated sample. Other preparation of
the samples as well as the testing of the properties is described in
detail in the Electronic Supplementary Material (ESM).

3 Results and discussion

3.1 Synthesis and characterization

Dha-COF-M (M = Co, Ni and H) were synthesized by Schiff-base
condensation of 2,3-dihydroxynaphthalene-1,4-dicarbaldehyde
(Dha) and metallized 5,10,15,20-tetrakis (4-aminophenyl)-
porphinato (TAPP-M, M = Co, Ni and H) through a solvothermal
strategy (Fig. 1(a)). The crystalline structure of Dha-COF-Co was
defined by a combined method using powder X-ray diffraction
(PXRD) and theoretical structural simulations on Materials Studio
(Fig. 1(b) and Fig. S1 in the ESM). The results give a unit cell
parameter (a = b = 33.0663 A, ¢ = 3.8831 A, a = B = y = 90°) that
complies with the P4 space group using AA stacking mode, which
is supported by the difference plot with unweighted-profile R
factor (R,) of 1.62% and weighted profile R factor (R,,) of 2.19%
(Fig. 1(b) and Table S1 in the ESM). The intense peaks at 3.52°,
5.00° 5.58°, and 7.06° in the PXRD pattern can be attributed to the
(100), (200), (210) and (2 2 0) facets of Dha-COF-Co,
respectively. The simulated crystal structure shows that there is a
pore channel along the c axis with a theoretical pore size of
1.96 nm, and the distance between adjacent stacking 2D sheets is
3.88 A (Fig. 1(a)). Furthermore, the PXRD patterns of Dha-COF-
H/Ni also show high crystallinity (Figs. S2 and S3 in the ESM).
The chemical structures of Dha-COF-M (M = Co, Ni and H) have
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Figure1 Preparation and characterization of Dha-COF-M (M = Co, Ni and
H). (a) Schematic illustration of the preparation protocol of Dha-COF-M (M =
Co, Ni and H). (b) Experimental and simulated PXRD patterns of Dha-COF-
Co. (c) N, sorption curves of Dha-COF-Co at 77 K (inset shows the pore-size
distribution profile). (d) TEM image of Dha-COF-Co (insert is the HRTEM
image). (¢) STEM and elemental mapping images of Dha-COF-Co.

been further confirmed by FT-IR spectra. In the FT-IR spectra, a
new characteristic peak at 1622 cm™ attributed to the C=N
stretching vibration is observed in Dha-COF-Co, while the C=O
stretching vibration (1700 cm™) and -NH, vibration (3200-
3500 cm™) in monomers are nearly disappeared (Fig.S4 in the
ESM) [46]. Besides, compared with TAPP, the new peak of Co-N
stretching vibration at 999 cm™ and disappeared peak of N-H
stretching vibration at 3315 cm™ in Dha-COF-Co indicate the
metal coordination at the porphyrin center (Fig. S4 in the ESM)
[47]. These results confirm the successful preparation of Dha-COF-
M (M = Co, Niand H).

The surface area and porosity of samples were examined by N,
sorption measurement at 77 K (Fig. 1(c) and Fig. S5 in the ESM).
The Brunauer-Emmett-Teller surface area (Sgg) and total pore
volume (V;) of Dha-COF-Co are calculated to be 525 m*g" and
0.65 cm™g™, respectively (Fig. 1(c)). As a comparison, the Sz and
V, of Dha-COF-Ni (494 m*g”, 0.63 cm™g™") are close to that of
Dha-COF-Co (Fig. S5 in the ESM). The pore size for Dha-COF-M
(M = Co and Ni) is in conformity with the theoretical results (Fig.
1(c) and Fig. S5 in the ESM). In addition, CO, adsorption tests
have been performed to analyze the CO, capture ability of Dha-
COF-M (M = Co, Ni) (Figs. S6 and S7 in the ESM). The CO,
uptake capacity of Dha-COF-Co are 38 cm®*g"' at 273 K and
24 cm’g' at 298 K, higher than the values of Dha-COF-Ni
(34 cm’g?, 273 K; 18 cm’g, 298 K) (Figs. S6 and S7 in the ESM).
Moreover, the stability of sample is crucial for its further
application. Different solvent conditions (i.e., mixed solution of
1 M KOH and 1 M methanol, and 0.5 M KHCO; solution) were
used to verify the chemical stability of samples through an
immersion process at room temperature for at least 12 h. No
obvious change in the PXRD patterns can be observed after
testing, indicating the well-maintained crystalline structure and
superior chemical stability of Dha-COF-Co (Figs. S8 and S9 in the
ESM).

In addition, the morphology of Dha-COF-Co has been
characterized by transmission electron microscopy (TEM), which
displays nanoribbon morphology (Fig. 1(d) and Fig.S10 in the
ESM). The structural characteristics of Dha-COF-Co have been
visualized by high-resolution transmission electron microscopy
(HRTEM). Dha-COF-Co displays clear crystalline lattice plane,
confirming its high crystallinity (Fig. 1(d)). To get deep insight
into the possible morphology formation mechanism, the PXRD
and TEM tests of intermediates at various reaction time were
performed (Figs. S11 and S12 in the ESM). The PXRD results
clearly show increased crystallinity with reaction proceeding,
during which the peaks of Dha-COF-Co emerge at 12 h and
gradually strengthen when the reaction time prolongs to 72 h (Fig.
S11 in the ESM). The TEM tests show that Dha-COF-Co displays
short nanoribbon morphology at 6 h. After that, the surface of
nanoribbon becomes rough and the nanoribbon grows longer to
the final state at 72 h. Besides, Naph-COF-Co (without hydroxyl
group compared with Dha-COF-Co) was also prepared and tested
as comparison (Figs. S13 and S14 in the ESM). In sharp contrast,
the TEM tests exhibit that Naph-COF-Co displays the nanosphere
morphology during all of the reaction time (Fig. S14 in the ESM).
These results prove the vital role of hydroxyl group in directing
the morphology tuning into nanoribbons, meanwhile the existed
abundant  hydroxyl groups might also adjust the
microenvironment of Dha-COF-Co that is favourable for the
electro-catalytic applications.

Besides, the scanning transmission electron microscopy
(STEM) with energy-dispersive X-ray spectrum (EDS)
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demonstrate that C, N, O, and Co elements are uniformly
distributed over Dha-COF-Co (Fig. 1(e) and Fig. S18 in the ESM).
Additionally, Ni is also uniformly distributed over Dha-COF-Ni
(Fig. S15 in the ESM). X-ray photoelectron spectroscopy (XPS)
was conducted to investigate the chemical states of the existed
elements in Dha-COF-M (M = Co, Ni). In the XPS spectrum of
Co 2p for Dha-COF-Co, the binding energy at 795.6 and
780.2 eV are attributed to Co (II) (Fig. S16 in the ESM) [48]. For
Dha-COF-Nj, Ni is also divalent from XPS results (Fig. S17 in the
ESM) [49]. The metal contents in Dha-COF-Co and Dha-COF-Ni
were determined to be 4.46% and 4.31% by inductively coupled
plasma optical emission spectrometry (ICP-OES).

3.2 Electrochemical performance

Initially, the electrocatalytic performances of Dha-COF-M (M =
Co, Ni and H) were carried out in a H-type cell for CO,RR, MOR
and OER, respectively. The liquid products were monitored by 'H
nuclear magnetic resonance ("H NMR) and ion chromatography
(IC). Meanwhile, the gas products were monitored and quantified
by gas chromatography (GC). Compared with the linear sweep
voltammetry (LSV) curve of Dha-COF-Co in Ar-saturated 0.5 M
KHCO; solution, the LSV curve in CO,-saturated 0.5 M KHCO,
solution shows higher current density and smaller onset potential,
indicating that CO,RR is more likely to occur at the cathode
rather than HER (Fig.S19 in the ESM). Additionally, the total
current density at -1.1 V of Dha-COF-Ni (-8.1 mA-cm?) and
Dha-COF-H (-4.5 mA-cm™) are lower than Dha-COF-Co
(=33.6 mA-cm™), indicating a better CO,RR activity of Dha-COF-
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Figure2 Electrocatalytic performance of Dha-COF-M (M = Co, Ni and H).
(a) LSV curves of Dha-COF-M (M = Co, Ni and H) at cathode in 0.5 M

KHCO;. (b) LSV curves of Dha-COF-M (M = Co, Ni and H) at anode in 1 M
KOH and 1 M methanol mixed solution. (c) FE, at different applied potentials
of Dha-COF-M (M = Co, Ni and H). (d) FEycoop at different applied potentials
of Dha-COF-M (M = Co, Ni and H). (e) "C NMR spectrum and mass
spectrum of MOR and CO,RR product in isotopic tests. (f) Cell LSV curves of
MOR||CO,RR and OER||CO,RR using Dha-COF-Co as both anode and
cathode catalysts.
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Co (Fig. 2(a)). Similarly, the OER and MOR performances of Dha-
COF-M (M = Co, Ni and H) were measured by LSV curves at the
anode in both 1 M KOH and mixed solution of 1 M KOH and
1 M methanol, respectively. The current density of Dha-COF-Co
increases remarkably in presence of MOR, and the potential
required (1.38 V at 10 mA-cm?) is 350 mV lower than that of
OER (Fig.S20 in the ESM). In comparison, Dha-COF-Ni and
Dha-COF-H require potentials of 1.39 and 1.71 V, respectively, to
achieve the current density of 10 mA-cm™ in MOR (Fig. 2(b)).
Besides, the reaction kinetics of Dha-COF-Co for MOR and OER
were estimated by the Tafel plots (Fig.S21 in the ESM). The
calculated Tafel slope of MOR (34.1 mV-dec™) is much smaller
than that of OER (57.9 mV-dec™). The above results suggest that
MOR is a more favorable anodic reaction than OER.

To evaluate the activity and selectivity of Dha-COF-M (M =
Co, Ni and H) for CO,RR and MOR, the Faradaic efficiency (FE)
of products under controlled potential have been quantified by
GC and IC tests. CO and H, are shown to be the main products
for CO,RR and no liquid product is detected (Figs. S22 and S23 in
the ESM). HCOOH is the primary product for MOR (Fig. S24 in
the ESM). The FEq of Dha-COF-Co can reach up to 82.1+3.4%
at 0.9 V, and FEycoop of Dha-COF-Co keeps higher than 91%
over the potential range from 1.4 to 1.5 V, demonstrating an
obviously high activity for the conversion of CO, to CO and
methanol to HCOOH (Figs. 2(c) and 2(d)). In contrast, the
highest FE, and FEycoon of Dha-COF-Ni are 70.2+2.2% (at
-09 V) and 89.0+1.9% (at 1.4 V), respectively (Figs. 2(c) and
2(d)). Besides, Dha-COF-H has no CO,RR activity, whereas it can
convert methanol to HCOOH with the maximum FE of
489+2.0% (at 1.6 V) (Figs. 2(c) and 2(d)). Additionally, some
contrast experiments have been conducted to indicate the sources
of catalytic activity for Dha-COF-Co. The results imply that the
bare carbon paper and other additives (acetylene black (AB) and
Nafion) have no CO,RR and MOR activity (Figs. S25 and S26 in
the ESM). Moreover, Naph-COF-Co, as a none hydroxyl
counterpart of Dha-COF-Co, displays FEq, and FEyeooy of
74.3%3.2% (-1 V) and 70.9+1.5% (1.5 V), respectively (Fig. S27 in
the ESM). The above results suggest that the catalytic active site of
CO,RR is porphyrin-Co, meanwhile the porphyrin-Co and
hydroxyl group might play synergistic role in enhancing the
catalytic activity of MOR.

In addition, the partial current density at applied potentials of
sample is calculated to study the excellent activity for MOR and
CO,RR. Dha-COF-Co displays high partial HCOOH and CO
current density of 12.7 mA-cm™ (at 1.6 V) and -11.3 mA-cm™ (at
-1.1 V), respectively (Fig. S28 in the ESM). The partial HCOOH
and CO current density of Dha-COF-Co is higher than that of
Dha-COF-Ni and Dha-COF-H, indicating the superior activity of
Dha-COF-Co in CO,RR and MOR (Fig.S28 in the ESM).
Moreover, electrochemical impedance spectroscopy of Dha-COF-
Co was tested to understand the kinetics of CO,RR and MOR on
electrode/electrolyte interface (Fig. S29 in the ESM). As shown in
the Nyquist plots, Dha-COF-Co has smaller charge transfer
resistance (R.) in CO,RR (40.7 Q2) and MOR (38.7 Q) than that of
Dha-COF-Ni (CO,RR, 65.4 Q) and MOR, 70.2 Q3), confirming the
faster electron transfer on Dha-COF-Co, thus enhancing the
reaction kinetics. Additionally, the R, for Dha-COF-Co in OER
(129.3 Q) is much larger than that in MOR (38.7 (), indicating a
faster electron transfer process in MOR. In order to confirm the
carbon source of products for MOR and CO,RR, isotopic
experiments under identical reaction conditions were carried out
using "CH;OH and "CO, as the substrate in the anode and
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cathode. The C NMR spectrum of anodic product shows peaks at
about 171.0 ppm and 168.1 ppm, which can be assigned to
HCOO" and CO;”, respectively. The gas chromatography-mass
spectrometry (GC-MS) detects that the m/z values of products are
13, 16, 29, corresponding to “C, “O and “CO, respectively (Fig.
2(e)). These evidences explicitly demonstrate the origination of
oxidation and reduction products of MOR and CO,RR from the
CH;OH and CO,, respectively, proving the high performance of
Dha-COEF-Co.

Inspired by the excellent CO,RR and MOR performance of
Dha-COF-Co, co-electrolysis of CO, and methanol (denoted as
MORJ|CO,RR) in two-electrode system was performed. The LSV
of two-electrode system confirmed the benefit of anodic MOR in
lowering the overall cell voltage (Fig. 2(f)). For Dha-COF-Co, the
MORJ|CO,RR only needs 1.44 V cell voltage to deliver a current
density of 10 mA-cm?, which is 500 mV lower than that of
OER||CO,RR. In addition, although the performance is not as
good as that of Dha-COF-Co, Dha-COF-Ni also shows much
lower cell voltage (1.85 V) in MORJ||CO,RR system than
OER||CO,RR system (243 V) at the current density of
10 mA-cm?, indicating the superiority of MOR||CO,RR system
(Fig. S30 in the ESM). To verify the electrocatalytic MOR and
CO,RR performance of sample in the two-electrode system, the
oxidation and reduction products were separately collected and
the FE values were calculated. In comparison to OER||CO,RR cell
(FEqo < 50%, Fig. S31 in the ESM), the FE, of Dha-COF-Co is
largely improved and can reach up to 90.0+0.7% at 1.9 V when
MOR is coupled with CO,RR (Fig. S31 in the ESM). Meanwhile,
at anodic MOR, a 90.8+0.8% FEycoon can be achieved at 1.8 V,
and retains > 67% at all applied cell voltages (Fig. 3(a)). Similarly,
Dha-COEF-Ni displays the higher FEyco0y (82.4£5.0%, 1.8 V) and
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Figure3 MOR||CO,RR performance of Dha-COF-Co. (a) FE¢, (cathode) and
FEpcoon (anode) of Dha-COF-Co for MOR||CO,RR at different potentials. (b)
Photo-current curves of Dha-COF-Co. (c) FE, (cathode) of Dha-COF-Co for
OER||CO,RR, MOR||CO,RR and MOR||CO,RR with light irradiation. (d)
FEhcoon (anode) of Dha-COF-Co for MOR||CO,RR and MOR||CO,RR with
light irradiation. (e) Radar chart of the performances for photo-electrocatalytic
MOR-CO,RR coupling system. (f) I-¢ test of Dha-COF-Co for MOR||CO,RR
with light irradiation at 1.8 V.

FEqo (77.744.9%, 1.8 V) of MOR||CO,RR than the system of
OER||CO,RR (Fig.S32 in the ESM). Hence, the MOR-CO,RR
coupling system will form serviceable high-valued products and
increase the practicability of CO, conversion.

In addition to the electrocatalytic performance, Dha-COF-Co
composed of porphyrin-Co unit possesses efficient light
absorption and photoelectron conversion ability, which will alter
its electronic properties under light irradiation and hold promise
in reducing EC and improving energy efficiency when coupled
with light energy (Fig. S33 in the ESM) [34, 42, 43, 46]. In view of
these, we propose that light energy might accelerate the activity of
MOR-CO,RR coupling system. Therefore, the MOR||CO,RR
performance with light illumination is carried out in a two-
electrode system. The photo-current test of Dha-COF-Co implies
that the current density increases significantly with the assistance
of light, supplying a satisfactory foundation for photo-
electrocatalytic  MOR-CO,RR  coupling system. Specifically,
compared with MOR||CO,RR, the FEjcooy of MOR||CO,RR
with light improves to > 80% from 1.7 to 2.0 V cell voltage and
achieves the highest value of 98.3+0.4% at 1.8 V (Figs. 3(c) and
3(d) and Table S2 in the ESM). Meanwhile, the corresponding
FEqo can maintain above 82% in a broad voltage window (1.8 to
2.1 V), and the optimized value approaches to 95.9+1.5% at 1.9 V.
In addition, for the COF-366-Co, the FE, of MOR||CO,RR with
light illumination reaches to the highest value of 70.7+0.8% at
2.3 'V, meanwhile the corresponding FEycooy is close to
78.4%1.4% at 2.0 V (Fig. $34 in the ESM). Similarly, for the Naph-
COF-Co, the FEy, of MOR||CO,RR with light illumination
reaches to the highest value of 77.7£2.9% at 2.1 V, meanwhile the
corresponding FEy ooy is close to 79.3+1.3% at 1.9 V (Fig. S35 in
the ESM). These comparison results sufficiently verify the
importance of naphthalene and hydroxyl groups in boosting the
overall efficiency of the coupling system.

EC, depending on the j, value, is a key parameter to estimate
the energy conversion efficiency of MOR-CO,RR coupling system
[23,42]. The result shows that the EC can be reduced by
12.5%-33.3% when MOR replaces OER at the anode (Fig. 3(e)
and S36 in the ESM). In the photo-electrocatalytic MOR-CO,RR
coupling system, the declined EC can reach up to 41.2%, which is
highest among the porous crystalline materials to date (Fig. 3(e))
[23, 34, 42]. In principle, this could drastically reduce the cradle-to-
gate CO, emissions and improve the economy of CO,RR. The
persistence of the catalytic performance is a vital element for
estimating the practical applications of samples. Thus, the
chronoamperometric test was carried out to reveal the stability of
Dha-COF-Co in the two-electrode system. As displayed in Fig.
3(f), the catalytic performance of Dha-COF-Co can be maintained
for 5 h at 1.8 V cell voltage with FEyoon over 90% and FEq over
80%. Moreover, the post-mortem characterization (i.e., XPS test)
was tested to prove the stability of Dha-COF-Co after
electrochemical process. The results imply that the binding energy
of Co species are consistent with the sample before catalytic test
(Fig. S37 in the ESM). These results indicate that the Dha-COF-
Co has excellent electrocatalytic stability. Based on the experiment
result, EC is closely related to the replaced thermodynamically
favored MOR, advanced assisted light energy and the improved
reaction kinetics of electrocatalysts, which can be largely reduced
through the overall system design in this work.

In-situ ATR-FTIR spectra have been conducted to investigate
the intermediates during electrocatalytic process to further study
the reaction mechanism (Figs. 4(a) and 4(b)). The signals at 1473
and 1030 cm™ in MOR spectrum are ascribed to *CH,O and
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Dha-COF-Co

*CHO, which are the key intermediates for HCOOH generation
[50]. The peaks at 1640, 1572, 1376, 1337 and 1250 cm™ are
attributed to C=0 stretch, asymmetric stretch, symmetric stretch,
C-O stretch and OH deformation of *HCOOH, respectively (Fig.
4(a)) [51]. Besides, in the CO,RR spectrum, the bands appeared at
1650, 1540, 1378, 1337 and 1250 cm™ are assigned to C=O stretch,
asymmetric stretch, symmetric stretch, C-O stretch and OH
deformation of COOH?, respectively, which is a vital intermediate
for CO,RR to CO. The peak detected at 2060 cm™ is ascribed to
the chemisorbed CO (*CO) (Fig. 4(b)) [51]. These crucial
intermediates provide a solid foundation for further study of
reaction mechanisms.

Based on above-mentioned results, density functional theory
(DFT) calculations have further been performed to reveal the
catalytic mechanism. There are two possible sites (ie., dual-
hydroxyl and porphyrin-Co units) in Dha-COF-Co for MOR and
CO,RR. Firstly, the free energy diagrams of MOR and CO,RR are
calculated based on dual-hydroxyl and porphyrin-Co units in Dha-
COEF-Co, respectively (Fig. 4(c), and Figs. S38-S43 in the ESM).
The free energy diagram results show that the desorption of
HCOOH (aq)* and generation of *COOH are rate-determining
steps (RDS) for MOR and CO,RR, respectively. The MOR activity
of the dual-hydroxyl unit (AG’,,, = -0.159 eV) is better than that
of porphyrin-Co unit (AG’,,,, = 0.099 eV), while the CO,RR
activity of dual-hydroxyl unit (AG’,,,, = 0.876 €V) is worse than
that of porphyrin-Co (AG’,,,« = 0.749 €V), which coincides with
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the experimental data. Then, the energy barriers of hydrolysis
dissociation proton reactions of porphyrin-Co units and Dha-
COF-Co are calculated using nudged elastic band (NEB)
simulation and H,COH* + OH>CH,0* + H,0O + e is selected as
the model reaction (Fig. 4(d)) [41]. From the results of NEB, it can
be seen that the barrier decreases when dual-hydroxyl groups are
presented, indicating that dual-hydroxyl groups can provide
additional hydrogen bonding networks, making OH' stable and
promoting the dissociation of H,0 to improve the reaction
kinetics [52]. This is consistent with the previous conclusion on
the oxygen reactivity of materials and the proton donating
reaction activity of alkaline hydrolysis [52].

Additionally, to further reveal the cause of the improved
activity, the differential charge density of HCOOH* adsorption on
dual-hydroxyl and porphyrin-Co units in Dha-COF-Co are
calculated (Fig. S44 in the ESM). The result shows that the charge
migration is more apparent on porphyrin-Co unit. The high
charge transfer often indicates a stronger bonding effect at the site,
which means that porphyrin-Co has stronger adsorption ability
for intermediates. The strength of intermediate adsorption has
different effects on MOR and CO,RR. For MOR, due to the
desorption of HCOOH* is the RDS, the stronger adsorption will
lead to a decrease in activity. While for CO,RR, due to the
formation of COOH* is the RDS, stronger adsorption will
enhance its activity.

To gain a more accurate understanding of the involvement of
porphyrin-Co and dual-hydroxyl groups in the coupling reaction,
as well as to showcase the role of dual-hydroxyl groups, the circuit
of the electrolysis process is simulated employing the finite
element method (FEM). Dha-COF-Co and Naph-COF-Co (the
none dual-hydroxyl counterpart of Dha-COF-Co) were selected as
the structure platforms. The kinetic parameters of the reaction
were calculated using finite element dynamics (FED) and NEB
methods. The steady-state current-potential curves and the
distributions of CO and HCOOH concentrations were presented
in Fig. $45 in the ESM, Figs. 4(e) and 4(f), respectively. The results
show that the absence of dual-hydroxyl groups would result in the
decrease of CO and HCOOH concentrations, indicating the
significance of dual-hydroxyl groups for the improvement of
activity. Moreover, from the concentration distribution plots of
CO and HCOOH in Dha-COF-Co, it can be observed that
CO,RR primarily occurs at the porphyrin-Co site, while MOR
partially happens at the dual-hydroxyl group site. The result is
consistent with the above results. Furthermore, we discover that
the products generated from porphyrin-Co in MOR are relatively
narrow in the corners that might hinder the mass transfer. The
introduction of dual-hydroxyl unit in Dha-COF-Co can serve as
auxiliary to largely improve the kinetics of MOR, which is
consistent with the superior performance of Dha-COF-Co to
Naph-COF-Co.

4 Conclusions

In summary, we give insight into the inherent nature of the
retrenchment of EC by exploring the photo-electrocatalytic MOR-
CO,RR coupling system using a kind of hydroxyl-rich COFs (Dha-
COF-Co) with well-tuned pore structure and morphology.
Specifically, an overall EC retrenchment of ~41.2% (highest in
porous crystalline materials) can be achieved when replacing the
anodic OER by MOR in the photo-electrocatalytic MOR coupled
with CO,RR system, which can give FEyqooy (anode, ~100%) and
FE¢o (cathode, >95%) at 1.8 V. In addition, the crucial role of
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hydroxyl functional group is systematically studied through
different in-situ/ex-situ characterizations and DFT calculations, in
which the hydroxyl can act as auxiliary catalytic site to facilitate
mass transfer and promote H,O dissociation to boost the overall
reaction kinetics and EC retrenchment for CO, coupling
electrocatalytic systems. The design of such powerful COFs based
electrocatalysts would be an effective strategy to lower EC and
enhance energy efficiency for the advanced CO,RR coupling
system.
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