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Abstract: The incorporation of charged functional groups is effective to modulate the activity of
molecular fgomplexes for CO, reduction reaction (CO2RR), yet the long-term heterogeneous
ele isfIs often hampered due to catalysts leaching. Herein, for the first time, an electrocatalyst of
atomicall in, cobalt porphyrin-based, ionic covalent organic nanosheets (CoTAP-iCONSs) is
via a post-synthetic modification strategy for high-performance CO,-to-CO conversion.
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The cationic quaternary ammonium groups not only enable the formation of monolayer nanosheets due
to steric hindrance and electrostatic repulsion, but also facilitate the formation of *COOH intermediate
as suggested by theoretical calculations. Consequently, CoTAP-iCONs exhibit higher CO2RR activity

balt porphyrin-based structures: an 870% and 480% improvement of CO current densities
%the monomer and neutral nanosheets, respectively. Additionally, the iCONs structure can
¢ the cationic moieties. In a flow cell, CoTAP-iCONs attain a very small onset
of 40 mV and a stable total current density of 212 mA cm with CO Faradaic efficiency
of >95% at -0.6 'V for 11 h. Further coupling the flow electrolyzer with commercial solar cells yields a
% | FB¥EE™ o nversion efficiency of 13.89%. This work indicates that atom-thin, ionic nanosheet is a
prosism% structure for achieving both tailored activity and high stability.

1. Introdu

Electroche , reduction reaction (CO;RR) is a promising method to convert renewable

electricity into high-value products and mitigate industrial CO, emissions 7. However, the

USC

thermody ility of CO,'**! and the competing hydrogen evolution reaction (HER)!® impede

the practi tion and commercialization of CO;RR process. Recently, great efforts have been

n

dedicated to developing various homogeneous and heterogeneous electrocatalysts for effective and

Ay

selective ragll of CO, to CO. Homogeneous molecular catalysts**?Y, such as metalloporphyrins

and m cyanines, can be systematically optimized by switching metal centers!*> and

tailorin ructuresli11141619.21 6 gchieve high selectivity. Over the past decades, molecular

M

catalysts with cationic functional groups have been shown to exhibit much higher catalytic activity

F

than their ounterparts!*”2226], For example, iron porphyrin with four trimethylammonium

groups at o positions of phenyl groups exhibited a significant decrease of the catalytic

overpotenti dramatically increase of the turnover frequency (TOF)??. However, ionic

FE

molecu are water-soluble?*?”), When the catalyst is directly coated on the electrode

i

surface, e ionic molecules will leach from the electrode, which hampers their long-term

stability!?82°]
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In recent years, various methods have been developed to immobilize molecular catalysts, including
non-covalent mt-m interaction!*”3%, direct metal-to-substrate coordination®32, and covalent grafting
at peripMonal groupsB334, For instance, Hu et al. reported a heterogeneous catalyst by
immobilizi eso-tetraphenylporphyrin onto carbon nanotubes (CoTPP-CNT) through m-mt
interactl-onmeresultant CoTPP-CNT composite shows a current density of 0.59 mA cm™ with
83% CO selegtivity at an overpotential of 350 mV, which was much better than the homogeneous
process in ‘@i Iformamide. Even though some of the heterogeneous catalysts exhibit high-
performanwtrochemical CO,RRE®%371  conventional immobilization methods cannot

accommo:onic molecular catalysts at the electrode due to their high water solubility. The

constructi ble ionic molecular catalysts/electrode interfaces to achieve both high stability

and activitsemains challenging.

The integrmmolecular catalytic units into extended frameworks, such as covalent triazine

3840 covalent organic frameworks (COFs)®**3! and conjugated microporous

polymers (CM ® has attracted attention for electrocatalytic CO; reduction reaction because of
their advantageous electronic and structural properties. First, the spatial arrangement of well-
defined micular active sites into covalently connected networks ensures excellent catalytic activity
and stabilit d, the high porosity and expanded conjugated structure facilitate mass transport
and electro fer. Third, the electronic characteristic of molecular active sites can be further

modulateiy functional linker. However, most of the porous organic polymers are nt-it stacked layer

structurMimit the accessibility of adsorbates to active sites and have poor electron

conductivity, tfegy inevitably impeding their electrocatalysis performance.

<
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In contrast, ultrathin structure endows catalysts with attractive properties, including large surface

area, highly exposed electrocatalytic active sites, rapid mass transport, and superior electron

transferﬂfcre, the use of ultrathin two-dimensional (2D) covalent organic nanosheets is an
effective smprove electrochemical activity. Various synthetic methods®®>3 have been
applied!o E ultrathin covalent organic nanosheets. Among them, incorporating charged units
into the slﬁf ionic covalent organic nanosheets (iCONs)P1*4%¢ can be utilized to introduce

electrostat Ive interaction between layers and assist the self-exfoliation of nanosheets.

In this wowport the synthesis of ultrathin, ionic, cobalt porphyrin-based covalent organic
nanosheets(ﬁ—iCONs), and the first reported example of ionic frameworks for efficient and
stable CO; duction. We adopted a post-synthetic modification process for the synthesis; as
recently re y the Adronov’s®®” groups, the successful decoration of ammonium and iminium
groups meF layers (COF-DIBO-N*Mes) weakens the interlayer stacking interaction.
Analog i tion of ionic groups in the framework of CoTAP-iCONs helps the exfoliation into
nanosheets W'E average thickness of ~0.5 nm. This atomically thin structure vastly exposes the
cobalt active sites, which improves the turnover frequency of CO (TOFco). More importantly, the
confinemes of catalytic moiety in the framework resolves the common leaching problem of ionic
catalysts. functional theory (DFT) calculations further reveal that the
quaternaryQum cations decrease the energy barrier for the formation of *COOH, which is the
rate-deter!ining step for CO,RR. The advantage of the ultrathin and ionic structure is exemplified by

the COzMCOTAP-iCONs exhibit high CO selectivity of 96.74% with a partial current density

of 11.92 mf cmjat -0.65 V in an H-type cell, which is ~870% and 480% higher than that of

monomeric cobEforphyrin (CoTAP) and neutral cobalt porphyrin-based nanosheets (CoTAP-CONSs)
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under similar cobalt loadings, respectively. To demonstrate the industrial application potential, we
apply CoTAP-iCONSs in a flow cell that reaches a partial current density of 300.2 mA cm2 at -0.75 V,

driven ele | CO, reduction device. The solar-driven flow cell achieves a solar-to-CO

outperfor*n: :ost of the reported cobalt-based electrocatalysts. We further demonstrate a solar-

conver5|-on iciency of 13.89% with CO Faradaic efficiency of 94.83% at an average current density

1

of 21.87 mAcm'gfor 12 h. This work presents an efficient cobalt porphyrin-based electrocatalyst for

C

solar-drive uction reaction and provides a strategy to construct ionic ultrathin nanosheets.

2. Results isglission

5
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Figure 1. a) Schema@tic illustration for the synthesis of CoTAP-iCONs. TEM and AFM images of CoTAP-

CONs (b,e), ONs-AR (c,f), and CoTAP-iCONSs (d,g). Scale bar: 200 nm.
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CoTAP-iCONs were synthesized following the scheme in Figure 1a. First, thin-layer CoTAP-CONs with

bulky 2,4,6-trimethylphenyl groups on the edge were prepared by condensation reaction®®. Then,

t

P

CoTAP-CONSs- were prepared by reducing the imine bond of CoTAP-CONs using sodium

borohydri he amine group was methylated to obtain CoTAP-iCONs modified with

quaterngry mmonium groups. The morphologies of the as-obtained samples are characterized by

1

transmissiongelegtron microscopy (TEM) and atomic force microscopy (AFM). Figures 1b,e show that
CoTAP-CO nt few-layer nanosheet morphology with a lateral size of several hundred

nanomete thickness of ~3 nm. The corresponding energy-dispersive X-ray spectroscopy

SC

(EDS) ele ping analysis reveals that C, N, and Co elements are uniformly distributed

U

throughou hitecture of CoTAP-CONs (Figure S1). In the case of CoTAP-CONs-AR, similar two-

dimensiondl nanosheets are observed and the thickness slightly reduces to ~2 nm (Figure 1c,f). The

A

individual nt nanosheets of CoTAP-iCONs are shown in Figure 1d with EDS mapping in

d

Figure S2. Therf@s no significant morphological change after methylation, suggesting that the

structure i eserved. The Tyndall effect in the inserted picture confirms the colloid properties

\

of CoT pension. Due to the high electron beam sensitivity of ultrathin covalent organic

nanosheets®%?, CoTAP-iCONSs rapidly deteriorate under a high accelerating voltage and it is difficult

[

to directly measure lattice fringes. To solve this problem, we reduce the amount of bulky group

agents ang @ tion agents to synthesize CoTAP-iCONs in larger size (Figure S3), and investigate

the interla g. Figure S3b shows an interlayer spacing of 0.43 nm in short-range ordering of

nanodomajns. Co[AP-iCONs are further characterized by AFM. The measurement height of CoTAP-

th

iCONs decr 0.53 nm, which roughly corresponds to the thickness of a monolayer nanosheet,

U

while the i etained at several hundred nanometers (Figure 1g). More AFM data of CoTAP-

A
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iCONs are shown in Figure S4, and the results detected in different regions indicate that the
thickness of CoTAP-iCONs ranges from 0.55 to 0.62 nm. The powder X-ray diffraction (pXRD; Figure
2a) datasoH amorphous polymeric nature of CoTAP-iCONs. The poor structural periodicity
could be a the bulky functional groups, which is similar to the recently reported COF-
DIBO—C;;’”MOTAPJCONS powder exhibits a broad diffraction peak at 28=21.09°, which
correspondsto a.spacing of 0.42 nm calculated from Bragg’s equation (Figure 2a). Therefore, the
incorporati ethylated ammonium groups into the skeleton disturbs the interlayer stacking

and facilitwrmation of ultrathin nanosheets via electrostatic repulsion and steric hindrance.
I

a‘ h CoTAR c
W CoTHF
CaTAP-COMN —
E_ CoTARCOMNE
a8 A\/—\ WY I - "'/\L CoTAP.COMs
c W
caTAPCONsAR| 8 |ce CeTARCON AR i
E CoTAPCOMSAR
c TR OO -
CaTAP-iCONs E '“\\ " ] -HOSH
'f“ MA':_ CoTAPICOMNS
KT v o St
i 20 I O s 1800 1200 a00 2% 00 150 W0 50 4 &
28 (degree) Wavenumber jcm-Ty Chemical shift (ppm}
d 40035 eV "'"o!' E f
Wb ]
G:Tlﬁ‘:..___ “
= 39993 oV "..-"' "; %
= . g o
m (ST CoN M/"\Q\_\ E = 2
= i = 5 i =
= 4002TaN j"& 2 |coThPCoONsAR | ! %
G |caTapconsAR _&. £ : 5 =
= P e U, N = ' i m 0
—_— - i H E
— | . . . ] i - m
410 405 420 155 aio a00 730 TA0 770

Binding energy (eV) Binding energy (V)

This article is protected by copyright. All rights reserved.

9

35L90| 7 SUOWILLIOD SAIRSID) 3|ged!dde a4y Aq peuseoh ae Sajp1e YO ‘88N Jo SN 10} AelqiT auljuO AS]IA UO (SUOIPUOI-PUR-SWLB)W0D A3 | 1M AleIq 1 U1 UO//:SANY) SUOIIPUOD PUe SIS | 8U1 39S *[17202/80/9T] UO ARIqIT 8UIIUO AB|IA ‘UOIIRWLOLU| [ED1ULDS L PUY S1NUSIS JO 30110 AQ 9650TTZ0Z eWPe/Z00T OT/10p/W0d" A8 | i Arelq 1jputjuo;/sdiy Wwouy papeojumoq ‘i ‘2202 ‘S60vTZST



WILEY-VCH

Figure 2. (a) pXRD spectra of CoTAP-CONs, CoTAP-CONs-AR, and CoTAP-iCONs, (b) FT-IR spectra, (c)

13C solid-state NMR spectra, (d) N 1s XPS spectra, (e) Co 2p XPS spectra, and (f) Zeta potential of

t

P

CoTAP, CoTAP-CONs, CoTAP-CONs-AR, and CoTAP-iCONs.

The chemi e of CoTAP-iCONs is further verified by Fourier transform infrared (FT-IR)
I I
spectrosco solid-state 3C solid-state nuclear magnetic resonance (*C NMR) and X-ray

photoelectfon sp€ctroscopy (XPS). For CoTAP-CONs, Figure 2b shows the characteristic C=N

G

stretching vibrational bands at 1619 cm?, indicating the successful formation of imine bond in

S

CoTAP-CO rgfture. After reduction, the imine vibrational bands are not detected, which

suggests the complete conversion of CoTAP-CONs to CoTAP-CONs-AR. Furthermore, new vibrational

Ul

peaks at 9 480 cm™ represent the new C-N stretching and -CHs bending vibration of -N*-

n

(CHs),- gro framework of CoTAP-iCONs. Analogous phenomena are also observed in solid-

state 13C R % tra. All three modified samples show similar resonance signals at 111.8, 117.2,

d

134.3, 51.2 ppm, confirming the preservation of porphyrin units in the network!©354

(Figure 2c). C ONs show a unique peak at 160 ppm, which is assigned to the carbon atom of

N

C=N bond. The disappearance of imine carbon peak of CoTAP-CONs-AR further confirms the

successful @&duction process. The newly formed amine carbon peak is located at 51 ppm, but it

[

overlaps w ideband. Notably, CoTAP-iCONs exhibit a new peak belonging to methyl groups at

O

58 ppm, wh onsistent with the FT-IR results.

n

XPS te ucted to explore the surface electronic state and elemental composition of

t

covalent ofganic nanosheets. Two high-resolution N 1s peaks at 399.93 and 398.88 are ascribed to

C=N and Co-Ng4 stricture in CoTAP-CONs. The resultant CoTAP-iCONs display binding energy peaks at

9

402.57, 40 399.24 eV, corresponding to quaternary ammonium nitrogen atoms (10.9%),

A
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amine nitrogen atoms (37.6%) and Co-N4 (51.5%), which indicates that ~25% of the amine groups are

turned into quaternary ammonium groups. The Co 2p spectra show the valence state of coordinated

£

P

cobalt atoms. The binding energies of Co 2ps;; and Co 2p1/; for CoTAP-CONs are 780.79 and 796.08
eV, which ively blue-shifted to 780.35 and 795.73 eV for CoTAP-iCONs due to the

eIectron-—w rawing effect of methylated ammonium groups®® (Figure 2e). Moreover, the cobalt

§

content of CQTAR, CoTAP-CONs, CoTAP-CONs-AR and CoTAP-iCON are determined to be 6.5, 5.1, 4.9

C

and 4.1 wt analyses, respectively. The positively charged network of CoTAP-iCONs is further

verified byfzeta/potential analysis in Figure 2f (detailed distribution curves in Figure S5). The ethanol

$

suspensio AP, CoTAP-CONs, CoTAP-CONs-AR, and CoTAP-iCONs show a zeta potential of -

U

15.7, -8.5, 6" 38.8 mV, respectively.

Author Man
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Figure rves in CO,-saturated 0.5 M KHCOs, (b) Faradaic efficiency measurements, (c)

Carbon monoxide partial current density curves and (d) Tafel plots of CoTAP, CoTAP-CONs, CoTAP-
CONs-AR, and CoTAP-iCON in a home-made H-cell. The cobalt contents of different samples in (a-d)

are all ”6.@. (e) LSV curves of CoTAP-iCONs in different types of electrolyzers (red line: 1 M

KOH in flg

and CoTM V and -0.6 V vs RHE. (h) UV-vis spectra of CoTAP-iCONs and CoTMAP before and

black line: 0.5 M KHCOs in H-cell). (f) Current density and Faradaic efficiency

towards P-iCONs using a flow cell reactor, (g) Chronoamperometry tests of CoTAP-iCONs

after elect e inserts are the electrolytes before and after electrolysis.
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The spectroscopy and microscope data reveal that CoTAP-iCONs adopt an ultrathin nanosheets
structure with positively charged ammonium groups. These structural characteristics are conducive
to CO; erduction. For example, the ultrathin structure makes the active sites highly dispersed
and acces ationic units could improve the activity and they are stabilized in the
framewEr me CO; reduction activities of all samples are first evaluated in a home-made H-
type cell. The loading amount of cobalt in different catalysts is the same by controlling the catalyst
quantity. A d by linear sweep voltammetry (LSV) curves in Figure 3a, CoTAP-iCONs deliver a
more posiw! potential (-0.35 V) and higher current density in CO,-saturated 0.5 M KHCO3
electrolyte es a current density of 40.1 mA cm™ at -0.8 V, which is much higher than that of
CoTAP (5. -2), CoTAP-CONs (10.5 mA c¢cm™), and CoTAP-CONs-AR (16.8 mA cm?). To get
insight int!the catalytic selectivity, chronoamperometry experiments are performed at different

potentials m to -0.8 V (Figure S6a). The primary products detected are only CO and H;, and no

liquid produets generated according to *H NMR spectroscopy in Figure S7. CoTAP-iCONs achieve
the higEmonoxide Faradaic efficiency (FEco) of 96.74% at -0.65 V, whereas CoTAP-CONs
and Co show lower Faradaic efficiency (< 90%) in the whole potential range (Figure 3b),
revealing that the ammonium groups play an important role in selective and efficient reduction of
CO.. Figureﬁs the partial CO current density (jco): COTAP-iCONs present a high value of 26.4

mA cm? aft @ hich increases by ~910% and ~580% compared to that of CoTAP (2.9 mA cm™)

and CoTAP

4.5 mA cm?) respectively. This performance is also better than most reported

cobalt porp erived electrocatalysts!®#34%668 (Table S2). The turnover frequencies (TOFs) for

co generaSalculated by the cobalt amount according to ICP results. The TOF of CoTAP-iCONs

is found to s at-0.8 V (Figure S6b). To explore the dynamic activity, the Tafel slopes of 211,
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205, 189 and 122 mV dec™ are obtained for CoTAP, CoTAP-CONs, CoTAP-CONs-AR, and CoTAP-iCONs
(Figure 3d). The Tafel slope of CoTAP-iCONSs is close to the theoretical value of a concerted proton-
eIectronﬁte—determining mechanism, which also indicates the fast electron transfer at the
catalyst/el rfacel®®79 All these results suggest that the electrostatic repulsion effect
makes He%y charged nanosheets uniformly dispersed and the active sites highly exposed.
Furthermort thjtability of CoTAP-iCONs for CO2RR in H-type cell is tested at -0.6 V, and no obvious

decays of rrent density are observed in Figure S6c within 8000-s test.

To underst th@effect of functional groups in CO,RR activities, we use DFT calculations to reveal
the changeoEgy barriers in CO,RR and the competing HER. Figure 4a shows the models of
CoTAP-CO P-CONs-AR and CoTAP-iCONs, which are constructed from their structural

Ehe energy barriers for the generation of *COOH (~0.84 eV) in all the samples are

characteri

higher thaflth % f *CO desorption (~0.1 eV), which suggests that the rate-determining step is the

X

formati H and is consistent with literature studies!*®®”7%72 Therefore, a lower energy

barrier for th ation of *COOH will be favorable for CO,RR process. Meanwhile, a higher energy
barrier for HER is also conducive as it indicates that the competing side reaction is unfavorable.
Figure 4b iow that the decoration of quaternary ammonium group results in the reduced energies
of *COOH f; n from 0.85 eV for CoTAP-CONs and CoTAP-CONs-AR to 0.82 eV for CoTAP-iCONs.
Furthermoré$ ute increase of *H energy is observed for CoTAP-iCONs (0.747 eV) in comparison
to CoTAP-st and CoTAP-CONs-AR. These analyses suggest that the quaternary ammonium group

can boow performance by facilitating *COOH formation. However, it should be noted that

the calculations ay provide perspectives from the catalysts themselves; they do not account for

the local pH, solvi'on effect, diffusional effect, and the electrostatic interactions with additives such
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as Nafion, which could change the local environment and impact the catalytic performance. More

thorough calculations combined with spectroscopic evidence could help to better understand the

t

effects of iOnic groups in CO;RR.
Due to the bility of CO, in an aqueous solution, the current densities in H-type cell are
I I

restricted mass transport’>74, Electrocatalytic CO,RR performances are further evaluated in a

flow cell re@Ctor. Rrevious studies suggested that alkaline electrolytes can lower the CO; activation

LISC

energy barrier suppress the competing hydrogen evolution reaction’>’%, Therefore, 1 M KOH is
used as th cifdlyte in our flow cell configuration, and an anion exchange membrane (AEM) is
applied as the sep@rator. As shown in Figure 3e, the onset potential positively shifts to -0.15 V and

the current it significantly increases to 375.1 mA cm™ at -0.8 V. CoTAP-iCONs maintain a high

N

selectivity han 90% in a wide potential range from -0.25 V to -0.75 V, but decrease to 80.7%

at-0.8Va

d by the red line in Figure 3f. The highest partial CO current density of 300.2 mA

d

0.75 V, and when the applied voltage reaches -0.8 V, the partial current density

96.4 mA cm™. The decrease of partial current density at higher overpotential

might be due to the salt precipitation or dissolution in alkaline solution”>’”). The detailed current

densities nSasured at different potentials are displayed in Figure S8a.

To further {ighlighi the significance of layered structure, ionic molecular catalysts of cobalt tetra-(4-
N,N,N-trim ilinium)porphyrin  (CoTMAP) is synthesized and investigated in a flow cell
eIectrolﬁparison (Figure S9). The current density of COTMAP is unstable and declines from
114.1 to 3081 mA cm2in 8000 s at -0.5 V (Figure 3g). COTMAP shows obvious catalyst leaching during

operation; the ca;Iyte turns yellow (Figure S10) and exhibits an absorption peak at 430 nm (Figure

3h). Howev vious absorption peak is detected for CoTAP-iCONs after electrolysis (black line).
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The cobalt content in the electrolyte is determined by ICP, which shows that 38.4% cobalt is
extracted from CoTMAP and the Co content in the catholyte of CoTAP-iCONs is below the detection
limit. Thert he incorporation of charged cobalt porphyrin units into the extended framework of

CoTAP-iCO resolves the leaching problem of ionic molecular catalysts.

I I
Consideringi the sulfonic groups in Nafion structure may act as counter ions to stabilize ionic

molecular ¢talyst8l’®, the influence of Nafion loading on the stability of COTMAP is investigated. We

GE

vary the Nafion content in catalyst ink to prepare GDEs and keep the catalyst loading constant. In the
v“ij

case of lo content (0.2%), the adhesion between CoTMAP and substrate is weak, therefore

CoTMAP graduall§ietaches from the GDE surface and the current density decays with time (Figure

S11b). Beﬁ coloration of electrolyte is observed during electrolysis. According to the LSV

curves (Fi ), COTMAP shows an initial current density of 232 mA cm? at -0.8 V, but it
decreases to 1 cm? after electrolysis. When the Nafion content is further increased to 6%, the
current i ach potential slightly decreases (Figure S11e), and CoTMAP presents relatively
stable CO2RR E;y. However, the current density of CoTMAP with high Nafion content (6%) is
generally lower than that of low Nafion content (0.2%). This may be attributed to the Nafion
agglomeraSn, which wraps the catalyst surface and increases charge transfer resisitance!”!. To

confirm thmance spectroscopy tests are conducted. As revealed by the Nyquist plots (Figure

S11c,f), Co ith high Nafion content (6%) shows larger charge transfer resistance (4.34 Q) than

that with SW content (1.41 Q) at -0.4 V. Therefore, the addition of Nafion ionomer helps the

attachmMMAP to GDE substrate, but excessive Nafion amount will degrade catalyst

performance. s

<
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We further compare the performance of CoTMAP and CoTAP-iCONs with different loadings of 0.5, 1,
and 2 mg/cm? (Figure S12-13). Due to the weak interaction between CoTMAP and GDE, the current
densitym decreases during electrolysis when the catalyst loading is 0.5 and 1 mg cm?.
Further in lyst loading to 2 mg cm™? enhances the activity and slows down the decay of
current%ew!ilylgure S$12). In contrast, COTAP-iCONs display stable current densities at different
loadings. The cugcent density of CoTAP-iCONs increases from 230 to 290 mA cm™? at -0.7 V when the

catalyst load reases from 0.5 to 2 mg cm? (Figure S13d,f). As summarized in Figure S14, both
CoTMAP mP—iCONs can deliver a current density beyond 100 mA cm™. CoTAP-iCONs in

general sh r current densities and better stability than the molecular counterpart, which

further cor es the effectiveness in confining charged molecules in layered structure.

Long-term of CoTAP-iCONs in flow cell is investigated at -0.6 V vs RHE in 1 M KOH, the

partial curmity of CO is maintained around 201.4 mA cm™ for 11 h, and the carbon monoxide

selectivi ias above 95% during the whole process (Figure 3g). To further investigate the
stability, the EEiCONs after the long-term flow cell operated at -0.6 V vs RHE is characterized by
FTIR, UV-vis, XPS and ICP characterizations. The recovered sample of CoTAP-iCONs in FTIR exhibits
characteriic peaks similar to those of the original (Figure S15a). Some additional peaks

correspond@e Nafion at 950-1300 cm™ also appear. Nonetheless, the peaks at 1700-1400 cm"
4

1 and 950- , Which are attributed to the vibration of porphyrin and benzene rings, are almost

identical agr electrolysist®®l, In addition, the vibration of -N*-(CHs),- groups at 956 and 1480 cm™,
as well M stretching at 1005 cm™, also retains after electrolysis. The optical prosperity of

CoTAP-iCOEs arfs electrolysis is also characterized using UV-vis spectroscopy. HTAP-iCONs are

prepared for COTrison under the same synthetic conditions with CoTAP-iCONs except replacing

This article is protected by copyright. All rights reserved.

17

850807 SUOWIWOD aAIIa.D) 3ol dde ayy Aq peusenob ae Sajpie O ‘8sn Jo Sajn. 1o} Ariqi8uljUQ 8|1 UO (SUORIPUOD-PUR-SWLBHW0D A8 |IMAeIq Ul UO//:SANY) SUOIIPUOD pue SWis 18U 88S *[7202/80/9T] U0 Ariq178UIIUO AB|IA ‘UOEWIOJU| [ED1ULDS | PUY O14IIUBIOS JO 80110 AQ 9670TTZ0Z BWPe/Z00T OT/I0p/L00 A8 |im" Alelq1jeuljuoy/sdny Wwouy pepeojumod ‘i ‘2202 ‘S60rTZST


https://www.sciencedirect.com/topics/engineering/benzene-ring

WILEY-VCH

CoTAP with 5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porphine (HTAP). HTAP-iCONs show a
Soret band at 435.8 nm, whereas the CoTAP-iCONs show a blue shift at 428 nm due to the
metalatmm. Compared with the raw CoTAP-iCONs, no obvious shift are observed after
electrolysi is is applied to study the chemical state and bonding environment of post-
eIectroI’sis!—iampe The Co 2p peaks reveal no apparent change after electrolysis, indicating the Co
metal centeg,cangmaintain its primary valence state of +2. From the TEM image in Figure S16c¢,d, the
morphologuTAP-iCON has no significant change and no obvious aggregation of metal

nanoparticwserved. The amount of cobalt in the electrolyte is also measured by ICP, which

shows a naontent of Co. The above post-analytic characterizations suggest the integrity of

CoTAP-iCO reserved and no apparent amount of cobalt is leached after the long-term

electrolysis

The eIectrmmaced with 1 M KHCOs in flow cell to investigate the CO,RR performance of

CoTAP-i i neutral environment (Figure S17). As shown in Figure S17a, CoTAP-iCONs exhibit
an onset potential®f -0.33 V and reaches a current density of 207.2 mA cm™ at -0.8 V. The selectivity
of CO under different potentials within 30 min are displayed in Figure S17b. CoTAP-iCONs present
high FEco c!over 90% in the applied potential range between -0.4 V and -0.8 V, and the total current
density is f increase from 16 to 186.5 mA cm™. In addition, the stability test of CoTAP-iCONs
in neutral is operated at -0.8 V for 5 h. The FEco can be maintained higher than 92% and the
Cco partial!urrent density remains at about 175 mA cm (Figure S17c). Finally, the performance
comparwt electrocatalysts for CO,-to-CO conversion on gas diffusion electrodes is shown
in Table S3. CoTAR-iCONs exhibit high activity and selectivity and are even comparable to noble

metal catalysts!?325%9,
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Figure 4. ( res of COTAP-CONs, CoTAP-CONs-AR and CoTAP-iCONs. Energy for the formation

of *COOH (bJ, *€6(c) and *H (d) adsorbed on CoTAP-CONs, CoTAP-CONs-AR and CoTAP-iCONSs.

As mention , COTAP-iCONs exhibit low onset potential and high current density in a flow cell

M

reactor, possessing a great potential as the cathode for photovoltaic-electrochemical (PV-EC)

systems. choose Fe/Ni foam as the anode (See Supporting Information for preparation) and two

]

commerci GalnAs/Ge triple-junction solar cells with an area of 1 cm x 1 cm connected in

0O

parallel as t wer source. The integrated PV-EC system is designed and depicted in Figure 5a

(photogra in Figure S18). The LSV curves of cathodic and anodic reaction is shown in Figure 5b,

1

and the ues measured at different full CO,RR/OER cell potentials are shown in Figure 5c¢

|

(black curve; detdilled chronoamperometry data are shown in Figure S20). The /-V characteristic

Ul

curve of the co te photovoltaic module is also shown in Figure 5c¢, which attains an open-circuit

A
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voltage (Voc) of 2.58
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V and a short-circuit current (Js¢) of 22.25 mA under 1 sun illumination. When

using the photovoltaic module to drive electrocatalytic flow cell, the operating voltage and current

can be de*e rom the intersection point of two curves in Figure 5c, which are determined to be

1.848 V an

respectively. The current of PV-EC system is measured over 12 hours (Figure

5d), which ShoWs the stable solar-to-carbon monoxide conversion with an efficiency of ~13.89%.

During the lgng-term solar-driven CO,RR/OER electrolysis, the actual working voltage stays at 1.88 V

(Figure S21

rN

is close to the theoretic operating voltage of 1.848 V (Figure 5c).
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Figure 5. (a) Sc

electrochemical

Voltage (V)

atic of the solar-driven CO, reduction device combining photovoltaics with an

cell. (b) LSV curves of CO2RR/OER full cell with and without iR compensations
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(cathode: CoTAP-iCONs; catholyte: 1 M KOH; anode: Fe/Ni foam; anolyte: 1 M KOH). (c) /-V curve of
GalnP/GalnAs/Ge triple-junction solar cell under 1 sun illumination and measured operating currents
at differeﬂ full cell potentials without iR compensation. (d) Current density and solar-to-CO

conversion f the PV-EC device during 12-h stability test.

H I
Even though our performance is higher than some reported works®®® (Table S4), the conversion

[

efficiency igffimi by the solar cell performance. As shown in Figure 5c, the crossing point falls far

G

from the maxi power point (MPP) of photovoltaic device, leading to underdeveloped energy

conversion} rgfore, the development of more efficient solar cells with higher Jsc to power our

S

electrocatalytic f cell can improve the solar energy conversion efficiency. Moreover, the

U

performan e further improved by lowering the energy losses due to resistance. Figure 5b

N

shows the s of two individual half-cells with and without iR compensation. The ohmic drop

of solutionre ce and membrane resistance inevitably causes energy loss of full cell®*%! A

d

higher n of electrolyte solutions and a faster diffusion rate of ions across the exchange

membrane ar ucive to minimizing the full cell resistance.

M

3. Conclusion

[

We have pr d atomically thin, positively charged, cobalt porphyrin-based covalent organic
nanosheet -performance CO, reduction reaction. It is a new example of ionic structure that

could be afiplicable in general for heterogenizing ionic molecules?®?°! with high stability, expanding

§

the libraryg of stable ionic electrocatalysts®®’®. There are two key roles for the quaternary

{

ammoniu One is the structural effect: the steric hindrance and electrostatic repulsion of

U

methylate ium groups in the skeleton effectively reduce the thickness of CoTAP-iCONSs. This

A
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ultrathin structure highly exposes the cobalt active sites and facilitates the transfer of electrons from
electrode to CoTAP-iCONs. The other is a comprehensive result of inductive effect and electrostatic
effecthIectron—withdrawing effect of quaternary ammonium groups in the framework
reduces elmﬂes of metal centers; these cationic groups could electrostatically stabilize the
negativay arged CO;" intermediate, and repulse the hydronium for HER. These are witnessed by a
significantly impgoved CO selectivity and partial current density of 26.4 mA cm™ at -0.8 V for CoTAP-
iCONs in aﬂcell. The carbon monoxide partial current density of CoTAP-iCONs could reach up
to 300.2 mat -0.75 V in a flow cell configuration. Moreover, CoTAP-iCONs exhibit good
stability wi | current density of 212 mA cm™ and a CO Faradaic efficiency over 95% at -0.6 V

for 11 h. > we demonstrate a solar-driven CO,-to-CO conversion system by integrating a

CoTAP—iCO!s electrocatalytic flow cell and commercial photovoltaic cells. Our PV-EC system has a

13.89% sol conversion efficiency over 12-h continuous process. This work offers a strategy
for stabilizing i molecular catalysts and designing atomically thin covalent organic nanosheets.
Admittedly, eparation of iCONs is more sophisticated than the direct use of ionic molecular
catalys itsispefifective and applicable to achieve both high stability and activity for ionic catalysts

with high water solubility.
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The metEyiatlon of cobalt porphyrin-based covalent organic nanosheets successfully introduces
cationic quaternary ammonium groups into the framework, and resolves the common leaching
problem o&'ﬂnic molecular catalysts. The steric hindrance and electrostatic repulsion effect of

ammonium groups contribute to the formation of monolayer nanosheets and the exposure of active
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