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Single-Layered Imine-Linked Porphyrin-Based
Two-Dimensional Covalent Organic Frameworks Targeting

CO, Reduction

Nicolds Arisnabarreta,* Yansong Hao, Enquan Jin, Aude Salamé, Klaus Muellen,
Marc Robert,* Roberto Lazzaroni, Sandra Van Aert, Kunal S. Mali * and

Steven De Feyter*

The reduction of carbon dioxide (CO,) using porphyrin-containing 2D covalent
organic frameworks (2D-COFs) catalysts is widely explored nowadays. While
these framework materials are normally fabricated as powders followed by
their uncontrolled surface heterogenization or directly grown as thin films

1. Introduction

The efficient conversion of CO, into
value-added chemicals or fuels con-
tributes to the carbon cycle and solving
environmental problems. The electro-

(thickness >200 nm), very little is known about the performance of
substrate-supported single-layered (~0.5 nm thickness) 2D-COFs films
(s2D-COFs) due to its highly challenging synthesis and characterization
protocols. In this work, a fast and straightforward fabrication method of
porphyrin-containing s2D-COFs is demonstrated, which allows their extensive
high-resolution visualization via scanning tunneling microscopy (STM) in
liquid conditions with the support of STM simulations. The as-prepared
single-layered film is then employed as a cathode for the electrochemical
reduction of CO,. Fe porphyrin-containing s2D-COF @graphite used as a
single-layered heterogeneous catalyst provided moderate-to-high carbon
monoxide selectivity (82%) and partial CO current density (5.1 mA cm~2).

chemical and photochemical carbon
dioxide reduction reaction (CO,RR)
are well-studied nowadays.[!l Catalysts
range from solid-state bulk metals to
well-defined molecular catalysts, which
can be easily tuned on demand. Par-
ticularly, metallated porphyrins and
phthalocyanines belong to the most
popular molecular catalysts and thus
have been studied in various envi-
ronments including homogeneous
and  heterogeneous  conditions.[?3]

This work establishes the value of using single-layered films as heterogene
ous catalysts and demonstrates the possibility of achieving high performance
in CO, reduction even with extremely low catalyst loadings.

Metal complexes of porphyrins and ph-
thalocyanines can be incorporated into
2D covalent organic frameworks (2D-
COFs)!4l that are actively tested as cata-
lysts for electrochemical CO,RR.I>®! Such
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2D-COFs may be either fabricated as a bulk powder and immobi-

lized at a given conductive surface or grown directly on the elec-
trode as a thin film.[”* For example, Chang and coworkers [#!
have compared the influence of the bulk 2D-COF surface immo-
bilization process and its active site availability, which were found
to be key factors for the resulting catalytic activity. They have re-
ported high faradaic efficiencies (86%) of CO,-to-CO conversion
when employing a ~350 nm thick Co-porphyrin 2D-COF film on
glassy carbon. Also, such 2D-COF film showed 7 times higher
turn-over frequencies in comparison to the case where the same
bulk 2D-COF is deposited on carbon fabric. Moreover, using Fe-
porphyrin 2D-COF thin films fabricated on carbon cloths, Kubiak
and coworkers have converted CO, to CO with efficiencies ~#80%
and current densities of 0.5 mA cm=2.%!

Reducing the film thickness to few-layered or even single-
layered films is attractivel®! due to (i) availability of the major-
ity of the active sites within the framework; (ii) higher gas dif-
fusion; and (iii) better charge transport through the material.
Single-layered covalent organic frameworks (s2D-COFs) on elec-
trodes may therefore offer a promising alternative to the use
of thicker films or even 2D-COF powders. An additional advan-
tage monolayer films bring is the possibility of direct molecular-
level and structural characterization with high spatial resolution
techniques such as scanning tunneling microscopy (STM) be-
fore, after, and even during the desired targeted catalysis, such as
CO,RRI' and oxygen evolution.!*'2] The local probing of this
technique offers the attractive prospect of identifying structural
features, including defects, with (sub)monomer resolution and
following in some cases even the dynamics of nucleation and
growth.[13]

However, producing monolayer s2D-COF films on electrodes
comes with a number of challenges. For the on-surface fabrica-
tion of single-layered imine-linked polymers,['*-2%] a popular class
of COFs, two main approaches can be distinguished. Upon syn-
thesis at the solid/air interface,!'”8] variations in the conditions
(i-e., deposition procedure, reaction temperature, and time) as
well as ambient pressure and humidity are known to affect the
success and quality of the s2D-COF. This protocol requires el-
evated temperature conditions. Conversely, the second method
for imine-linked s2D-COF formation, namely the synthesis at
the solid/liquid interface is simpler and proceeds well at room
temperature or with mild heating only.'*1¢) However, this ap-
proach proves effective only with a limited range of monomers
and suffers from solubility issues for larger monomers such as
porphyrins.

As reliable s2D-COF formation is a requisite for the use of
the functionalized electrodes as catalysts for the electrochemi-
cal CO,RR, we have initially focused on developing a procedure
for the successful, fast, and reproducible fabrication of single-
layered substrate-supported porphyrin-based imine-linked 2D-
COFs films. Such single-layered frameworks on graphite were
characterized via high-resolution STM imaging and their sim-
ulation counterparts. CO,RR catalysis experiments using these
novel single-layered Fe porphyrin showed higher efficiencies for
the CO, to CO conversion in comparison to reported works using
much thicker Fe-containing 2D-COF films. These results suggest
that thicker films, i.e., higher catalyst loading, may not present
better performances than thinner or even single-layered films of
well-defined catalytic frameworks.
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2. Results and Discussion

2.1. Designing Single-Layered Porphyrin-based 2D-COF Catalysts
for CO,RR

Aiming toward the conversion of CO, into value-added chem-
icals, we sought to design a substrate-supported single-
layered 2D-COF heterogeneous catalyst bearing well-defined
active sites and to develop a protocol for their reliable for-
mation. Free-base and metal (M = Pb(II) and Fe(II)) con-
taining tetra(4-aminophenyl)porphyrins (M-TAPP), and 2,5-
dimethoxyterephthalaldehyde (DMTPA) were chosen as build-
ing blocks (see monomer synthesis in Section S1 in Support-
ing Information) for the fabrication of imine-linked s2D-COFs
at the solid/liquid interface. Fe-containing porphyrins are rele-
vant as catalysts since they exhibit high efficiencies for the elec-
trochemical conversion of CO, into CO, both under homoge-
neous and heterogeneous conditions.[??4! While Pb-porphyrins
are not catalytically active for CO,RR, they are well-suited for
proving the s2D-COF formation at the solution-solid interface as
well as nanoscale structural analysis using STM.!?! The chosen
substrate was highly oriented pyrolytic graphite (HOPG) since it
allows both the fabrication and high-resolution STM characteri-
zation of the single-layered framework!'®] in ambient conditions
as well as its usage as electrode for the CO,RR.>"

First, we targeted the synthesis of the s2D-COFs at room tem-
perature at the HOPG/heptanoic acid (HA) interface. As shown
in Scheme 1, the on-surface deposition of a pre-mixed solution
(route 1) of both monomers, i.e., M-TAPP and DMTPA, did not
give rise to the desired s2D-COF at the surface, regardless of the
solution composition and the annealing conditions (Figure S1,
Supporting Information). Note that the M-TAPP monomer itself
also does not organize into a self-assembled molecular network
(SAMN) at the solid/liquid interface.

Interestingly, the desired M-TAPP-based s2D-COF can only be
fabricated at room temperature at the HOPG/HA interface, with
high reproducibility (>85%), via the incorporation of a seed as
shown in route 2 of Scheme 1. In this protocol, 5 pL of a pre-
mixed solution of M-TAPP and DMTPA (30 and 45 uM, respec-
tively) is drop casted on the HOPG surface followed by the depo-
sition of a tiny amount (< 0.1 mg) of a free-base bulk-COF seed
on the HOPG surface, covered by the previously drop casted so-
lution (see Supporting Information for seed details). A metal-free
seed is synthetically easily accessible and may be used indepen-
dently of the targeted metal-containing s2D-COF. Various exper-
iments support the hypothesis that the seed is depositing mate-
rial, i.e., (partially) polymerized metal-free s2D-COF at the inter-
face (see Figures S2 and S3, Supporting Information). In this sce-
nario, the metal-containing s2D-COFs are fabricated by the reac-
tion between the metal porphyrin monomers (M-TAPPs) and/or
DMTPA with some patches from the seed for further on-surface
polymerization (for more details, see Figure S3 in Supporting In-
formation). The reasoning for using a seed was inspired by sim-
ilar seed-based approaches which have been proven effective for
the fabrication of boroxine-based s2D-COFs.l*!l Additionally, a re-
lated seeding method was found to increase the surface coverage
and reproducibility in the case of a 2-in-1 monomer imine-linked
$2D-COF as well.[>*] The seeding approach allows the straight-
forward fabrication of thin films of s2D-COFs on solid surfaces.
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a) On-surface synthesis }

b) Route 1: Pre-mixed solution
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Scheme 1. a) Reaction scheme showing the on-surface synthesis of metal atoms containing s2D-COFs. b) Route 1: Drop casting a pre-mixed solution
results in an empty HOPG surface; and c) Route 2: Incorporation of a COF seed on top of the drop cast pre-mixture solution results in the successful,

room temperature fabrication of s2D-COF, as revealed by STM.

It alleviates the typical challenges associated with the on-surface
synthesis of s2D-COFs where the difference between adsorption
enthalpies of the two monomers needs to be considered for ini-
tiating the 2D polymerization process while avoiding kinetic bar-
riers. The latter may prohibit the dynamic polymerization pro-
cess due to the preferential adsorption of one monomer. We be-
lieve that the added crystal acts as a seed whereby the reactive
edges of the deposited material facilitate the nucleation of s2D-
COF film on the surface. Furthermore, as we have demonstrated
below, this approach also allows us to fabricate different metal-
containing s2D-COF films while using the same free-base por-
phyrin 2D COF seed thus greatly simplifying the on-surface syn-
thesis process.

Figure 1la shows a typical large-scale STM image of the Fe-
s2D-COF obtained at the solid/liquid interface via the seeding
method. It consists of patches of square lattices only, each only a
few tens to hundreds of square nanometers in size, fully cover-
ing the surface (Figure S4, Supporting Information). The square
lattice exhibits cross-like features, assigned to the porphyrins,
which are linked together by a covalent bond via the reaction
with the DMTPA linker leading to an imine bond. Not all squares
show the same STM contrast. At this juncture, we attribute
the distinct high-contrast cross-like features to the presence of

Adv. Energy Mater. 2024, 14, 2304371 2304371 (3 0f7)

Fe-containing porphyrins. Conversely, the less prominent, low-
contrast features are generated by free-base porphyrins origi-
nated from the COF seed. The estimated free-base porphyrin con-
tent within the Fe-based framework is at a maximum of 15%,
based on the analysis of the STM contrast in high-resolution STM
images. The unit cell parameters (@ = b = 2.5+ 0.1nm, a =
90 + 1°), obtained from calibrated STM images, are independent
of the porphyrin monomer (see Table S1, Supporting Informa-
tion). These parameters are in good agreement with molecular
models, 11732331 and thus support the formation of s2D-COF
(see also Figure S5, Supporting Information). High-resolution
STM imaging reveals various types of structural defects found
in the C4-symmetric frameworks such as regular pentagons as
well as auto host-guest systems (Figure 1b,c). Different types of
defects as well as surface dynamics (restructuring and s2D-COF
expansion) were also imaged in the Pb-s2D-COF (Figure S6, Sup-
porting Information).

2.2. Metal Presence in Single-Layered 2D-COF Catalyst
To substantiate the relationship between variations in STM con-

trast and the composition of the s2D-COFs, STM images are

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. STM images of porphyrin-based s2D-COFs fabricated at room temperature via the seeding approach at the HOPG/HA interface. a) Large-scale
STM image of the Fe-porphyrin-based s2D-COF (Fe-s2D-COF). The Fe-containing porphyrins appear bright. Dark patches, just as those in the center of
the image are attributed to free-base porphyrins. A unit cell of the square lattice is indicated. b,c) Close view of typical defects found in the C, symmetric
s2D-COFs such as b) regular pentagons (marked in blue), and c) auto host-guest units (marked in red). Imaging parameters: Vj,;,c = —0.3 V, | = 0.08 nA.

compared to their simulated counterparts (see Section S5 in Sup-
porting Information for computational details). Figures 2 and S7
(Supporting Information)show sub-molecular resolution STM
images of the porphyrin-based s2D-COFs. The STM contrast of
the porphyrins within a free-base s2D-COF is relatively uniform
(Figure 2a). The characteristic 4-lobes arising from the pyrrolic
rings and the associated depression at the molecular center can
be clearly distinguished (blue squares, Figure 2a). This is in line
with the corresponding simulated STM image (Figure 2c, Figure
S8, Supporting Information).**! Very similar STM contrast fea-
tures were also reported in self-assembled molecular networks of
(functionalized) free-base TAPP at the solid/liquid interface,l>*3°]
or for TAPP incorporated in s2D-COFs in ultra-high vacuum
conditions.*?]

In the metal-containing s2D-COFs, the porphyrin units within
the framework display a distinct and bright protrusion at the cen-
ter of the monomer unit, indicating the presence of a metal atom
(Figure 2b; Figures S7 and S9, Supporting Information).*¢-3%
STM image simulations were performed by integrating the lo-
cal density of states (DOS) over a window corresponding to the
experimental bias voltage. The center of the monomer, where the
Fe metal atom is located, appears bright (Figure 2b,d) as it is in
the experimental STM image. The DOS projected onto the metal
atom (see Figures S10 and S11, Supporting Information) con-
firms the presence of metal-atomic states within the energy win-
dow, hence contributing to the STM images.?"!

2.3. Single-Layered Porphyrin-based 2D-COF Performance as
Heterogeneous Catalyst for CO,RR
The catalytic activity of as-synthesized Fe-TAPP containing s2D-

COFs was tested for the electrochemical CO, reduction reaction.

Adv. Energy Mater. 2024, 14, 2304371 2304371 (4 of 7)

To do so, after s2D-COF preparation on HOPG, free-base, and Fe-
containing samples were rinsed with ethanol to remove any ma-
terial excess (such as loosely adsorbed monomers as well as the
incorporated seed) and dried in air. Considering that the imine
linkage within the s2D-COFs is known to be prone to hydrolytic
cleavage,[*! the presence of the s2D-COF was further confirmed
via STM after such rinsing and drying procedure Figure S12, Sup-
porting Information). AFM data revealed the formation of films
with a thickness of ~0.6 nm (Figure S13 in the Supporting Infor-
mation).

Cyclic voltammetry (CV) experiments were first carried out
in organic media (0.1 M TBAPF, in acetonitrile, see Section S4
of Supporting Information) using Ar and CO, atmosphere, re-
spectively. As a proton source, phenol was added to the solution
to reach a concentration of 50 mM. To determine the products
formed during CO,RR, controlled potential electrolysis (CPE)
experiments were carried out. Two consecutive 30-min CPEs
were carried out at two different reductive potentials (—1.8 V
and —2.1 V versus SCE) employing the functionalized HOPG
surface as the working electrode. After identification and quan-
tification of the gaseous products by GC, Faradaic efficiencies
(FEs) as well as total and partial current densities were calcu-
lated. CPE was also carried out for pristine HOPG without any
adsorbed s2D-COF as a control experiment. Figure 3a presents
the cyclic voltammograms obtained in Ar and CO, saturated
solution for the Fe-s2D-COF. The reduction process under the
CO, atmosphere was lowered by ~300 mV as compared to the
Ar atmosphere, suggesting the existence of a catalytic activity
for the electrochemical reduction of CO,. Additionally, there
was a clear difference in the current density which rises from
~1.5 mA cm™ to ~5 mA cm™2 at ~—2.1 V. In contrast, the dif-
ference between the CVs performed in Ar and CO, when us-
ing the metal-free s2D-COF is minimal, which suggests poor

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85UB017 SUOUIWIOD aA 118810 3ol jdde ay) Aq peuenob ae ool VO '8sN JO San. 1o} Akeid1T8UIIUQ AB]1AA UO (SUONIPUOD-PUR-SWB)ALIOY™AB | 1M Afe.d] 1 Bul UO//ScY) SUORPUOD pue sWwie 1 84} 88S *[7202/50/9T] o Ak auljuo AB|IM ‘Yo1essay JeWA|od SSE Id W Ad TZEr0EZ0Z WUse/Z00T OT/I0p/W0d A8 | Ake.q | pul|uo//:sdiy wouy papeojumoqd ‘8T ‘%202 ‘0v89rTaT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED “ENERGY
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.advenergymat.de

- Free-tz_ésels2D-CO|.: b)' - .o W _ Fe-s2D-COF

: .
2 E L ! L

Figure 2. High-resolution STM images of (a) Free-base (Vpjs = —0.3 V, | = 0.1 nA) and b) Fe-s2D-COFs (V},c = —1.3 V, I = 0.1 nA) fabricated at the
HOPG/HA interface via the seeding method. c,d) Simulated STM images of free-base and Fe-TAPP on graphene, respectively, show the appearance of
either a dim or bright center. The experimental bias voltage is used for the STM image simulations.

100+
1.07 1.0 l:lFEco
a) 1b) % Fe,
0 1 0- — 804 S
-1.01 -1.0-
_ X 60
-2.07 -2.0- %
] I"'140-
-3.01 -3.0- L
4.01E 40-€ 201
502 ik
501E 3 E
o ' ] : ' L = y : ’ ! O eD.COF  Fos2DCOF Froo Baso s2D.COF
-, = = - 'e-S. 8-S -
20 15 40 05 0005 %0 A5 ,'1'0 A5 B8 GBI CPE=ABY  CPE=21V CPE=-2AV
Potential vs. SCE (V) Potential vs. SCE (V)

Figure 3. CO,RR electrochemistry experiments. (a) CV in Ar (black curve) and CO, + phenol (red curve) environment of Fe-s2D-COF; (b) CV in Ar (black
curve) and CO, + phenol (red curve) environment of Fe-TAPP drop cast; and (c) Comparison of the maximum Faradaic efficiencies (FEs) obtained for the
CO and H, production after 30 min CPE at —1.8 and —2.1 V. CVs scan rate: 100 mV/s. Employed solution in CVs and CPEs: 0.1 m TBAPF in acetonitrile.
Added acid to CO,-saturated solution: 50 mM phenol. For CV data of the electrode after the CO,RR, please see Figure S15 in the Supporting Information.
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catalytic activity (Figure S14, Supporting Information) of the
metal-free s2D-COF. Furthermore, to unambiguously prove that
the observed enhanced catalytic activity arises from the Fe centers
located within the Fe-s2D-COF adlayer, electrochemical experi-
ments were also carried out for Fe-TAPP monomer drop casted
on the surface, even though they do not form a self-assembled
network, as described above. Results obtained after the rinsing
procedure (Figure 3b) indicate the absence of a catalytic wave
when the CV is carried out in a CO, environment. It is most likely
that the Fe-TAPP monomers were removed from the surface dur-
ing the rinsing procedure, as they are loosely bound to the sur-
face. This is in contrast to the case where they are incorporated
into the more stable and covalently bonded Fe-s2D-COF network
(Figure 3a).

Quantitative GC, as well as GC-MS analysis carried out af-
ter the CPE experiments indicated that CO and hydrogen (H,)
were the only products of the CO, electroreduction for the stud-
ied systems and no liquid product was obtained. To confirm the
source of carbon in CO production, a CPE using a *CO, atmo-
sphere was carried out (see Section S4 in Supporting Informa-
tion) Figure S16 (Supporting Information) shows a GC-MS spec-
trum obtained after 15 and 30 min electrolysis using Fe-s2D-
COF under a 3CO, atmosphere. The peak at m/z = 29 corre-
sponding to *CO, confirms that the CO produced in the electrol-
ysis process is indeed due to the successful electroreduction of
Co,.

The comparison of calculated FEs for the case of Fe- and free-
base-containing s2D-COFs is presented in Figure 3c. Low FEs
for the production of CO and H, for CPEs performed at —2.1 V
versus SCE are observed when employing free-base s2D-COF as
catalyst. Also, control electrolysis using the pristine HOPG did
not yield any CO, reduction product in the investigated condi-
tions. In contrast, Fe-s2D-COF presented much better FEs for
the production of CO. In particular, Fe-2D-COF showed 56%
FE for CO production with an average partial current density of
1.5 mA cm~? when carrying out the CPE at —1.8 V versus SCE
(corresponding to an overpotential # = 839 mV, see Section S4 in
Supporting Information). Conducting a CPE at a lower potential
(=2.1 Vversus SCE,n = 1139 mV), (see CV in Figure 3a) showed
a higher efficiency and selectivity for the reduction of CO, to CO.
As presented in Figure 3¢, 82% and 6% FE for the formation of
CO (93% selectivity) and H,, respectively, as well as an average
partial CO current density of 5.1 mA cm™ (with a maximum of
~7 mA cm~2, Figure S17, Supporting Information) was obtained.
These current densities are higher in comparison with those re-
ported by Kubiak and coworkers (0.5 mA cm~2) obtained under
similar conditions, namely CPE at —2.2 V versus Ag/AgClin ace-
tonitrile, using thin layers of Fe-TAPPCl-based 2D-COFs fabri-
cated on carbon cloth.’! This difference in current densities sug-
gests that thicker layers, so with more catalyst, may not present
better performances than thinner ones or even single-layers of
well-defined frameworks with a higher effective surface area of
the catalytically active material. A possible explanation for these
differences lies in the fact that single or few-layered ordered well-
defined frameworks are expected to promote gas diffusion as well
as charge transport, which positively affect the electrochemical
CO,RR performances. Additionally, it is possible that for thicker
layers, only a few active sites are indeed available for binding with
CO, which may hinder the overall efficiency as demonstrated ear-
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lier for Co-containing 2D-COFs.[] However, in their study, Ku-
biak and coworkers!®! and Lin et. al.?® carried out longer CPEs (3
and 24 h respectively) facilitated by the implementation of carbon
cloth and glassy carbon as substrates, in comparison to our short
30 min CPEs on HOPG. The main difference between these sub-
strates lies in the simplicity of their SPM characterization and sta-
bility under operando conditions. Therefore, the substrate choice
involves a trade-off between the ease of on-surface nanoscale con-
trol/characterization and its long-term functionality in targeted
applications.

3. Conclusion

We have presented a straightforward method for the room-
temperature fabrication of single-layered porphyrin-based imine-
linked 2D-COFs for their application in catalyzing electrochemi-
cal CO, reduction. Our strategy to foster the on-surface fabrica-
tion of s2D-COFs is based on the deposition of a COF seed on
the HOPG surface, after the addition of a premixed monomer
solution, all at ambient pressure and room temperature. STM
measurements at the HOPG/liquid interface, combined with
STM image simulations, revealed the composition of the
s2D-COFs.

The Fe-containing single-layered 2D-COF on graphite was
used as electrode for the CO, reduction reaction in organic me-
dia. Moderate-to-high Faradaic efficiencies as well as current
densities along with high selectivity for the reduction of CO,
to CO, were obtained for short electrolysis performed with the
Fe-containing s2D-COF. Our catalysis results present higher
performances than similar 2D-COF films with much thicker
films. This result shows that single or few-layered systems may
overcome thicker films which present much higher catalyst
loadings.

Our study indicates that HOPG is a suitable substrate for
the on-surface growth of single-layered 2D-COFs, their charac-
terization with (sub)molecular resolution microscopy techniques
as well as the extraction of structure-property relationships in
proof-of-concept CO, reduction catalysis studies. Furthermore,
the seeding method could be adaptable for larger surface areas
and even other on-surface chemistries as well as well as im-
plemented in other carbon-based (graphene/Cu) or non-carbon-
based (Au) substrates.
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