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ABSTRACT: The use of reticular materials in the electrochemical reduction of carbon dioxide to value-added products has 
the potential to enable tunable control of the catalytic performance through the modulation of chemical and structural fea-
tures of framework materials with atomic precision. However, the tunable functional performance of such systems is still 
largely hampered by their poor electrical conductivities. This paper demonstrates the use of four systematic structural ana-
logs of conductive two-dimensional (2D) metal−organic frameworks (MOFs) made of metallophthalocyanine (MPc) ligands 
linked by Cu nodes with electrical conductivities of 2.73×10-3 to 1.04 ×10-1 S cm-1 for the electrochemical reduction of CO2 to 
CO. The catalytic performance of the MOFs, including the activity and selectivity, is found to be hierarchically governed by 
two important structural factors: the metal within the MPc (M=Co vs Ni) catalytic subunit and the identity of the heteroatomic 
crosslinkers between these subunits (X=O vs NH). The activity and selectivity are dominated by the choice of metal within 
MPcs and are further modulated by the heteroatomic linkages. Among these MOFs, CoPc-Cu-O exhibited the highest selectiv-
ity toward CO product (Faradic efficiency FECO=85%) with high current densities up to −17.3 mA cm-2 as a composite with 
carbon black at 1:1 mass ratio) at a low overpotential of −0.63 V. Without using any conductive additives, the use of CoPc-Cu-
O directly as an electrode material was able to achieve a current density of −9.5 mA cm-2 with a FECO of 79%. Mechanistic 
studies by comparison tests with metal-free phthalocyanine MOF analogs supported the dominant catalytic role of the central 
metal of the phthalocyanine over Cu nodes. Density-functional theory (DFT) calculations further suggested that, compared 
with the NiPc-based and NH-linked analogs, CoPc-based and O-linked MOFs have lower activation energies in the formation 
of carboxyl intermediate, in line with their higher activities and selectivity. The results of this study indicate that the use of 
2D MPc-based conductive framework materials holds great promise for achieving efficient CO2 reduction through strategic 
ligand engineering with multiple levels of tunability. 

INTRODUCTION 

Electrochemical reduction of carbon dioxide (CO2) to 
value-added carbon source carbon monoxide (CO), repre-
sents an important pathway for recycling combustion prod-
ucts into fuels and providing an avenue towards carbon-
neutral economy.1-4 Efforts toward the effective and selec-
tive electrochemical reduction of CO2 to CO have led to the 
development of various homogeneous and heterogeneous 
catalysts.3-8 Homogeneous molecular catalysts, mainly rep-
resented by metal coordination complexes, can achieve high 
energy efficiency (low overpotential) and selectivity by the 
systematic tuning of their molecular structures through the 
strategic choice of coordination metals or appropriate func-
tionalization of organic ligands.5, 7, 9-14 However, molecular 
catalysts often lack high catalytic activity (as evidenced by 
low current density) because of catalyst deactivation and 
inefficient electron transfers between multiple components 
in solution, and they often require organic media for opti-
mal selectivity and stability.2, 12, 15-17 Heterogeneous cata-
lysts, including metals,18-19 metal oxides,20-21 metal chalco-
genides,22-24 graphene,25-27polymers,28-30 and a series of 
composite materials consisting of metals,13, 31 graphene,32-35 
and carbon nanotubes,32, 36-37 are attractive alternatives, as 

they can offer high conductivity and aqueous compatibility 
with the ability to provide good catalytic activity. However, 
rational control of activity and selectivity at the molecular 
level is difficult to achieve for many heterogeneous cata-
lysts.38 To date, the most successful systems rely mainly on 
the use of noble metals, such as Au, Ag, and Pd, which are 
cost-prohibitive at large scale because of their rarity.39-43 
Thus, the development of novel nanomaterials comprising 
earth-abundant non-noble chemical elements capable of 
promoting electrocatalytic reduction of CO2 to CO with high 
energy-efficiency, activity, and selectivity, as well as pos-
sessing well-defined and tailorable structures for tuning the 
structure–property–performance relationship is in high de-
mand. 

Reticular materials,44-47 including metal–organic 
frameworks (MOFs) and covalent organic frameworks 
(COFs), which can be built from modular organic linkers and 
inorganic metal/cluster nodes, represent a unique class of 
solid-state materials that have straightforward accessibil-
ity, chemical stability, structural regularity, and extreme 
tunability at the molecular level.48-51 The bottom-up self-as-
sembly of reticular materials enables precise manipulation 
and controlled spatial arrangement of molecular catalysts 
within a framework architecture necessary for tunable 



 

activity and selectivity,52-53 while their high surface areas 
and intrinsic porosities can permit access of reactants to ac-
tive sites.54-55 Therefore, reticular materials represent a 
privileged class of solid-state catalysts, which can combine 
the beneficial features from both homogeneous and hetero-
geneous catalysts, such as well-defined structure, tailorable 
properties, intrinsic conductivity, and chemical stability. 

While several precedents currently exist for utilizing 
MOFs and COFs for CO2 reduction to CO,49, 56-64 with few ex-
ceptions,59, 65 the existing approaches mostly rely on frame-
works with low conductivities, and consequently lead to 
low current densities (<5 mA cm-2).49, 56-58, 60-62, 64 The recent 
emergence of conductive MOFs and COFs offers the possi-
bility to overcome these issues by enhancing the through-
bond and through-space charge transport within a frame-
work via the utilization of redox-active building blocks, the 
construction of d-π or π-π conjugated structures, and the 
formation of π-stackings.66-72 While several recent ap-
proaches employing conductive framework materials to fa-
cilitate CO2 reduction to CO highlight the potential utility of 
this class of materials,59, 63, 65 the fundamental understand-
ing of how different structural features on the molecular 
level contribute to selectivity and catalytic efficiency re-
mains limited. Moreover, despite this encouraging progress, 
the potential of conductive framework materials for achiev-
ing high current density without the assistance of conduc-
tive additives remains unexplored. Importantly, the demon-
stration of using a series of isoreticular conductive frame-
works for systematic tuning of the efficiency and selectivity 
of electrochemical CO2 reduction through a ligand engineer-
ing strategy remains unprecedented. Thus, encouraged by 
several recent reports,59, 63, 65 we reasoned that the system-
atic structural modulation of a conductive MOF system can 
allow fundamental investigation of multiple levels of con-
trol over the interplay between catalytic efficiency, activity, 
and selectivity within an isoreticular MOF system.66-67 

This paper focuses on the use of four systematic iso-
reticular structural analogs of 2D conductive MOFs 
(Scheme 1), including CoPc-Cu-NH, CoPc-Cu-O, NiPc-Cu-
NH, and NiPc-Cu-O, as electrocatalysts in the electrochemi-
cal reduction of CO2 that permit the modulation of the effi-
ciency, activity, and selectivity. These four MOFs share the 
same P4/mmm lattice with square pore apertures of 1.8 nm 
with large surface-to-volume ratios and Brunauer-Emmett-
Teller surface area of 349–628 m2 g-1, good CO2 adsorption 
ability of 1.48–2.03 mmol g-1 (900 Torr, 298 K), and good 
electrical conductivities in the range of 2.73×10-3 to 1.04 
×10-1 S cm-1. Cathodes based on MOFs and carbon black (CB) 
deposited on carbon fibers showed for the first time that 
these four MOFs are able to catalyze the CO2 to CO conver-
sion with high activities with current densities (j) of −6.1 to 
−21.8 mA cm−2 at the potential of −0.74 to −0.94 V (overpo-
tential η, −0.63 to −0.83 V), and are stable during the elec-
trochemical process. We demonstrate that the catalytic per-
formance of the MOFs, including the product distribution 
and activity, is governed by the choice of two important 
structural features within this class of materials: the metal 
within the MPc catalytic subunit (M=Co vs Ni) and the iden-
tity of the heteroatomic crosslinkers between these subu-
nits (X=O vs NH). These two features enabled a hierarchical 
tuning of the CO2 reduction performance, in which the activ-
ity and selectivity are dominated by the choice of metal of 

MPcs and are further modulated by heteroatomic linkages. 
Electrochemical tests using metal-free phthalocyanine con-
trols Pc-Cu-X (Pc-Cu-O and Pc-Cu-NH, Scheme S8) sup-
ported the essential role of the central metal within the 
phthalocyanine cavity in the catalytic CO2 to CO transfor-
mation. Through computational studies, we uncovered that 
compared with the NiPc-based and NH-linked analogs, 
CoPc-based and O-linked MOFs have lower activation ener-
gies for the formation of carboxyl intermediate, which may 
explain their higher activities and selectivity. 

Among the MOFs examined, CoPc-Cu-O exhibited the 
highest selectivity toward CO product (FECO=85%) with 
high current densities (j=−13.1 and −17.3 mA cm-2 for CoPc-
Cu-O/CB in mass ratio of 1:0.5 and 1:1, respectively) at a 
relatively low overpotential of −0.63 V, which is among one 
of best cathode materials for the catalytic electrochemical 
conversion of CO2 to CO using reticular materials (Table 
S11). Without using conductive additive CB, CoPc-Cu-O di-
rectly deposited on to carbon fiber electrodes was able to 
achieve a high FECO of 79% with a current density of −9.5 
mA cm-2 at a relatively low overpotential of −0.63 V. Our re-
sults suggest that, compared with their 3D counterparts, 2D 
MPc-based conductive MOFs also hold great promise for 
achieving efficient CO2 reduction. 

MOLECULAR DESIGN 

Scheme 1. Design and Synthetic Scheme for Isoreticular 
MOF Series MPc-Cu-X (M=Co, Ni, X=NH, O) containing 
CoPc and NiPc units connected by Cu bis(diimine) and 
Cu bis(dioxolene) linkages. 
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as a building block into conductive, porous, and extended 
framework architectures. Four MPc-based ligands 
(2,3,9,10,16,17,23,24-octa-substituted metallophthalocya-
nine, general name, MPc-XH, see Scheme 1) were deliber-
ately chosen to be integrated into conductive MOFs, which 
are CoPc and NiPc, respectively, bearing two types of het-
eroatoms (NH and O): CoPc-NH2, CoPc-OH, NiPc-NH2, and 
NiPc-OH We chose these particular MPc-based building 
blocks for three main reasons. Firstly, MPcs are known mo-
lecular catalysts for CO2 reduction whose selectivity and ac-
tivity highly depend on the identity of their metal cavities.37, 

73-74 Therefore, we employed two different types of MPcs, 
CoPc and NiPc, to realize a primary level tuning of catalytic 
performance. To confirm the critical role of the central 
metal within phthalocyanine in the catalytic CO2 reduction 
we also used metal-free phthalocyanine-based analogs for 
comparison. Secondly, the peripheral functional groups 
with different heteroatoms decorating the outer rim of 
MPcs provide a secondary level of direct modifications of 
the electronic property of MPcs though their electronic 
communication within the large conjugated skeleton. This 
“through-bond” electronic modification at proximal posi-
tions of molecular catalysts with planar conjugated struc-
tures can be more effective than the “through-space” elec-
tronic effects, where the modifications are remote from the 
catalytic core.58, 73, 75 Thirdly, the ortho-positioned amino 
and hydroxyl groups on tetratopic  MPc-XH scaffolds, when 
coordinated to a variety of late transition-metal nodes, are 
capable of providing square-planar coordination geometry 
allowing the formation of 2D d-π conjugated structures, 
which are beneficial for the generation of materials with 
high intrinsic conductivity, 67-68, 76-77 which can promote high 
electrocatalytic activity. 

All four MOFs in this study employed Cu ions as coordi-
nation nodes. Cu-based complexes previously have shown 
limited catalytic CO2 to CO reduction capabilities,57, 78-80 we 
anticipated a minimal contribution of the Cu-based nodes 
towards to target catalytic process. A potentially advanta-
geous feature of this choice of the node is that the redox-
active nature of Cu may result in a mixed valency state in the 
frameworks that can promote charge hopping and lead to 
enhanced conductivity in the general class of materials.72 

We reasoned that the interconnection of MPc-NH2 and 
MPc-OH building blocks by the Cu nodes can provide access 
to an isoreticular series of bimetallic MPc-based MOFs MPc-
Cu-X with four members: CoPc-Cu-NH, CoPc-Cu-O, NiPc-
Cu-NH, and NiPc-Cu-O. NiPc-Cu-O, previously reported by 
us, was found to possess good conductivity and excellent 
chemiresistive gas sensing performance.77 However, NiPc-
Cu-O, together with the other three new MOFs featured in 
this work, has not been examined in the context of CO2 re-
duction. Based on the above design considerations, we hy-
pothesized that this design focusing on ligand-engineering 
will allow us to achieve an effective, hierarchical, and multi-
faceted tuning of the CO2 to CO reduction performance, and 
make it possible to systematically study structure–property 
relationships of this class of materials in the context of their 
catalytic performance through the utilization of conductive 
frameworks materials. To confirm the critical role of the 
metal within the MPc unit on the catalytic performance of 
MOFs, and decouple the influence of this metal from that of 
Cu nodes, we employed two additional metal-free 

phthalocyanine-based MOFs Pc-Cu-X. Additionally, to es-
tablish the contribution of the framework structure over the 
MPc-XH monomer, the catalytic performance on the mono-
mer units was also studied. 

RESULTS AND DISCUSSION 

Synthesis and Characterization of MOFs. Solvothermal 
conditions were used to integrate NiPc- and CoPc-based 
units into MOF structures through the self-assembly of the 
corresponding amino-and hydroxy-substituted MPc ligands 
with Cu(II) ions (Scheme 1, see Section 2.7 in SI for syn-
thetic details). Briefly, CoPc-Cu-NH and CoPc-Cu-O were 
prepared by reacting 2,3,9,10,16,17,23,24-octa-aminoph-
thalocyanine cobalt(II) and 2,3,9,10,16,17,23,24-octa-hy-
droxylphthalocyanine cobalt(II) with copper acetate in a 
solvent mixture of dimethyl sulfoxide/water (3:1, v/v) un-
der 65 °C and 85 °C, respectively. NiPc-Cu-NH and NiPc-Cu-
O were made by the reaction between Cu(II) with 
2,3,9,10,16,17,23,24-octa-aminophthalocyanine nickel(II), 
2,3,9,10,16,17,23,24-octa-hydroxylphthalocyanine 
nickel(II), at 65 °C and 85 °C respectively in dimethyl sulfox-
ide. Similar to MPc-Cu-X MOFs, the metal-free phthalocya-
nine-based MOFs Pc-Cu-O and Pc-Cu-NH were synthesized 
by interconnecting the ligands phthalocyanine-
2,3,9,10,16,17,23,24-octaol (Pc-OH) and phthalocyanine-
2,3,9,10,16,17,23,24-octaamine (Pc-NH2) with Cu nodes 
(Scheme S8, see also Section 2.7 in SI for synthetic details). 

 
Figure 1. Structure and characterization of MPc-Cu-X MOFs. 
(a) Top and side view of a general structural representation of 
MPc-Cu-X MOFs with 2 × 2 square grids in eclipsed stacking 
mode. (b) Comparison of the experimental pXRD of MOFs with 
simulated pXRD with eclipsed and staggered packing mode. 

The formation of the four MPc-containing crystalline 
MOFs (Figure 1a) was confirmed by powder X-ray 



 

diffraction (pXRD). All four MOFs showed similar diffraction 
patterns with strong peaks at 2θ = 5.0°, 7.2°, 10.0°, and 28.0-
28.5° (Figure 1b), assigned to [100], [110], [200], and [001] 
facets, respectively, consistent with their isoreticular struc-
tures. The strong diffractions from the [100], [110], [200] 
facets indicated good long-range order within the ab plane. 
The side length of the square lattice formed by the linkage 
between CoPc/NiPc and Cu nodes, based on those three dif-
fractions, was calculated to be 1.8 nm. Compared with dif-
fractions from facets orthogonal to the ab plane, the diffrac-
tion from [001] facet, which is parallel to the ab plane, is 
broader, indicating a diminished out-of-plane order. The 
[001] diffractions at 2θ=28.0–28.5° suggested a structural 
ordering with ~3.2 Å separations of layers along the c axis. 
Simulations using the model of P4/mmm space group with 
eclipsed cofacial AA-stacking, where MPc subunits were co-
facially stacked in adjacent layers (Figure 1a), were con-
sistent with the experimental results. The model of stag-
gered packing of layers with an offset by a/2 and b/2 did 
not match the experimental pXRD pattern (Figure 1b). The 
formation of the MOFs was further confirmed by attenuated 
total reflectance Fourier transform infrared spectroscopy 
(FTIR) 81-84 (Figures S9-S12) and elemental analysis (Sec-
tion 5 in SI). These results are in good agreement with our 
earlier results77 and other related MPc-based MOF sys-
tem.63, 82 pXRD (Figures S33, S34) and FTIR (Figures S13, 
S14) characterizations also suggested desired square net-
work structures for Pc-Cu-X MOFs, resembling MPc-Cu-X 
MOFs (Figure S27). Although investigation based on tri-
phenylene-based conductive MOFs has revealed that 

differences in the crystal system can contribute to differ-
ences in electrochemical O2 reduction,85 we believe that the 
isostructural MPc-Cu-X and Pc-Cu-X MOFs with square lat-
tices presented in this study is beneficial for a systematic in-
vestigation of discrete structural features within these ma-
terials, thus enabling the comparison of their catalytic activ-
ity in electrochemical CO2 reduction. 

Scanning electron microscopy (SEM) revealed na-
noscale morphology in all the four MOFs (Figures 2a-2d). 
CoPc-Cu-NH exhibited a distribution of irregularly shaped 
crystallites with dimensions of a few tens of nanometers 
(Figure 2a, Figure S45b). Both CoPc-Cu-O and NiPc-Cu-
NH showed sub-micrometer-sized aggregates consisting of 
non-uniform rods or grains (Figures 2b, 2c, Figures S47b, 
S49b). NiPc-Cu-O exhibited flake-like morphology, which 
coexisted with sub-micrometer sized grains (Figure 2d, 
Figure S51b). Pc-Cu-NH and Pc-Cu-O both showed sub-mi-
crometer-sized aggregates (Figures S53, S54). High-reso-
lution transmission electron microscopy (HR-TEM) pro-
vided direct visualization of square pores with a side length 
of ~1.8 nm for CoPc-Cu-NH, NiPc-Cu-NH, and NiPc-Cu-O 
(Figures 2e, 2g, 2h), which is in good agreement with the 
values calculated from pXRD ([100], [200] peak). Parallel 
lines with characteristic spacings of ~1.8 nm were also ob-
served for CoPc-Cu-O (Figure 2f). Energy-dispersive X-ray 
spectroscopy mapping of the MPc-Cu-X and Pc-Cu-X MOFs 
all revealed a homogeneous distribution of the C, N, and/or 
O, as well as the metal elements, including Cu or Co or Ni 
through the sample region on the micrometer scale (Fig-
ures S45, S47, S49, S51, S53, S54). 

 

Figure 2. (a)-(d) SEM images and (e)-(h) TEM images for CoPc-Cu-NH, CoPc-Cu-O, NiPc-Cu-NH, and NiPc-Cu-O MOFs. 

High-resolution X-ray photoelectron spectroscopy 
(XPS) showed that in all these MPc-Cu-X and Pc-Cu-X 
MOFs, the Cu 2p3/2 range could be clearly deconvoluted into 
two peaks at the binding energies of 932.9 and 935.0 eV, in-
dicating that Cu nodes existed as a mixed state of Cu(I) and 
Cu(II)86-87 (Figures S16c, S18d, S20c, S22d, S24b, S26c). 
The observations of mixed valency of Cu were also con-
sistent with other Cu containing d-π conjugated MOFs.72, 88 
XPS data also suggested that Co and Ni in the MPc-Cu-X 

MOFs presented as Co2+ and Ni2+, respectively (Figures 
S16b, S18c, S20b, S22c). The presence of the paramagnetic 
Cu(II) and/or Co(II) was also consistent with the electron 
paramagnetic resonance spectra, where metal central radi-
cals were observed (Figures S39-S44). 

The electrical conductivity of the MPc-Cu-X and Pc-Cu-
X MOFs was measured at room temperature on the pressed 
pellets using a four-point probe method (see Section 12 in 
Supporting Information). The conductivities were 5.79 × 10-



 

2, 2.12 × 10-2, 2.73 × 10-3, and 1.04 × 10-1 S cm-1 for CoPc-Cu-
NH, CoPc-Cu-O, NiPc-Cu-NH, and NiPc-Cu-O, respectively. 
Compared with other MPc-based MOFs made from octasub-
stituted MPcs, these conductivities values are comparable 
with NiPc-MOF,82 and Fe2[PcFe–O8],89 and higher than Cu-
CuPc90 and MOF-1992•[Fe]3.59 The conductivity of NiPc-Cu-
O is about 7 times higher than our previous report (featured 
as NiPc-Cu),77 which is probably due to the partial oxidation 
of the material considering its p-type semiconductive fea-
ture (see section 12 in Supporting Information). The con-
ductivity values of these MOFs were in a similar range with 
metal-bis(dioxolene)-linked MOFs and metal-bis(diimine)-
linked MOFs.67, 76, 91-95 DFT calculations by using the CASTEP 
module in Materials Studio 2019 with Perdew−Burke−Ern-
zerhof generalized gradient approximation revealed dis-
persed electronic band structures that cross the Fermi level 
for all MOFs (Figures S36, S37), which are consistent with 
their good conductivities.91, 96-98 Importantly, compared 
with the molecular CoPc and NiPc analogs, which usually 
have conductivities in the range of 10-10-10-12 S cm-1,99-101 
embedding NiPc and CoPc subunits into framework struc-
tures improved the conductivity by more than 7 orders of 
magnitude. The conductivities of the comparison MOFs Pc-
Cu-NH and Pc-Cu-O were 3.72 × 10-5 and 5.32 × 10-3 S cm-1, 
respectively. We believe that the good electrical conductiv-
ities of these MOFs are beneficial for the charge transport 
during the electrochemical reduction of CO2, and therefore, 
can contribute to improved current densities. 

To assess the porosity and specific surface area of the 
MOFs, N2 gas sorption isotherms at 77 K were performed. 
The Brunauer−Emmett−Teller surface areas for CoPc-Cu-
NH, CoPc-Cu-O, NiPc-Cu-NH, NiPc-Cu-O, Pc-Cu-NH, and 
Pc-Cu-O were 349, 582, 628, 421, 181, 364 m2 g-1, respec-
tively. (Figures S55-S60). Encouraged by the large surface 
area of these MOFs, we further tested their CO2 adsorption 
ability at 298 K. The CO2 uptake is paramount to CO2 con-
version, because CO2 adsorption can increase the local con-
centration of CO2 around the catalytically active sites of ma-
terials even at low CO2 concentrations in the bulk electro-
lyte solution. The pre-absorbed CO2 may potentially be 

activated by the functional group presented in the materi-
als, further improving catalytic efficiencies of MOFs.4, 74, 102-

105 As shown in Figure S61, the CO2 uptake at room temper-
ature by CoPc-Cu-NH, CoPc-Cu-O, NiPc-Cu-NH, NiPc-Cu-O, 
Pc-Cu-NH, and Pc-Cu-O reached 1.48, 2.03, 1.90, 1.56, 0.57, 
1.02 mmol g-1 under a CO2 pressure of 900 Torr. 
 
Heteroatomic Crosslinker-Dependent Redox activity of 
MPc-Cu-X MOFs. To study the electrochemical properties 
of the MPc MOFs, a slurry containing MOFs and CB (a mass 
ratio of 1.0:0.5) and Nafion (2.5%) in water was prepared 
and drop-casted on the carbon fiber electrodes (see Section 
13.1 in Supporting Information for details). As suggested by 
precedent,56, 59-60 creating a composite of MOFs with CB can 
enhance the conductivity of the active material and the use 
of Nafion can promote the formation of a homogeneous dis-
persions of MOFs. In this study, we initially adopted a 
1.0:0.5 mass ratio of MOF/CB to minimize the use of the con-
ductive matrix, while ensuring sufficient conductivity. The 
electrochemical characterization of the MOF/CB cathode 
was performed in a three-electrode cell with a Pt mesh as 
the counter electrode and saturated calomel electrode as 
the reference electrode in a 0.2 M aqueous solution of 
KHCO3. 

All the four MPc-Cu-X MOFs did not exhibit noticeable 
redox activity in a nitrogen-saturated solution at the poten-
tial window of 0.16-1.36 V (vs reversible hydrogen elec-
trode, RHE) with a scan rate of 10 mV s-1 (dash traces in Fig-
ures 3a-d), but showed pronounced redox activity in a CO2-
saturated KHCO3 solution (pH=6.8) that correlated with the 
identity of the heteroatomic crosslinker. CoPc-Cu-NH and 
NiPc-Cu-NH MOFs with NH linkers (solid traces in Figures 
3a, 3c) at a scan rate of 10 mV s-1 showed an anodic peak 
centered at 0.67−0.69 V (vs RHE) and a weak cathodic peak 
centered around 0.50−0.53 V (vs RHE), respectively. Under 
the same conditions, the CV curves of CoPc-Cu-O and NiPc-
Cu-O showed strong anodic peaks at 0.76−0.77 V (vs RHE) 
and broad cathodic peaks around 0.48 V (vs RHE, Figure 
3b, 3d). The charge quantity  



 

 
Figure 3. (a)-(d) Cyclic voltammetry (CV) for MOFs/CB (mass ratio=1.0:0.5) at potential range of 0.16-1.36 V (vs RHE, scan rate: 10 
mV s-1) in a CO2-saturated (solid line, pH=6.8,) and N2-saturated (dashed line, pH=7.2) KHCO3 solution. (e)-(f) CV for MOFs at the 
potential range of −1.04-0.16 V (vs RHE, scan rate: 10 mV s-1). (i)-(l) Faradaic efficiencies for the products from the catalytic reduc-
tion at different potentials (solid-filled columns for CO and pattern-filled columns for H2). 

corresponding to the oxidation peak for CoPc-Cu-O and 
NiPc-Cu-O were 91.2 and 51.84 mC, respectively, which 
were larger than their analogs with NH heteroatomic link-
ers (37.7 and 35.1 mC for CoPc-Cu-NH and NiPc-Cu-NH, re-
spectively, Figure S71). These values indicated that the 
number of electroactive sites of MPc-Cu-O MOFs cathode 
was higher than the corresponding MPc-Cu-NH counter-
parts.59 

Considering the dependency of the anodic peak posi-
tions on the heteroatoms of the MPc ligands and the ob-
served consistency of the anodic peak positions of these 
MOFs with that of the reported MOF containing CoPc cate-
cholate units measured at similar conditions,59 we ascribed 
the anodic peaks observed at the scan rate of 10 mV s-1 to 
the 4e− oxidation from CoPc/NiPc catecholate to CoPc/NiPc 
semiquinolate (Scheme S9, see section S13.2 in Support-
ing Information for discussion). The weak cathodic peaks 
centered around 0.50−0.53 V (vs RHE) gradually disap-
peared with the increase of the scan rate (Figure S70), in-
dicating irreversible processes that might be associated 
with the reduction of the CoPc/NiPc semiquinolate units. 
The estimated electroactive coverage for CoPc-Cu-NH, 
CoPc-Cu-O, NiPc-Cu-NH, and NiPc-Cu-O based on the 
charge quantity of the anodic peaks were 37.7, 91.2, 35.1, 
and 51.8 nmol cm-2, respectively. These observed differ-
ences in position and intensity of anodic peaks between 
MOFs with NH and O heteroatomic linkers strongly sug-
gested that the heteroatom substituents on MPc core have 
an appreciable effect on their redox activity, which were ex-
pected to further influence their catalytic behavior for CO2 
reduction. 

Electrocatalytic Performance of MOFs in CO2 Reduction. 
To estimate the electrochemical CO2 reduction performance 
of the four MOFs and study the structure–property relation-
ship, we started the test by using their composite with CB 
with the same mass ratio of 1.0:0.5 under the same condi-
tions (section S13.2 in Supporting Information). With the 
applied cathodic potentials, all of the four MOFs in the N2-
saturated KHCO3 electrolyte showed an exponential in-
crease of current density that was ascribed to the H+ reduc-
tion (2H+ + 2e− → H2) (Figures 3e-3h). In the CO2-saturated 
KHCO3 electrolyte, enhanced current intensities were ob-
served. The current density under the CO2-saturated atmos-
phere was associated with the catalytic CO2 reduction (CO2 
+ 2H+ + 2e− → CO + H2O) and/or H+ reduction. Since the cur-
rent density is a function of the kinetics of various electron 
transfer processes between the substrate and the electrode 
material,48-49 the increased current densities obtained in 
CO2-saturated electrolyte compared with that in N2-satu-
rated electrolyte indicated the significant contribution of 
the current due to the CO2 reduction process. 

To assess the energy efficiency and selectivity of the 
MOFs for CO2 reduction, electrolysis was performed at var-
ious fixed potentials ranging from −0.34 to −0.94 V (vs RHE) 
for 2400 s. Gas chromatography was used to determine the 
identity and quantity of the gaseous products. As illustrated 
in Figures 3i-3l, two gaseous products, CO and H2, domi-
nated the distribution of the products within the tested po-
tentials. Even at a low voltage of −0.44 V vs RHE, corre-
sponding to a small overpotential of −0.33 V, the faradaic 
efficiency for CO reached significant values of 50%, 55%, 
27%, and 29% for CoPc-Cu-NH, CoPc-Cu-O, NiPc-Cu-NH, 
and NiPc-Cu-O, receptively (Figures 3i-3l). The small 



 

overpotential demonstrated excellent energy efficiency of 
the electrochemical transformation. In the electrolysis po-
tential range from −0.44 to −0.74 V (vs RHE), FEco showed 
an increasing trend when more negative potentials were ap-
plied. At the potential of −0.74 V (η=−0.63 V), FEco values 
reached their maximum. CoPc-Cu-NH, CoPc-Cu-O, NiPc-
Cu-NH, and NiPc-Cu-O achieved FEco of 72%, 85%, 43%, 
and 56%, respectively. The average steady-state current 
density at the potential of −0.74 V reached −11.6, −13.2, 
−6.1, and −7.3 mA cm−2, respectively. These sustained cur-
rent densities achieved in this study are about 5.1−10.9 
times of that obtained for MOF-545Fe/CB,56 6.1−13.1 times 
of that obtained for Al2(OH)2TCPP-Co,49 1.8−4.0 times of 
that obtained by COF-367-Co,61 1.5-3.3 times of that ob-
tained by PcCu-O8-Zn,63 0.37-0.79 times of that obtained by 
MOF-1992/CB, and 0.27-0.59 times of that obtained by 
CoPc-PDQ-COF65 at similar overpotentials (see Table 
S11).59 At reducing electrode potentials exceeding −0.74 V, 
the Faradaic efficiencies for CO production tended to de-
crease, while H2 evolution increased. Liquid products, in-
cluding formic acid, methanol, and acetic acid, were also 
found at the potential of −0.74 V (vs RHE) but with very 
small fractions (<<5%, see section 13.4 in Supporting In-
formation). 

Compared with the corresponding MPc-XH ligands, 
CoPc-Cu-NH, CoPc-Cu-O, and NiPc-Cu-O MOFs showed 
higher selectivity for the production of CO at the tested po-
tential ranges; the FECO obtained by NiPc-Cu-NH and NiPc-
NH2 were comparable (Figures S82-S83). All these MOFs 
achieved significantly higher current densities at most of 
the tested potential ranges. At the potential of −0.74 V (vs 
RHE), the current densities obtained by CoPc-Cu-NH, CoPc-
Cu-O, NiPc-Cu-NH, and NiPc-Cu-O were 20%, 36%, 26%, 
and 35% higher than those obtained by the corresponding 
ligands, respectively (Figure S83). 

A close observation of the FEco at different potentials 
for the four MOFs revealed two important structure-de-
pendent features. First, under all the tested potentials CoPc-
based MOFs exhibited higher activity (higher j values) and 
selectivity (higher FEco values) toward CO product than 
NiPc–based analogs. This feature was particularly promi-
nent for most of the potentials in the range of −0.44 to −0.94 
V (vs RHE). Second, the MOFs with O crosslinkers were su-
perior in activity and selectivity than the corresponding NH-
linked analogs. The observation that CoPc–containing MOFs 
showed higher performance than the NiPc containing coun-
terparts indicated that the nature of the catalytic active sites 
has an impact on the CO2 reduction performance of reticular 
materials. This observation is consistent with the previous 
investigation on molecular MPc–based catalysts in which 
CoPc exhibited the optimum activity compared with MnPc, 
FePc, NiPc, and CuPc.79 The influence of the heteroatom 
around the catalytic active MPc sites suggested that CO2 re-
duction performance of MOFs can be further tuned through 
the modulation of the electronic environment around the 
active site by different types of substituent.58, 73 This ap-
proach is consistent with the precedent where substituents 
with different electron-donating or electron-withdrawing 
features on the catalytic centers can facilitate the formation 
of key intermediates and/or promote the CO desorption to 
boost the catalytic conversion.37, 73, 75, 106 

Although the metal cavity of MPcs and the heteroa-
tomic linkages can both influence the CO2 reduction perfor-
mance, the contributions of these two factors are not equiv-
alent. For the seven tested potentials from −0.44 to −0.94 V 
(vs RHE), the average FEco difference (∆FEco) due to the dif-
ference of metal center of MPcs was 19% and 21% for MOFs 
with NH and O crosslinkers, respectively; while the average 
∆FEco resulted from crosslinker difference was only 8% and 
6% for CoPc- and NiPc-based MOFs, respectively. Similarly, 
the average current density difference (∆j) resulting from 
the different metal inside MPcs was 4.3 and 4.1 mA cm-2 for 
MOFs with NH and O crosslinkers, respectively. These val-
ues are much larger than ∆j resulting from crosslinker dif-
ference, which was only 0.4 and 0.7 mA cm-2 for CoPc- and 
NiPc-based MOFs, respectively. These comparisons sug-
gested that a dual-level modulation was indeed realized by 
the choice of a combination of the metal cavity of MPcs and 
the heteroatomic linkages. 

When plotting the partial current density for CO pro-
duction on a logarithmic scale versus thermodynamic over-
potential at low overpotential ranges (Figure S79), Tafel 
slopes of 165, 171, 351, and 327 mV decade-1 were obtained 
for CoPc-Cu-NH, CoPc-Cu-O, NiPc-Cu-NH, and NiPc-Cu-O, 
respectively. The values of Tafel slopes indicated that the 
formation of CO catalyzed by CoPc-based MOFs was more 
kinetically favorable than that by NiPc MOFs.107-110 The elec-
trochemical impedance spectroscopy (EIS) was performed 
at a bias voltage of −0.74 V (vs RHE) to measure the charge 
transfer resistance (Rct) of the four MOFs, which can be cor-
related to the impedance of electrons transfer between the 
catalyst surface and the reactant, as well as intermediate 
formation inside the double layer.23 EIS experimental re-
sults (Figure S80) showed that Rct values for CoPc-Cu-NH 
and CoPc-Cu-O are 5.6 and 2.4 Ohms, respectively, versus 
8.8 ohms for NiPc-Cu-NH and 6.5 Ohms for NiPc-Cu-O, 
which suggested the faster electron transfer between CoPc-
based MOFs and reaction species than those for NiPc-based 
MOFs. 

To examine the stability and durability of the MOFs, the 
electrolysis was further tested over an extended period of 
time under a fixed potential of −0.74 V (vs RHE) in CO2-
saturated aqueous KHCO3 solution. All four MOFs showed 
stable current densities without significant decay over a 10 
h period (Figure 4a). pXRD of the four MPc-Cu-X MOFs af-
ter electrolysis showed that they still maintained their crys-
talline framework structure (Figure S91). Meanwhile, no 
obvious morphology change of the electrode materials 
could be observed after test (Figure S92). All these results 
indicated excellent stability of these materials during the 
electrochemical catalysis process. During this period, the 
average FECO was 72%, 84%, 43%, and 58% for CoPc-Cu-
NH, CoPc-Cu-O, NiPc-Cu-NH, and NiPc-Cu-O, respectively. 
For CoPc-Cu-O, about 2.09 mmol of CO accumulated during 
the 10 h period, which corresponded to a total turnover 
number of 22,681 and a turnover frequency (TOF) of 0.63 
s−1 for the conversion of CO2 to CO (Table S10). This TOF 
value surpasses those obtained by other reported reticular 
materials.49, 56, 59-61, 63-64, 111  

Although reticular materials have recently emerged as 
a new generation of catalysts for electrochemical reduction 
of CO2 to CO, recognized for the feasibility of atomically pre-
cise arrangement of molecular catalysts, open and porous 



 

architecture, and the potential for modular control of chem-
ical and structural features to rectify the activity, selectivity, 
and efficiency, they have not yet been employed as electro-
catalysts in pure form, without the addition of conductive 
binders.4, 48 The previously reported systems based on re-
ticular material relied heavily on the use of the external con-
ductive matrix, including acetylene black, CB, or carbon 
nanotube (CNT), to form composite electrode materials, be-
cause the poor to moderate electrical conductivity in these 
reticular materials is a major constraint for them being used 
as efficient electrocatalysts.49, 56-61, 63-64 Encouraged by the 
good electrical conductivity of CoPc-Cu-O and the most 
promising catalytic performance obtained from the compo-
site of CoPc-Cu-O/CB (mass ratio=1:0.5) as demonstrated 
in Figure 3, we further sought to test the performance of 
CoPc-Cu-O as a standalone catalyst, in conjunction with 
composites made of CoPc-Cu-O and carbon black with 
other mass ratios. 

 
Figure 4. (a) Chronoamperometry for 10 hours at a fixed po-
tential of −0.74 V vs (RHE) for the four MOFs in a CO2-saturated 
KHCO3 solution (pH=6.8). Comparison of (b) current densities 
at a fixed potential of −0.74 V vs (RHE) and (c) FE for electrodes 
made of CoPc-Cu-O and carbon black with mass ratios of 1:0, 
1:0.5, 1:1, and 1:2 (solid-filled columns for CO and pattern-
filled columns for H2). 

Under the fixed potential of −0.74 V (vs RHE) in CO2-
saturated aqueous KHCO3 solution, the composite of CoPc-
Cu-O and CB in ratio of 1:1 and 1:2, respectively, gave high 
current densities of −17.3 and −14.1 mA cm-2 with FECO val-
ues of 85% and 83% (Figures 4b, 4c, Figure S85). 

Moreover, when CoPc-Cu-O was used as the sole active ma-
terial without any conductive additives, a current density of 
−9.5 mA cm−2 was achieved with a FECO of 79% (Figures 4b, 
4c, Figure S84). Balancing both the current density and FE 
values, CoPc-Cu-O gave the best performance than other 
systems that apply reticular frameworks as the only active 
materials (see also Table S11).49, 61-62, 64, 111-112 
 
Mechanistic Study. To investigate the catalytic mechanism 
and the underlying structure–performance relationship of 
the four MOFs, we performed a series of comparison exper-
iments and DFT calculations. 
 
Comparison experiments. MPc-Cu-X MOFs contain two 
types of the metal-centered cites, the Co/Ni centers of the 
MPc and the Cu centers embedded in bis(diimine) or bis(di-
oxolene) units, both of which can theoretically play a role in 
CO2 reduction. Since Cu-based complexes usually exhibit 
limited catalytic CO2 to CO reduction capabilities,57, 78-80 we 
hypothesized that MPc centers were key catalytic sites in 
the MPc-Cu-X MOFs. To test this hypothesis, we tested Pc-
Cu-NH and Pc-Cu-O for comparison (section S13.3 in Sup-
porting Information). In these Pc-Cu-X MOFs, Pc-OH and 
Pc-NH2 are interconnected by Cu with O and NH heteroa-
tomic linkers to form meal-free Pc-based MOFs containing 
Cu bis(diimine) and Cu bis(dioxolene) units as the only pos-
sible active sites in their skeleton, respectively. The CO2 re-
duction performance was tested using the same conditions 
that were used for the four MPc-Cu-X (M=Co, Ni; X=O, NH) 
MOFs. FECO values obtained at the potential range of −0.34 
to −0.94 V (vs RHE) from Pc-Cu-NH and Pc-Cu-O were only 
0.9-4.5% and 1.1-5.6%, respectively (Figures S86, S87). H2 
was found to be the dominant gaseous product. This im-
portant control experiment confirmed the critical role of the 
metal within the MPc subunit for promoting the catalytic re-
duction of CO2 to CO. 

We also conducted comparison experiments for CO2 re-
duction test by employing two previously reported MOFs, 
Cu3(HITP)2 and Cu3(HHTP)2 (HITP = 2,3,6,7,10,11-hex-
aiminotriphenylene, HHTP = 2,3,6,7,10,11-hexahydroxytri-
phenylene) that contain only Cu bis(diimine) or Cu bis(di-
oxolene) fragments, respectively (Figure S88). Similarly, 
FECO values obtained from Cu3(HITP)2 and Cu3(HHTP)2 
were 0.7-3.3% and 0.9-4.3% respectively, at the potential 
range of −0.34 to −0.94 V (vs RHE). The averaged FE values 
for H2 were 92% and 83% for Cu3(HITP)2 and Cu3(HHTP)2, 
respectively. 

Taken together, the results of these two control exper-
iments supported our hypothesis that Cu bis(diimine) and 
Cu bis(dioxolene) centers within the four comparison MOFs 
were inert in catalyzing the electrochemical reduction of 
CO2 to CO under the tested conditions. These observations 
are consistent with other copper-based coordination com-
plexes or MOFs which usually showed very limited catalytic 
activity in the electrochemical conversion of CO2 to CO un-
der similar electrolysis conditions, for example, CuPc 
(FECO<10%),57, 78-79 [Cu(cyclam)]CI2 (FECO<1%),78 and 
Cu(BTC) (FECO<5%).78, 80 These prior reports, combined 
with our control experiments, further reinforce that the cat-
alytic performance of MPc-Cu-X MOFs in the electrochemi-
cal reduction of CO2 to CO is likely dominated by the MPc 
units. 



 

Computational study. The electrochemical reduction of 
CO2 to CO at the cathode is a two-proton-electron (2 H+/e−) 
transfer process.7, 31, 113 In the first proton-electron transfer 

process which may happen in a concerted31, 114 or a sequen-
tial manner, a carboxyl intermediate [P-COOH] (P indicates 
the active site of the catalyst) is 

 

Figure 5. (a) Proposed catalytic mechanism for electrochemical reduction of CO2 to CO by MPc sites of MPc-Cu-XH MOFs which 
contains two reaction pathways: route I and route II. Free energy profiles for electrochemical reduction of CO2 to CO catalyzed by 
CoPc-Cu-NH (red), CoPc-Cu-O (green), NiPc-Cu-NH (orange), and NiPc-Cu-O (blue) under the standard condition and electrode 
potential of 0 V (vs standard hydrogen electrode) through the reaction pathway of (b) route I and (c) route II. In route I and route II, 
the steps with the highest activation energy values are [P-CO2]→[P-COOH] and [P-CO2]-→[P-COOH], respectively. The activation en-
ergy values are plotted on the right side as bar graphs and color-coded for the four MOFs correspondingly. (d) Structures of the 
catalyst and key reaction intermediates involved in the proposed reaction mechanism for CoPc-Cu-O mediated reaction. (e) Elec-
trostatic potential maps of the MPc-Cu-XH MOFs with isovalue set at 0.5 eV. 

formed.115-117 Then, a second H+/e− can subsequently attack 
the oxygen atom of the OH group in [P-COOH] to form H2O 
and [P-CO]. The active site-bounded carbon monoxide [P-
CO] finally desorbs from the electrode to generate free CO. 
So, the electrochemical reduction of CO2 to CO generally 
contains four elementary reactions, which include the CO2 
adsorption, the formation of [P-COOH], the formation of [P-
CO], and the final CO desorption step.31, 60 As the first pro-
ton-electron transfer may happen in a sequential manner, 
we proposed two possible reaction pathways, route I and 
route II as shown in Figure 5a, to reveal the underlying re-
action mechanism. The difference between route I and route 
II is that the formation of [P-COOH] in the former is through 
a concerted H+/e− transfer to CO2 absorbed species [P-CO2], 
while in the latter the formation of [P-COOH] involves CO2 
adsorption on the one-electron reduced active site [P]− to 
form [P-CO2]− before a subsequent proton transfer process. 

To gain additional insight into the CO2 to CO reduction 
process catalyzed by the MPc sites of MOFs, DFT calcula-
tions using generalized gradient approximation with 
Perdew-Becke-Ernzerhof as the exchange-correlation 

function were performed using Dmol3 module in Materials 
Studio 2019 on the model of MOF monolayer to optimize the 
structures of the intermediates (Figures S95-S98) involved 
in the two proposed pathways and to calculate their free en-
ergies (See Section S14 in Supporting Information for the 
details of the calculations). The calculated free energy (ΔG) 
diagram following route I showed that the rate-determining 
step in the CO2 to CO conversion for the four MOFs is the 
formation of the [P-COOH] from the CO2-absorbed species 
[P-CO2] through the first H+/e− transfer process, which is 
likely due to the weak COOH binding at the MPc sites.79, 118 
The calculated energy barriers for the rate-determining 
steps were 0.95, 0.63, 1.59, and 1.47 eV for CoPc-Cu-NH, 
CoPc-Cu-O, NiPc-Cu-NH, and NiPc-Cu-O MOFs, respec-
tively (Figure 5b, Figure S99). The lowered energy barrier 
found for CoPc-based MOFs compared with NiPc-based an-
alogs were in good agreement with trends observed exper-
imentally where CoPc-based MOFs gave higher CO current 
densities. The slightly lower energy barrier for the MOFs 
with O linkers compared with the NH linked analogs also 
suggested a heteroatom linker-based activity, which was 



 

consistent with the experiment results. Computational re-
sults showed that COOH binding at MOFs with O linkers had 
relatively lower free energies than that with NH linkers 
(ΔΔG=0.11 eV for CoPc-based MOFs, and ΔΔG=0.20 eV for 
NiPc-based MOFs). DFT calculations on partial atomic 
charge and electrostatic potential of MPc-Cu-X MOFs both 
suggested a clear electronic effect resulting from the differ-
ent types of linker: MOFs with O linkers have higher positive 
charges (Figure S103) and more positive electrostatic po-
tential around the metal center of the MPc unit than MOFs 
with NH linkers (Figure 5e, Figure S104), suggesting that 
O-linked MOFs may stabilize the COOH intermediate to a 
better degree than their NH-linked analogs. 

The calculated free energy diagram for route II revealed 
activation energies of 1.39-2.91 eV for the first the H+/e− 
transfer process that happened in a sequential manner (Fig-
ure 5c, Figure S100). These corresponding energies barri-
ers in route II also indicated a MPc-based selectivity, similar 
to that in route I. However, they were 0.44-1.38 eV higher 
than those in route I, suggesting that the first H+/e− transfer 
process would be more likely to proceed in a concerted 
manner, rather in a sequential manner. In the optimized 
structure of the possible intermediates for CoPc-Cu-O cata-
lyzed process (Figure 5d), the observed Co–CO2 distance 
for [P-CO2]− is shorter than that in [P-CO2]. These results in-
dicated that [P-CO2]− species was a more energetically sta-
ble species than [P-CO2], which will consequently lead to a 
higher energy barrier for the conversion of [P-CO2]−→[P-
COOH] than that for [P-CO2]→[P-COOH]. 

Examination of the CO2 to CO process as being cata-
lyzed by the Cu bis(dioxolene) or Cu bis(diimine) sites of 
MOFs gave the following energy barriers for the rate-deter-
mining step: 1.39, 1.22, 1.71, and 1.41 eV for CoPc-Cu-NH, 
CoPc-Cu-O, NiPc-Cu-NH, and NiPc-Cu-O, respectively (Fig-
ure S105). All these values, with the exception of NiPc-Cu-
O, are larger than those for MPc site-catalyzed process, 
which reinforced our previous hypothesis that catalytic CO2 
to CO performance of these MOFs is likely dominated by the 
MPc units. The close activation energies (ΔΔG=0.06 eV) for 
the case of NiPc-Cu-O suggested that Cu bis(dioxolene) site 
may also contribute to the generation of CO. 

We further investigated the activity of the MOFs for hy-
drogen evolution process catalyzed by their MPc and Cu 
bis(dioxolene) or Cu bis(diimine) sites. The calculated re-
sults showed that hydrogen evolution process is more ki-
netically favorable at the MPc sites than at the Cu bis(diox-
olene) or Cu bis(diimine) sites with energy barriers of 0.86, 
0.82, 1.60, 1.24 eV for CoPc-Cu-NH, CoPc-Cu-O, NiPc-Cu-
NH, and NiPc-Cu-O, respectively (Figures S106-S107). The 
magnitude of these values followed a very similar trend to 
those for the CO2 reduction process: the values for CoPc-
based and O-linked MOFs were respectively smaller than 
NiPc-based and NH-linked analogs. The results indicated 
that CoPc-based and O-linked MOFs likely enable faster 
H+/e− transfer kinetics than NiPc-based and NH-linked ana-
logs. This feature may be beneficial for the formation of [P-
COOH] and [P-CO] species by coupling [P-H] formed at one 
MPc site respectively with [P-CO2] and [P-COOH] formed at 
the adjacent MPc site through H transfer process.63 

CONCLUSION 

We have developed for the first time an isoreticular se-
ries of the conductive MOFs that incorporate CoPc and NiPc 
with two types of heteroatoms (NH and O) by Cu nodes as 
catalysts for the electrochemical conversion of CO2 to CO. 
Electrochemical test showed that the choice of a combina-
tion of the metal cavity in MPcs and the heteroatomic link-
ages in these materials achieved a dual-level reticular tun-
ing of the catalytic efficiency CO2 reduction performance, in 
which the activity and selectivity are dominated by the 
choice of metal of MPcs and are further modulated by het-
eroatomic linkages. Comparison tests on metal-free phthal-
ocyanine MOF analogs verified the dominant catalytic role 
of the central metal of the phthalocyanine over Cu nodes. 
DFT calculations suggested that, compared with the NiPc-
based and NH-linked MOFs, CoPc-based and O-linked MOFs 
can lower the activation energies in the formation of car-
boxyl intermediate, thus giving higher activities and selec-
tivity. These results highlighted the great modular tunabil-
ity of the activity and selectivity of the catalytic perfor-
mance of MOFs through the judicious design and choice of 
functional ligands. 

High current densities (j=−13.1 mA cm-2 for CoPc-Cu-
O:CB=1:0.5, and j=−17.3 mA cm-2 for CoPc-Cu-O:CB=1:1) 
with good selectivity toward CO product (FECO up to 85%) 
at a relatively low overpotential of −0.63 V can be achieved, 
which is one of best cathode materials for the catalytic elec-
trochemical conversion of CO2 to CO using reticular frame-
work materials and is also comparable or better than com-
posite materials made of MPc and conductive additives (e.g, 
CNT, CB, see Table S11 for detailed comparison). Due to the 
good conductivity, CoPc-Cu-O electrodes without any con-
ductive additive was able to achieve a current density of 
−9.5 mA cm-2 and a good FECO of 79%, which is currently the 
best performance compared with other systems that apply 
reticular frameworks as the only active materials without 
the addition of any conductive binders. 

Our work demonstrates the high promise of the utiliza-
tion of porous conductive MOFs for the electrochemical 
conversion of CO2 to CO, and paves the way for the design of 
the high-performance CO2 reduction catalysts through mod-
ular engineering by strategically approaching the optimal 
combinations of multifaceted structural factors, such as ac-
tive metal sites, peripheral groups, and secondary sites. 
Even with low ratios of electroactive MPc sites on the fabri-
cated electrodes, the current systems can still achieve 
higher TOF values (1.15 and 0.63 s-1 for CoPc-Cu-NH and 
CoPc-Cu-O, respectively, see Table S10) compared to other 
related framework systems. We anticipate that building 
upon the fundamental insight into the structure–property 
relationships of 2D framework materials reported herein, 
while exploring controlled growth of thin-films of conduc-
tive framework materials on electrode surfaces, optimiza-
tion of the chemical composition of the conductive binder, 
and the use of strategic devices architectures relying on 
flow chemistry can lead to significant improvements of cat-
alytic activity and selectivity in electrocatalysis in the future. 
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