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1. Introduction

Natural enzymes are molecular machines capable of catalyzing
countless substrates to produce essential products for living
creatures.[1] Mimicking their extraordinary catalytic capabilities
has been an objective in numerous disciplines, including the
energy sciences.[2–5] Two important approaches have been devel-
oped to create catalytically active artificial enzyme mimics. They
are: 1) to build homogeneous or heterogeneous catalysts whose

structures mimic the active centers of nat-
ural enzymes;[6–13] and 2) to tune the sec-
ond coordination sphere, by adjusting
properties such as hydrophobicity, hydro-
gen bonding, and ionic interactions around
active centers, to be similar to those found
in nature.[14–21] Although the former
approach has been extensively studied over
the past few decades, the latter is becoming
popular as an approach to drastically
enhance catalytic performance through
the introduction of substituents and
hydrophobicity control, as exemplified by
the O2 reduction reaction (ORR)[22,23] and
the CO2 reduction reaction (CO2RR).

[24–27]

The importance of the second coordina-
tion sphere has been also highlighted through research on
the zinc-containing enzyme, carbonic anhydrase, which cata-
lyzes the reversible hydration of CO2 and dehydration of
HCO3

�; it was suggested that the hydrophobic region at the
active center is responsible for CO2 binding, which increases
the catalytic activity.[28] Similar hydrophobic microenviron-
ments are also found in heme-containing enzymes. For exam-
ple, cytochrome c peroxidase has hydrophobic substrate
residues located adjacent to the heme active center
(Scheme 1).[29]

We combined these two useful characteristics, active centers
and tunable second coordination spheres, in one compound
using metal–organic frameworks (MOFs), an emerging class
of porous materials, aiming for electrocatalytic CO2RR
application.[30–33] MOFs are a versatile material platform because
the building blocks are highly modifiable, from organic linkers
to metal nodes, providing virtually limitless choices.[34]

Prime examples are porphyrinic MOFs that target artificial
heme enzyme function.[35,36] Most porphyrin-based MOFs are
constructed with simple planar porphyrin linkers.[37–41] Zhou
et al. reported that MOFs with substituted porphyrin linkers
around porphyrin active centers could significantly alter catalytic
activity, selectivity, and stability. However, the role of the second
coordination sphere was not clearly demonstrated.[42] In this
regard, we envisioned that a porphyrinic MOF with a highly
substituted porphyrin linker could tune the second coordination
sphere around the catalytic centers, as well as the electronic
structure of porphyrin.[43–46]

Here, we report a new bio-inspired 2D porphyrinic
MOF, PPF-100 (PPF stands for Porphyrinic Paddle-wheel
Framework), constructed from a nonplanar porphyrin linker
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Mimicry of natural enzyme systems is an important approach for catalyst design. To
create an enzyme-inspired catalyst, it is essential to mimic both the active center and
the second coordination sphere. Metal–organic frameworks (MOFs), an emerging
class of porous materials, are ideal candidates for heterogeneous catalysts because
their versatile building blocks confer a high level of structural tunability, and the
chemical environment surrounding the active center can be controlled at the
molecular level. Herein, a new 2D porphyrinic MOF, PPF-100, constructed from a
nonplanar saddle-distorted porphyrin linker and a Cu paddle-wheel metal node is
reported. The strategic introduction of ethyl substituents allows not only to mimic
the active center and second coordination sphere but also to increase the catalytic
selectivity while completely inhibiting H2 generation in the CO2 reduction reaction.
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and a Cu paddle-wheel node. By substituting an ethyl group at
the β-position of the porphyrin linker, it is possible to have
nonplanar saddle-distorted macrocycle conformation and
create hydrophobicity at the same time. The porphyrin distor-
tion causes cavities on both sides of the macrocycle, resulting
in discrete cavities within the PPF-100 structure. PPF-100
exhibits exceptional hydrophobicity and remarkable water
and chemical stability. PPF-100 nanozyme was also synthesized
via a surfactant-mediated synthetic procedure. PPF-100

nanozyme displayed significantly enhanced selectivity for
CO2RR and completely suppressed the hydrogen evolution
reaction (HER).

2. Results and Discussion

2.1. Synthesis and Characterization of Bulk PPF-100 Crystals

PPF-100 crystals were synthesized with Cu(NO3)2·2.5H2O
and OETPP (2,3,7,8,12,13,17,18-(octaethyl)-5,10,15,20-tetrakis
(4-carboxybiphenyl)porphyrin) as a linker via a solvothermal
reaction. Single-crystal X-ray diffraction analysis showed that
PPF-100 crystallizes in the form of the tetragonal space group
of I41/amd (Table S1, Supporting Information). As shown
in Figure 1a, PPF-100 is composed of Cu paddle-wheels,
Cu2(COO)4, and OETPP linkers. During the reaction, the OETPP
linker was metallated in situ and connected by Cu paddle-wheel
clusters to form a 2D square grid layer (Figure 1b). These grids
were stacked in an ABCD packing pattern and the interlayer dis-
tance according to the unit cell parameter was 4.7 Å (Figure 1c).
In this arrangement, the Cu center of the porphyrin linker was
arranged vertically with the paddle-wheel Cu atom, where the N,
N’-dimethylformamide (DMF) molecules are coordinated to the

Scheme 1. The crystal structure of cytochrome c peroxidase (PDB ID:
4A6Z). Heme active center and surrounding residues.
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Figure 1. Description of the PPF-100 structure. a) OETPP linker (top) and Cu paddle-wheel (bottom). A red square of the OETPP linker shows saddle
distortion. An orange button represents the Cu metal. b) The single-layer structure of PPF-100. c) The stacking pattern of PPF-100; top (left) and side view
(right). d) Illustration of planar porphyrin (gray) and OETPP linker macrocycles (blue). e) The degree of nonplanarity in porphyrin is determined by the
skeletal deviation plot of OETPP linker macrocycle atoms. The deviations from the mean plane are composed of 24 ring atoms. f ) In the stacked layers of
PPF-100, the ethyl groups are located around the OETPP macrocycle. g) Simulated and experimental powder X-ray diffraction patterns of bulk PPF-100.
h) Contact angle image of bulk PPF-100. i) PXRD patterns of as-synthesized PPF-100 crystals before and after being immersed in water for 60 days at
ambient temperature. j) PXRD patterns of PPF-100 crystals after exposure to different organic solvents for 1 week (purple; acetone, green; acetonitrile,
bluish green; acetic acid, orange; methanol, pink; pyridine).
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Cu paddle-wheels. The distance between the porphyrin Cu atom
and the paddle-wheel Cu atom was 8.1 Å.

Most porphyrin-based MOFs are based on planar porphyrin
linkers. Porphyrin linkers typically vary in length and functional
group at the meso-position of the porphyrin ring. Interestingly,
nonplanar tetrapyrrole porphyrins have been observed in several
protein complexes. Among nonplanar porphyrins, commonly
observed types include saddle, ruffle, dome, wavy, and propeller
types.[47] In PPF-100, the OETPP linker shows a highly nonpla-
nar saddle macrocycle conformation due to the steric crowding of
the peripheral substituents and β-pyrrole ethyl groups. To com-
pare the conformation of porphyrin, the planar- and saddle-
distorted porphyrin rings were overlapped. Figure 1d shows
themacrocycle of the OETPP linker (blue) and the planar porphy-
rin (gray). The skeletal deviation plot represents the degree of
out-of-plane distortion, showing the highly nonplanar nature
of the porphyrin macrocycle of the OETPP linker (Figure 1e).
OETPP linker shows a displacement of the β-pyrrole position
of 1.3 Å out of the mean plane defined by the 24 atoms of the
macrocycle, and its saddle geometry is characterized by an alter-
nating displacement of the pyrrole units above and below the
mean plane. In the stacked layers of PPF-100, the ethyl groups
of the OETPP linker are adjacent to the porphyrin metal center
(Figure 1f ). The corresponding distances between porphyrin
Cu metal and ethyl substitutions are 5.6 and 11.3 Å (Figure S1,
Supporting Information). The experimental powder X-ray dif-
fraction (PXRD) pattern of PPF-100 corresponds to the simulated
pattern obtained from the single-crystal data (Figure 1g). The gas
adsorption performance of PPF-100 was evaluated for N2 and
CO2. Two distinct steps were observed in the N2 adsorption iso-
therm at 77 K (Figure S2, Supporting Information). A large
degree of hysteresis appeared, and high uptake was maintained
at very low pressure. The Brunauer–Emmett–Teller (BET) sur-
face area was 398.3m2 g�1 (Figure S3, Supporting Information).
The pore size distribution (PSD) exhibits microporosity based on
the N2 adsorption isotherm (Figure S4, Supporting Information).
The CO2 isotherms of PPF-100, acquired at 195, 273, and 293 K,
indicated moderate CO2 uptakes of 8.8, 3.3, and 2.6 mmol g�1 at
1 bar, respectively (Figure S5, Supporting Information). The isos-
teric heat of adsorption (Qst) calculated by fitting the CO2 iso-
therms to the single-site Langmuir–Freundlich equation
indicated an initial Qst value of �31.7 kJ mol�1 (Figure S6,
Supporting Information). The solvent content of the activated
PPF-100 was confirmed through the 1H NMR and thermogravi-
metric analysis (Figure S7 and S8, Supporting Information). In
the framework, approximately 7.5 DMF molecules are contained
in the unit cell of PPF-100. The hydrophobicity of PPF-100 was
determined by evaluating the water contact angle. The external
surface of MOFs is generally described as superhydrophobic if
the water contact angle is greater than 150°.[48,49] Surprisingly,
the water contact angle measured on bulk PPF-100 crystals
was 142°, indicating near superhydrophobic as shown in
Figure 1h. In addition, to test the water stability of PPF-100,
PXRD was performed on a sample soaked in deionized water
for 2 months. As shown in Figure 1i, the PXRD patterns of
the water-soaked samples show reflections corresponding to that
of the as-synthesized sample, confirming that the structure of
PPF-100 was well maintained in water. After 2months of soaking
in water, the PXRD pattern of PPF-100 did not show any major

changes. This is attributed to the hydrophobic ethyl functional
groups of the OETPP linker around the Cu paddle-wheel that
effectively protects the metal node from attack by water. To inves-
tigate the chemical stability of PPF-100, freshly prepared PPF-
100 crystals were soaked in various organic solvents for 1 week,
including acetone, acetonitrile, acetic acid, methanol, and pyri-
dine. PPF-100 demonstrated remarkable chemical stability in
various organic solvents (Figure 1j). Among 2DMOFs consisting
of Cu metal nodes, these hydrophobicity and chemical stability
characteristics are exceptionally rare.

2.2. Investigation of PPF-100 Nanozyme

MOF nanosheets are significantly important for fundamental
structural research and technological developments due to their
unique properties originating from the ultrathin thickness and
large surface area with highly active sites.[50–52] The PPF-100
nanozyme was prepared by a bottom-up synthesis method.[53]

Polyvinylpyrrolidone was used as the surfactant to control the
size and shape of the nanocrystals via the selective attachment
on the MOF surfaces. The crystallinity of the PPF-100 nanozyme
was examined by synchrotron PXRD. The PXRD pattern of the
PPF-100 nanozyme was consistent with that of the bulk PPF-100
crystal, indicating that the PPF-100 nanozyme structure is iden-
tical to that of the bulk PPF-100 structure (Figure 2a). The SEM
image of the PPF-100 nanozyme is uniformly synthesized in a
disk-like morphology (Figure S9, Supporting Information).
The Tyndall effect was observed when ethanol was used as a sol-
vent for the PPF-100 nanozyme which confirms their colloidal
structure (Figure S10, Supporting Information). The AFM image
and height profiles of PPF-100 nanozyme were obtained
(Figure 2b,c). It is analyzed that the average thickness and lateral
size of PPF-100 nanozyme are 45 and 822 nm, respectively
(Figure S11, Supporting Information). The water contact angle
measured on PPF-100 nanozyme was also 142°, the same result
as bulk PPF-100 crystals (Figure 2d). The TEM image shows the
morphology of PPF-100 nanozyme clearly (Figure 2e). Also, lat-
tice fringes were observed, corresponding to (220) plane, where d
value is 1.06 nm (Figure 2f ). According to the fast Fourier trans-
form (FFT) image, (220) and (2̄20) planes were detected which
means the orientation of the PPF-100 nanozyme is along [001]
zone axis (Figure S12, Supporting Information). For clarity,
Fourier filter and low-pass filter were applied to Figure 2f result-
ing in Figure 2g, which is in perfect agreement with the PPF-100
structure. The N2 isotherm of the PPF-100 nanozyme was also
obtained by N2 sorption analysis at 77 K (Figure S13, Supporting
Information). The PPF-100 nanozyme exhibits a specific BET
surface area of 585.6 m2 g�1, and is higher than the bulk PPF-100
crystals (Figure S14, Supporting Information).

The PSD data of PPF-100 nanozyme obtained from the
N2 adsorption isotherm show the identical microporosity as
bulk PPF-100 (Figure S15, Supporting Information). The
CO2 isotherms of the PPF-100 nanozyme were obtained at
273 and 293 K and indicated moderate CO2 uptake of 2.8
and 2.3 mmol g�1 at 1 bar, respectively (Figure S16,
Supporting Information). We also confirmed the chemical sta-
bility of PPF-100 nanozyme. The freshly prepared PPF-100
nanozyme samples were soaked in various organic solvents
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(acetone, acetonitrile, acetic acid, methanol, and pyridine) for
1 week. The PPF-100 nanozyme exhibits significant chemical
stability judging from PXRD patterns (Figure S17, Supporting
Information).

2.3. Electrocatalytic CO2 Reduction

Recently, porphyrin-based 2DMOFs have been suggested for use
as CO2 reduction catalysts, owing to their highly exposed and
well-defined catalytic active sites.[38–40] Most of the porphyrin-
based 2D MOFs used as CO2 reduction catalysts are composed
of planar porphyrin linkers. However, nonplanar-distorted
porphyrin-based 2D MOFs have not been tested. Nonplanar por-
phyrins substituted with functional groups can provide outstand-
ing hydrophobicity, increase in catalytic activity,[45] and tunable
axial binding strengths.[54,55]

One major factor in the loss of catalytic efficiency in CO2

reduction is the competition with the hydrogen evolution reac-
tions (HER). These reactions are commonly performed in an
aqueous electrolyte, and H2 generation is virtually unavoid-
able.[56] The hydrophobic surface of the materials can play a
key role in increasing the catalytic selectivity in the CO2 reduction
reaction by inhibiting H2 generation. Similarly, Mougel et al.
reported a hydrophobic Cu dendrite that significantly reduced
H2 evolution, which led to an increase in CO2 reduction selec-
tivity.[25] We envisioned that such hydrophobicity could enhance
CO2 reduction in 2D porphyrinic MOFs. We conducted the elec-
trocatalytic conversion of CO2 (CO2RR) using PPF-100 nano-
zyme. The CO2RR activity of PPF-100 nanozyme was
evaluated in CO2 saturated dimethylsulfoxide (DMSO) solvent
in the presence of 0.5 M 1-butyl-3-methylimidazolium tetrafluor-
oborate (BMImBF4) and 1 M distilled water.[57,58] The linear

sweep voltammograms (LSV) after iR-correction based on imped-
ance spectroscopy (Figure S18, Supporting Information) were
recorded in Ar and CO2-saturated electrolytes from 0 to
�3.0 V versus Ag/Agþ (Figure 3a). Compared to the LSV curves
in the Ar-saturated electrolyte, a higher current density is
observed for PPF-100 nanozyme in the CO2-saturated electrolyte,
indicating the possible catalytic activity of the PPF-100 nanozyme
for electrochemically reducing CO2. Online product analyses
using gas- and liquid-chromatography were performed[59] during
chronoamperometric electrolysis (Figure S19, Supporting
Information). The two predominant products were CO and
HCOOH, and a trace amount of CH4 was detected. We note that
the PPF-100 nanozyme had no H2 evolution activity, compared to
other porphyrin-based 2DMOF, Cu2(CuTCPP), which generated
a nonnegligible amount of H2.

[39] This indicates that the hydro-
phobic PPF-100 is regarded to play a significant role in the sup-
pression of HER. The highest Faradaic efficiencies (FE) for CO
and HCOOH were recorded as 72.4 and 24.1, respectively at
�3.0 V versus Ag/Agþ (Figure 3b). Furthermore, the partial
current density of CO of PPF-100 nanozyme reached
2.33mA cm�2 at �3.0 V versus Ag/Agþ (Figure 3c). Given that
selectively reducing CO2 to CO as a predominant gaseous
product is a promising process as CO is an important feedstock
chemical for the generation of other carbon products and to
formate as a sole liquid product, PPF-100 nanozyme shows sig-
nificant catalytic performance for electrochemical conversion
with complete suppression of H2. Furthermore, the structural
stability of PPF-100 nanozyme before and after electrocatalysis
was investigated. PXRD peaks are maintained as shown in
Figure S20, Supporting Information, indicating that there is
no significant structural change after the electrocatalytic CO2

reduction reaction.
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Figure 2. a) Synchrotron powder X-ray diffraction patterns of bulk PPF-100 crystals and nanozyme. b) AFM image (scale bar, 2 μm) of PPF-100 nanozyme
with c) corresponding height profiles. d) Contact angle image of PPF-100 nanozyme. e) TEM image (scale bar, 100 nm) and f ) enlarged TEM image (scale
bar, 1 nm) of PPF-100 nanozyme viewing down the [001] zone axis. g) Fourier and low-pass filtered version of the TEM image, with the PPF-100 structure,
overlaid.
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To understand the CO2 reduction reaction activity of PPF-100
nanozyme, we calculated the Gibbs free energies using the
density functional theory (DFT) method. Two geometries have
been compared, molecular moiety of OETPP and tetra
(4-carboxyphenyl)porphyrin (TCPP), as shown in Figure 3d,e. In
the case of TCPP, both CO2 and CO molecules adsorb on Cu
metal site weakly withΔG�CO2

¼�0.09 eV andΔG*CO¼�0.04 eV,
respectively (Figure 3e). In contrast, OETPP binds more strongly to
CO2 and CO with ΔG�CO2

¼�0.22 eV and ΔG*CO¼�0.13 eV
(Figure 3d). This enhancement originates from attractive interac-
tion between intermediates and ethyl group in PPF-100. Also,
enhanced CO adsorption by ethyl groups in PPF-100 nanozyme
helps the reaction proceed further toward CH4 production.

3. Conclusion

In summary, a 2D porphyrinic MOF, PPF-100, was successfully
synthesized using a Cu paddle-wheel and a nonplanar saddle-
distorted porphyrin linker with an ethyl group substituted at
the β-position. Moreover, PPF-100 exhibited hydrophobicity
and remarkable water and chemical stability. PPF-100 nanozyme
was successfully prepared and found to be suitable for appli-
cation as CO2 reduction catalysts. Furthermore, the PPF-100
nanozyme exhibited significant catalytic performance for the
electrochemical conversion of CO2 to CO. Based on our experi-
mental results and DFT calculations, the catalytic selectivity can
be attributed to the interaction between intermediates and ethyl
groups. We present our efforts to develop a new design strategy

that mimics the active center and tunes the secondary coordina-
tion sphere are improved to both highly effective CO2 catalyst
systems. We expect this strategy to be utilized not only in
PPF-100 but also in numerous other MOFs in the future.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 3. Electrochemical characteristics of PPF-100 nanozyme for CO2 reduction reaction. a) Linear sweep voltammetry curves for PPF-100 nanozyme in
Ar- and CO2-saturated 0.5 M BMImBF4þH2O/DMSO, b) product distributions at applied potentials, c) partial current densities for CO and HCOOH.
Free energy diagrams of CO2 reduction to CO (green) and HCOOH (blue) for molecular moiety of d) OETPP, and e) TCPP.
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