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The scale-up syntheses of electrocatalysts with rationally designed functional promoter groups that can

directly interact with catalytic-centres are much desired for CO2 electroreduction. Here, we propose an

in situ copolymerization method that can be applied for the scale-up syntheses of metalloporphyrin

based conjugated porous polymers with directly interacting catalytic centres and promoter groups. The

thus-obtained materials possess the characteristics of high porosity, adjustable morphology, abundant

catalytic sites and directly interacting promoter groups. In particular, CPP–Cu with ferrocene as the

promoter group exhibits a FECH4+C2H4
of 94.0% (FECH4

, 75.9%, FEC2H4
, 18.1%, −0.9 V), which is much

higher than that of Cu-porphyrin, Bz-CPP-Cu and the physical-mixture and represents one of the best

electro-catalysts so far. DFT calculations reveal that the directly-interacting ferrocene groups could

enhance the electron-cloud density of Cu-porphyrin and possess strong adsorption-ability to OH* to

kinetically improve the proton-coupled electron transfer for the preferential CO2-to-CH4 pathway.

Noteworthily, the synthesis-strategy is easy to scale-up (∼10 g in a batch-experiment) and the reaction-

time can be as little as 10 min under microwave-conditions.
Introduction

The electrochemical CO2 reduction reaction (CO2RR) is
a signicant strategy for sustainable energy conversion and
alleviating climate change since it allows for CO2 conversion
into valuable chemicals/fuels using renewable electricity.1,2 In
particular, the highly selective production of higher value-
added fuels (e.g., CH4, C2H4, C2H5OH, etc.) has received
tremendous attention due to their dominant positions in energy
supply for both human life and industrial production.3 Never-
theless, their production processes generally require sufficient
and highly active redox centres to realize the challenging
proton-coupled electron transfer (PCET) steps including inter-
mediate generation, conversion or utilization.4,5 Generally, it is
difficult for electrocatalysts with single-functional sites to
produce such advanced products with high efficiency, thus
some functional auxiliary groups (e.g., electron donating
groups,6 CO generation sites,7 intermediate stabilizers8 or
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electron conducting groups,9 etc.) are of vital importance to
assist the improvement of CO2RR performances. Even so, the
rational and controllable design of functional auxiliary groups
with suitable interaction distance to catalytic sites, controllable
morphology and clear interaction mechanisms are still rare.
Besides, the investigation of scale-up strategies for CO2RR
electrocatalysts especially that can efficiently generate higher-
value added products is much needed. Thus, it would be quite
interesting to explore facile strategies that enable the scale-up
syntheses of electrocatalysts with directly interacting and
adjustable auxiliary groups for efficient generation of higher-
value products.

Metalloporphyrins or their derivatives are promising candi-
dates for the electrocatalytic CO2RR owing to their planar and
conjugated structure, high activity and easy accessibility.10

Among them, Cu-porphyrin with Cu–N4 sites has been widely
investigated as a potential electrocatalyst for higher value-
added products,11,12 yet is still restricted by the stacking effect,
low stability or lack of functionality, etc. Generally, strategies
focused on embedding the Cu-porphyrin units in porous
structures like metal–organic frameworks (MOFs), covalent-
organic frameworks (COFs) or porous organic polymers (POPs)
to prevent the unit from stacking, improve the stability and
facilitate the mass transfer efficiency.1,13 To enrich the proper-
ties of the Cu-porphyrin unit, various auxiliary groups have been
introduced and studied in Cu-porphyrin-based porous mate-
rials, and the strategies can be mainly concluded as the
This journal is © The Royal Society of Chemistry 2022
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following three: (1) direct growth of powerful units like poly-
oxometalates (POMs), thiophene and cucurbituril in the porous
structures through coordination or covalent connections;14–18

(2) post-modication of porous frameworks with functional
groups like pyrrolidine azide or rhenium bipyridine19–21 and (3)
incorporation of powerful auxiliary groups such as ferrocene or
polypyrrole in the pores.22–24 In general, there exists a cut-off
radius for the auxiliary unit to the functional centre that is set to
be only several angstroms based on the concept of nearsight-
edness, and minor effect of the CO2RR auxiliary with longer
distance to the functional units would be achieved in theoretical
calculations, which is commonly applied in reproducing the
calculation results of large systems using high dimensional
neural network potentials (HDNNPs).25–27 However, most of the
reported Cu-porphyrin based porous electrocatalysts obtained
through these strategies are still limited by the unreached cut-
off distance of the auxiliary unit to the active Cu-porphyrin
centres, resulting in the indirect interaction and unmet
performances. The molecular-level design of task-specic and
directly-interacting CO2RR auxiliary units to match with the
need for corresponding proton-coupled electron-transfer steps
is still a challenging task. Besides, the general synthesis strat-
egies for Cu-porphyrin based porous electrocatalysts are still
difficult for scale up production, which are mostly time and
energy consuming.28,29 In this regard, it is essential to explore
facile and scalable strategies that enable molecular-level design
of Cu-porphyrin based CO2RR electrocatalysts with directly
interacting auxiliary units on the catalytic centres for the
production of higher-value products.

Here, we report a facile and scalable strategy to prepare
a series of Cu-porphyrin based conjugated porous polymers
(e.g., Fc-CPP-Cu, Bz-CPP-Cu, Bp-CPP-Cu and Tp-CPP-Cu) by in
situ copolymerization of dialdehyde-based ligands and pyrrole,
and successfully apply them in efficient electrocatalytic CO2-to-
CH4 conversion (Scheme 1). The thus-obtained materials pos-
sessing high porosity, adjustable morphology and high stability
are composed of directly bonded auxiliary groups and Cu-
porphyrin centres, which would be much benecial for the
Scheme 1 The schematic illustration of X-CPP-Cu (X = Fc, Bz, Bp and
Tp) in the electrocatalytic CO2RR. (a) The scalable synthesis of X-CPP-
Cu (X = Fc, Bz, Bp and Tp). (b) The advantage of direct bonding
interaction in the electrocatalytic CO2RR.

This journal is © The Royal Society of Chemistry 2022
enhancement of CO2RR performance. Specically, Fc-CPP-Cu
with ferrocene as the promoter group exhibits a FECH4+C2H4

of
94.0% (FECH4

, 75.9% and FEC2H4
, 18.1%, −0.9 V), which is much

higher than that of Cu-porphyrin, Bz-CPP-Cu and the physical
mixture and represents one of the best CO2 electroreduction
catalysts so far. DFT calculations reveal that the directly inter-
acting ferrocene groups enhance the electron-cloud density of
Cu in the porphyrin-centre. Meanwhile, the strong adsorption
ability of ferrocene groups to OH* promotes the proton-coupled
electron transfer (PCET) reaction process, which kinetically
improves the preferential CO2-to-CH4 pathway. This strategy
based on the direct-bonding method provides a promising
reference for the design of powerful metalloporphyrin based
electrocatalysts.

Results and discussion
Characterization of the materials

The syntheses of porphyrin based conjugated porous polymers
(e.g., Fc-CPP-Cu, Bz-CPP-Cu, Bp-CPP-Cu and Tp-CPP-Cu) were
carried out by the in situ copolymerization of dialdehyde-based
ligands and pyrrole in propionic acid solution (Fc, Bz, Bp and
Tp stand for ferrocenyl, benzene, biphenyl and triphenyl,
respectively) (for details see the Methods) (Scheme 1). For
example, the synthetic process of Fc-CPP-Cu includes the
copolymerization of 1,1′-ferrocenedicarboxaldehyde and pyrrole
in the presence of Cu(CH3COO)2$H2O and propionic acid,
during which propionic acid catalyzes the reaction and Cu2+

simultaneously coordinates to the porphyrin-center in the in
situ generated Fc-CPP-Cu.

To characterize it, various tests have been conducted and
analyzed. Powder X-ray diffraction (PXRD) patterns of these
samples show a broad diffraction peak in the 2q range from 10
to 35°, indicating their amorphous nature (Fig. S1†). To
demonstrate the chemical composition, we further performed
Fourier transform infrared (FTIR) spectroscopy and X-ray
photoelectron spectroscopy (XPS) analyses (Fig. 1a and S2†).
Taking Fc-CPP-Cu as an example, the peaks at 1490, 1186 and
516 cm−1 can be seen as the infrared absorption peaks of
ferrocene, indicating the existence of ferrocene in Fc-CPP-Cu.30

Furthermore, the C]O bond (1651 cm−1) disappears when
compared to ferrocene dialdehyde in the FTIR spectrum, sug-
gesting the successful conversion of the aldehyde group
(Fig. 1a).31 In addition, the absorption peak of Cu–N (∼1000
cm−1) agrees well with the peak position of tetraphenylpor-
phyrin-Cu (TPP-Cu), indicating that the metal coordination
occurs at the porphyrin center.32 In the XPS test, the N 1s
spectrum (Fig. S2a†) presents two major peaks at 399.3 and
400.6 eV, which are assigned to Cu–N4 and pyrrolic-N, respec-
tively.33,34 The XPS spectrum of Fc-CPP-Cu shows two peaks
(721.3 eV, 2p1/2 and 707.8 eV, 2p3/2) that can be attributed to the
Fe 2p spin–orbit splitting (Fig. S2b†).30,34,35 This indicates that
Fe(II) in Fc-CPP-Cu remains in the low-spin +2 oxidation state,
consistent with that of ferrocene. As shown in Fig. S3,† Bz-CPP-
Cu, Bp-CPP-Cu and Tp-CPP-Cu show similar absorption peaks
of N–Cu in FTIR spectra at ∼1000 cm−1, suggesting the exis-
tence of Cu-porphyrin in these samples. Furthermore, no
J. Mater. Chem. A, 2022, 10, 25356–25362 | 25357
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Fig. 1 The characterization of Fc-CPP-Cu. (a) The FTIR spectra. (b)
Solid-state 13C CP/MAS spectrum of Fc-CPP-Cu. (c) Cu K-edge XANES
spectra of Cu foil, Cu2O, CuO, and Fc-CPP-Cu. (d) Cu K-edge FT
spectra of Cu foil, Cu2O, CuO, and Fc-CPP-Cu. (e) TEM image of Fc-
CPP-Cu. (f) STEM and mapping images of Fc-CPP-Cu.
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characteristic peak of pyrrole has been detected in these
samples, proving no residual pyrrole in these samples. In
addition, the solid-state 13C NMR spectrum (Fig. 1b) of Fc-CPP-
Cu exhibits ve peaks (a–e), which are attributed to the ve-
membered rings on ferrocene (peaks a and c) and porphyrin
(peaks b, d and e) units, respectively.31,36,37 To further investigate
the structure of Fc-CPP-Cu, X-ray absorption near edge structure
(XANES) and extended X-ray absorption ne structure (EXAFS)
spectroscopy have been conducted to conrm the structure of
Fc-CPP-Cu. According to the normalized XANES spectra of Fc-
CPP-Cu and several reference materials including CuO, Cu2O
and Cu foil, the absorption edge position of Fc-CPP-Cu is
located similar to that of CuO, indicating that the Cu species in
Fc-CPP-Cu is present as Cu(II) (Fig. 1c). Besides, no obvious
signal of the Cu–Cu bond is observed in the EXAFS (Fig. 1d).38–40

Similarly, XANES and EXAFS spectra of Fc-CPP-Cu also support
the existence of Fe(II) in ferrocene groups (Fig. S4†).41 All this
evidence suggest that dialdehyde-based ligands and pyrrole are
successfully polymerized in these samples.

To evaluate the porosity of these samples, N2 sorption tests
at 77 K have been carried out to determine the porosity and
specic surface area. The adsorption–desorption curves of Fc-
CPP-Cu exhibit typical type II isotherms, revealing the presence
of micropores in Fc-CPP-Cu (Fig. S5a†). The Brunauer–
Emmett–Teller surface area (SBET) of Fc-CPP-Cu is calculated to
be 144 m2 g−1 with a total pore volume (Vt) of 0.18 cm3 g−1. In
addition, quenched solid-state density functional theory
(QSDFT) calculation reveals that Fc-CPP-Cu possesses a rela-
tively narrow pore size distribution centered at ∼1.28 nm
25358 | J. Mater. Chem. A, 2022, 10, 25356–25362
(Fig. S5b†). In addition, the SBET of Bz-CPP-Cu, Bp-CPP-Cu and
Tp-CPP-Cu was calculated to be 60.73 m2 g−1, 17.00 m2 g−1 and
14.03 m2 g−1, respectively (Fig. S6†). To evaluate the CO2

absorption capacity of Fc-CPP-Cu, CO2 absorption tests were
performed and Fc-CPP-Cu presented CO2 uptake capacities of
61.5 cm3 g−1 and 34.2 cm3 g−1 at 273 K and 298 K, respectively.
As a comparison, the CO2 absorption capacities of Bz-CPP-Cu
(30.5 cm3 g−1, 273 K and 17.5 cm3 g−1, 298 K), Bp-CPP-Cu (16.2
cm3 g−1, 273 K and 11.0 cm3 g−1, 298 K) and Tp-CPP-Cu (10.9
cm3 g−1, 273 K and 7.4 cm3 g−1, 298 K) are all lower than that of
Fc-CPP-Cu, implying the superior effect of ferrocene on CO2

adsorption (Fig. S7†).
As detected in the transmission electron microscopy (TEM)

test, Fc-CPP-Cu displays round nanosphere morphology with an
average diameter of ∼275 nm (Fig. 1e). Elemental mapping
images (Fig. 1f) show that the elements of C, N, Fe and Cu are
uniformly dispersed in the nanospheres, implying the homo-
geneously distributed nature of both Cu-porphyrin and ferro-
cene groups. In addition, energy dispersive spectroscopy (EDS)
elemental analysis of Fc-CPP-Cu presents ∼12.8 and ∼9.2 wt%
weight percentage for Fe and Cu (Fig. S8†), respectively, which
agrees well with the results of inductively coupled plasma
optical emission spectrometry (∼13.1 and 9.4 wt%) (Table S1†).
Moreover, the high-resolution TEM (HRTEM) image shows that
the microspheres have an amorphous structure (Fig. S9†),
which is consistent with the PXRD results. Bz-CPP-Cu, Bp-CPP-
Cu and Tp-CPP-Cu also exhibit similar nanosphere morphology
as supported by the SEM tests (Fig. S10†). Thus, we have ob-
tained a series of Cu-porphyrin based conjugated porous poly-
mers with adjustable morphology, abundant catalytic sites and
directly interacting promoter groups, which might serve as
promising candidates for the electrocatalytic CO2RR.
Electrochemical carbon dioxide reduction performance

In order to evaluate the electrocatalytic CO2RR performance,
electrochemical tests were performed in a ow cell at different
potentials. Gas diffusion layer (GDL) modied carbon paper
coated with the catalyst was used as the working electrode. In all
experiments, a peristaltic pump was used to ow 1 M KOH
electrolyte at 7mLmin−1 into the anode and cathode chambers,
and a mass ow controller was used to pass CO2 through the
GDL at a ow rate of 20 sccm. The substantially large current
density was achieved because the mass transfer of CO2 along
the triple-phase boundary was greatly enhanced in the GDL.42–45

The basic model of the ow cell test setup is shown in Fig. S11.†
In this work, all potentials were measured with the Ag/AgCl
electrode and the results are reported relative to the reversible
hydrogen electrode (RHE).

For a preliminary performance evaluation, linear sweep
voltammetry (LSV) curves were rst measured to assess the
electrocatalytic activity at applied potentials from 0 to−1.1 V vs.
RHE. As shown by the LSV polarization curves, Fc-CPP-Cu
shows a total current density of −491.5 mA cm−2 at −1.1 V,
which is much better than that of Bz-CPP-Cu (−344.9 mA cm−2),
Bp-CPP-Cu (−244.8 mA cm−2) and Tp-CPP-Cu (207.3 mA cm−2),
indicating its higher electrocatalytic activity (Fig. 2a and S12†).
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta05934g


Fig. 2 Electrocatalytic performance of Fc-CPP-Cu and Bz-CPP-Cu.
(a) LSV curves. (b) Faradaic efficiencies of CO2RR products at different
applied potentials for Fc-CPP-Cu. (c) FE for CH4 at different applied
potentials. (d) Partial CH4 current density.

Fig. 3 CO2RR performance of Fc-CPP-Cu. (a) The mass spectra of
13CH4 and 13C2H4 recorded under a 13CO2 atmosphere. (b) Durability
test of Fc-CPP-Cu at a potential of −0.9 V vs. RHE. (c and d) In situ
ATR-FTIR spectra of Fc-CPP-Cu during the electrochemical CO2RR.
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By comparing with the LSV results tested under an Ar atmo-
sphere, Fc-CPP-Cu shows lower onset potential and higher
current density under a CO2 atmosphere, indicating that the
high electrochemical performance of Fc-CPP-Cu originates
from the CO2RR (Fig. S13a†). To further evaluate the selectivity
of the catalysts, electrolysis experiments were performed at
selected potentials from −0.7 to −1.1 V vs. RHE. The results
show that the electrocatalytic CO2 reduction products are CH4,
C2H4, CO, and H2 (Fig. 2b). Besides, the faradaic efficiency (FE)
values of the products were calculated for different applied
potentials and the total FE of all potentials was ∼100%. Fc-CPP-
Cu gives the highest FECO (38.2%) as well as 26.4% FEH2

, 21.7%
FECH4

and negligible FEC2H4
at −0.7 V with a current density of

−56.2 mA cm−2 (Fig. 2b and S13a†). Aer that, the FECO

continues to decrease with the increase of potential. FECH4

continuously increases in the applied potential range from−0.7
to −0.9 V, reaching a maximum value of ∼75% at −0.9 V and
remaining above 60% in the potential range from−0.8 to−1.0 V
in 1 M KOH solution (Fig. 2b). Specically, Fc-CPP-Cu exhibits
a large active current density and high CH4 selectivity at a low
reductive potential, outperforming most of the reported Cu-
based CO2RR systems in both ow cell and H-type cell systems
(Table S2†). Noteworthily, the total FECH4+C2H4

of Fc-CPP-Cu is
up to 94.0% at −0.9 V and remains above 70% in the potential
range from −0.7 to −1.0 V (Fig. S14†).

In addition, Bz-CPP-Cu, Bp-CPP-Cu and Tp-CPP-Cu with
different aldehyde groups were also tested by CO2RR experi-
ments. The results show that Bz-CPP-Cu, Bp-CPP-Cu and Tp-
CPP-Cu can reach up to the highest FECH4

of 62.7% (−0.9 V),
45.8% (−1.0 V) and 44.3% (−1.0 V), respectively, implying that
Fc-CPP-Cu is the best one among them in the electrocatalytic
CO2RR (Fig. S15–S17†). Besides, TPP-Cu and the physical-
mixture of ferrocene and TPP-Cu (molar ratio, ferrocene/TPP-
Cu= 2 : 1) have been tested as the contrast samples. The results
show that TPP-Cu and the physical-mixture display FECH4

values of only 27.5% (−1.1 V) and 37.4% (−0.9 V), which are
This journal is © The Royal Society of Chemistry 2022
much lower than that of Fc-CPP-Cu (Fig. S18†). To further
support the superior performance of Fc-CPP-Cu, Fc-CPP
(porphyrin center without Cu) and ferrocene were also tested
and presented no CO2RR activity (Fig. S18†). Based on the
above-mentioned results, the superior performance of Fc-CPP-
Cu would be attributed to the synergistic effect of ferrocene
groups and Cu-porphyrin centers in the electrochemical
CO2RR.

To further investigate the activity of Fc-CPP-Cu, partial
current densities were calculated for CH4, CO, C2H4 and H2 at
different potentials (Fig. 2d and S13b†). Due to the similarity of
Bz-CPP-Cu, Bp-CPP-Cu and Tp-CPP-Cu, we selected Bz-CPP-Cu
as the contrast sample to be compared with Fc-CPP-Cu.
Notably, Fc-CPP-Cu shows a CH4 partial current density of
−185.8 mA cm−2 at −0.90 V, which is almost 2 times higher
than that of Bz-CPP-Cu (−96.7 mA cm−2) (Fig. 2d). In addition,
the turnover frequency (TOF, s−1) of Fc-CPP-Cu has been tested
and the TOF was calculated to be 0.013 s−1 at −0.9 V. To reveal
the carbon source of CO2RR products, isotope experiments
were performed under the same reaction conditions with 13CO2

as the substrate. The products were analyzed by gas chroma-
tography and mass spectroscopy. As shown in Fig. 3a and S19,†
13CH4,

13CO and 13C2H4 are detected with corresponding peaks
at m/z = 17, 29 and 30, respectively, indicating that the carbon
sources of CH4, CO and C2H4 indeed derive from the CO2

conversion.
In addition, the superior CO2RR performance of Fc-CPP-Cu

suggests that it may possess high electrochemically active
surface area (ECSA). To investigate the deeper inuences on the
signicant performance of Fc-CPP-Cu, the electrochemical
double-layer capacitance (Cdl) was calculated to evaluate the
ECSA (Fig. S20†). The results show that the Cdl value (14.61 mF
cm−2) of Fc-CPP-Cu is larger than that of Bz-CPP-Cu (11.41 mF
cm−2). This indicates that Fc-CPP-Cu possesses a larger avail-
able catalytic area and more effective electrocatalytic active sites
in contact with the electrolyte, thus improving the CO2RR
J. Mater. Chem. A, 2022, 10, 25356–25362 | 25359
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Fig. 4 (a) The DFT calculation and the proposed reaction mechanism.
(a) The spin (rup − rdown) of negative (green) and positive values
(yellow) for Fc-CPP-Cu on Cu-porphyrin. (b) The spin (rup − rdown) of
negative (green) and positive values (yellow) for Bz-CPP-Cu on
porphyrin-Cu. (c) Free energy profiles for the CO2-to-CH4 reaction
pathway on Fc-CPP-Cu. It is plotted at a potential of−0.9 V vs. RHE. (d)
The minimum energy path (MEP) calculated via a NEB calculation. (e)
The reaction snapshots of different reaction coordinates in the CO2RR
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performance. Furthermore, to investigate the electrocatalytic
kinetics of Fc-CPP-Cu and Bz-CPP-Cu at the electrode/electrolyte
surface during the electrochemical CO2RR, electrochemical
impedance spectroscopy (EIS) spectra of the samples were
recorded at a potential of −0.9 V vs. RHE (Fig. S21†). As shown
in the Nyquist plots, Fc-CPP-Cu exhibits smaller charge transfer
resistance (12.17 U) than that of Bz-CPP-Cu (20.08 U), which
implied that Fc-CPP-Cu is able to provide faster electron
transfer from the catalyst surface to the reactants in the inter-
mediate generation, ultimately leading to an increase in activity
and selectivity.

Stability is a vital factor to evaluate the durability of catalysts
in the electrocatalytic CO2RR. To investigate the electro-
chemical stability of Fc-CPP-Cu, the chronoamperometry curve
was applied to evaluate the durability over a long time at −0.9 V
(Fig. 3b). Aer 6 h, the FECH4

of Fc-CPP-Cu can be maintained
above 70% and the current density remained at approximately
−200 mA cm−2. For the leaching test, ICP-MS results showed
that the Cu detected in the solution phase was below the
detection limit (Table S3†). In addition, the chemical state of Cu
species aer electrocatalysis was also evaluated by the XPS test
(Fig. S22†). Aer the test, the Cu 2p spectra of the Fc-CPP-Cu
electrodes are similar to those before the test, and no Cu or Cu(I)
is observed. In addition, XANES and EXAFS tests have also been
performed to support the stability. The results show that no
signicant change in Cu K-edges and no visible metallic Cu
signals are observed in the XANES proles of Fc-CPP-Cu before
and aer the CO2RR process (Fig. S23a†). Besides, no obvious
signal of the Cu–Cu bond is observed in the EXAFS spectrum
(Fig. S23b†).38–40 Similarly, the ferrocene functional group in Fc-
CPP-Cu also did not change before and aer the CO2RR
processes as supported by the unchanged Fe(II) signals in the
XANES and EXAFS spectra of Fc-CPP-Cu (Fig. S24†).41

Thus, we have obtained a kind of stable electrocatalyst with
efficient electrocatalytic CO2RR performance through a facile
method. Based on the above-mentioned interesting results, we
further extend the facile method to investigate both scale-up
and fast syntheses. Firstly, we have conducted the scale-up
synthesis under identical conditions and increased the amount
of the reactants to 20 times higher than the original one. ∼10 g
Fc-CPP-Cu could be obtained in a batch experiment as sup-
ported by the SEM and FTIR tests (Fig. S25–S27†). Interestingly,
it shows the retention of round nanosphere morphology yet the
diameter is increased from ∼275 nm to ∼1 mm. Electrocatalytic
CO2RR tests show that it has slightly decreased performance
(FECH4

, 63%; FECH4+C2H4
, 77%, −0.9 V), which might be attrib-

uted to the enhanced particle size (Fig. S28†). Secondly, Fc-CPP-
Cu can be readily produced under applied microwave-assisted
heating conditions and the reaction time can be as less as 10
min (Fig. S27 and S29†). Aer the reaction, it possesses rela-
tively irregular nanoparticle morphology and slightly decreased
performance (FECH4

, 59%; FECH4+C2H4
, 66%, −0.9 V) (Fig. S30†).

Therefore, the facile method enables fast and scale-up
production of electrocatalysts that can efficiently generate
higher-value products, which will be much benecial for
industrial-level electrocatalytic CO2RR applications.
25360 | J. Mater. Chem. A, 2022, 10, 25356–25362
Investigation of the catalytic mechanism

In addition, DFT calculations were performed to understand the
reason for the superior performance of Fc-CPP-Cu. As shown in
Fig. 4c, the *COOH adsorption energy is smaller than that of *H
for both Fc-CPP-Cu and Bz-CPP-Cu (Fig. S31†), thus ensuring
a higher selectivity for CH4. This is also consistent with the
higher FECH4

than for the HER detected in the experimental
results. We also noticed that the rate determining step was CO2

/ *COOH for both Fc-CPP-Cu and Bz-CPP-Cu in the CO2RR
pathway (Fig. S31†). Besides, we nd that the reaction free
energies of this step on Fc-CPP-Cu and Bz-CPP-Cu are 0.89 and
0.92 eV, indicating that Fc-CPP-Cu has a slightly higher activity.
As shown in Fig. 4a and b, the spin charge densities assigned to
Cu in Fc-CPP-Cu and Bz-CPP-Cu are −0.58 e− and −0.52 e−,
respectively. We nd that aer the introduction of the ferrocene
group into the Fc-CPP-Cu structure, the reactivity of Cu in the
porphyrin centre is enhanced relative to Bz-CPP-Cu, which
agrees with the higher FE of Fc-CPP-Cu in the experimental
results. Though the trend is right, we notice that the difference
in the thermodynamic adsorption energies between Fc-CPP-Cu
and Bz-CPP-Cu is still far tinier than the experimental differ-
ences. Therefore, a nudged elastic band (NEB) method was
introduced to understand the efficiency differences impacted by
Fc-CPP-Cu (Fig. 4d and e). We found that the activation energy
of CO2 protonation into *COOH for Fc-CPP-Cu (0.19 eV) was
signicantly lower than that of Bz-CPP-Cu (0.36 eV). We also
for Fc-CPP-Cu and Bz-CPP-Cu.

This journal is © The Royal Society of Chemistry 2022
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conducted a simple calculation and found that this was due to
the lower adsorption energy of the benzene ring for OH* than
Fc-CPP-Cu, which means that Fc-CPP-Cu had better oxophi-
licity. This is based on Markovic's theory46,47 that the strong
adsorption capacity of ferrocene groups to OH* facilitates the
PCET reaction process. Thus, the intrinsic advantage of Fc-CPP-
Cu is due to the introduction of the ferrocene group as the
oxophilic group that can kinetically improve the preference of
the CO2-to-CH4 pathway. To support the DFT calculation
results, in situ ATR-FTIR measurements have been conducted
(Fig. 3c and d). The peaks at 1559 cm−1, 1362 cm−1 and 1306
cm−1 can be ascribed to the asymmetric stretching, symmetric
stretching, and stretching of C–O, respectively. In addition, the
peak of chemisorbed CO (*CO) was detected at 2067 cm−1,
which is in good agreement with the most reported value (i.e.
2065 cm−1) (Fig. 3c).48,49 Furthermore, the signals appearing at
1041 cm−1 and 1456 cm−1 could be attributed to *COH and
*CH2O, respectively (Fig. 3d), which are key intermediates in the
CO2RR to CH4 conversion.48,49

Conclusions

In summary, we have presented a scalable strategy to synthesize
Cu-porphyrin based conjugated porous polymers and success-
fully applied them in efficient electrocatalytic CO2RR. The ob-
tained materials possessing high porosity (e.g., Fc-CPP-Cu, SBET,
144 m2 g−1 and Vt, 0.18 cm3 g−1), adjustable morphology (size,
250–500 nm) and high stability (strong covalent bond that
enables long-term and stable electrocatalysis) are composed of
directly bonded auxiliary groups and Cu-porphyrin centres.
Specically, Fc-CPP-Cu with ferrocene as the promoter group
exhibits a FECH4+C2H4

of 94.0% (FECH4
, 75.9% and FEC2H4

, 18.1%,
−0.9 V) and remains above 70% in a wide potential range from
−0.7 to 1.0 V, which is much better than that of Cu-porphyrin,
Bz-CPP-Cu and the physical mixture and represents one of the
best CO2 electroreduction catalysts so far. Moreover, the
important role of the ferrocene group as the CO2RR auxiliary
and the detailed catalytic mechanism have been systematically
investigated by DFT calculations. The results reveal that the
directly interacting ferrocene groups could enhance the elec-
tron-cloud density of Cu in the porphyrin centre. Meanwhile,
the strong adsorption ability of ferrocene groups to OH*

promotes the PCET reaction process, which kinetically
improves the preferential CO2-to-CH4 pathway. Noteworthily,
the copolymerization strategy can be easily scaled up (∼10 g in
a batch experiment) and the reaction time can be as little as 10
min under optimized microwave conditions. Generally, the
exploration of high performance electrocatalysts that enable
facile and scale-up production plays a vital role in the explora-
tion of potential industrial scale electrocatalytic CO2RR
systems. This work has extended the potential scope of the
microwave method in the production of metalloporphyrin
based polymers that can be applied as efficient electrocatalytic
CO2-to-CH4 electrocatalysts and explored the possible direct
auxiliary bonding mechanisms. Despite the minor progress
made in this work, it still has some unaddressed issues, for
example, the industrial kilogram or ton scale production, the
This journal is © The Royal Society of Chemistry 2022
higher industrial demand current density or the generally
neglected ultralow CO2 conversion efficiency. All of these lie in
the exploration of more advanced electrocatalytic CO2RR tech-
niques and powerful electrocatalysts that can address all of the
potential issues related to industrial applications. As we can see,
there is a long way to go from the laboratory work to real
industrial applications. More efforts still need to be made for
every vital setup of the electrocatalytic CO2RR system and we
believe it will be a powerful clean energy conversion system that
might solve or mitigate energy and environmental crises to
some extent.
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