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ABSTRACT: Iron porphyrin-based molecular catalysts can electrocatalyze CO2
reduction to CO at nearly 100% selectivity in water. Nevertheless, the associated
active sites and reaction mechanisms remain debatable, impeding the establish-
ment of design guidelines for effective catalysts. This study reports coupling in
operando experiments and theoretical calculations for immobilized 5,10,15,20-
tetrakis(pentafluorophenyl) porphyrin Fe(III) chloride (FeF20TPP) for electro-
catalytic CO2 reduction in an aqueous phase. In operando UV−vis and X-ray
absorption near-edge structure spectra indicated the persisting presence of Fe(II)
species during the cathodic reaction, acting as catalytic sites that accommodate CO
as Fe(II)−CO adducts. Consistently, the density functional calculations pointed
out that the ligand-reduced state with oxidized Fe, namely, [Fe(II)F20(TPP

•)]−, prevails in the catalytic cycle prior to the rate-
controlling step. This work provides the conclusive representation related to the working states of Fe-based molecular catalysts under
reaction conditions.

KEYWORDS: electrocatalytic CO2 reduction, in operando spectroscopy, immobilized molecular catalyst, iron porphyrin,
fluorinated functionality

■ INTRODUCTION

Electrocatalytically converting CO2 into value-added chemicals
powered by renewable electricity is a promising approach to
simultaneously address contemporary energy and environ-
mental issues.1 The last decades have witnessed intensive
research efforts dedicated to the exploration of electrocatalysts
for CO2 reduction reaction, including carbon-based materials,
transition metals, enzymes, and so on.2,3 Nevertheless, such
processes still suffer from low efficiency and high cost, calling
for the development of active, selective, and cost-effective
electrocatalysts compatible with large-scale implementation.4

Molecular catalysts represent a frontier in advanced
materials for electrocatalytic CO2 reduction toward CO. This
class of materials is characterized by their intrinsic structural
and electronic modularity, proffering the ability to fine-tune
their catalytic performance. Additionally, they also offer
industrial merits of high accessibility, low cost, and chemical
stability.5 Iron porphyrins are one of the most investigated
families of molecular catalysts for the electrocatalysis of CO2
reduction in the last decade.6 The introduction of functional
groups can be used to fine-tune the redox properties. For
example, Saveánt and coworkers reported that electron-
withdrawing substituents resulted in improved catalysis,7

suggesting the rational development of catalyst design.

Distinctively, the use of molecular entities as a catalyst allows
for elucidation of the reaction mechanism in both homoge-
neous and heterogeneous phases. Saveánt and coworkers also
extensively investigated iron tetraphenylporphyrin (FeTPP) in
homogeneous non-aqueous environments. Their results have
suggested that the electro-generated Fe(0) essentially partic-
ipates in the catalytic cycle, which transforms into the
asymmetrical [Fe(I)CO2]

2− adduct rather than the sym-
metrical [Fe(II)CO2]

2− during the cycle.8 Further studies
have reported that the reaction rate is enhanced by the
addition of Brønsted acids such as phenol into the organic
solution, indicating that the catalysis involves crucial proton-
transfer steps.7 In this context, aqueous solution as an
electrolyte directly offers a source of protons to transfer during
the reaction, where the suppression of the concurrent
hydrogen evolution reaction (HER) is the key to selective
CO evolution. Upon functionalization by para-N-trimethy-
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lammonium groups, FeTPP becomes soluble in aqueous media
and directs the reaction exclusively toward HER in the
presence of acid (e.g., 0.1 M formic acid). However, in a CO2-
saturated aqueous solution at pH 6.7, it exhibited >50% of
Faradaic efficiency (FE) toward CO2 reduction.

9 Additionally,
the previous studies showed that the site of reduction on
central metal or ligand for iron complexes was determined by
substituents and solvents.10−15 Recent computational and
spectroscopic studies suggested the electron localization on
porphyrin macrocycles such as [Fe(II) (TPP••)]2− rather than
the metal center in tetrahydrofuran.13−15 This species is
considered to activate CO2 via the formation of [Fe(III)-
(CO2

2−)(TPP−•)]2−.15 However, many of the mechanistic
studies over FeTPP relied on cyclic voltammetry (CV) or ex
situ experiments to gain insights into the nature of the active
species for electrocatalytic CO2 reduction, which are not
necessarily applicable for immobilized iron porphyrin in
aqueous solution. Hence, a direct experimental evidence for
the electrocatalysis under operating conditions is highly
desired for the rational design of catalysts.
A remaining concern for applying molecular catalysts is their

immobilization to fabricate stable electrodes for practical
applications.16,17 Researchers fabricated electrodes by control-
ling functional groups of porphyrins. For example, Robert et al.
synthesized a pyrene-appended FeTPP complex, utilizing the
π−π stacking force to immobilize the catalyst on a conductive
carbon support.18 This method is applicable only after
sophisticated organic synthesis to alter the functional group
of the catalyst, which would limit large-scale applications.
Another common method of immobilization is to embed a
single-atom catalyst into nitrogen-doped carbon, which falls
into the category of heterogenization. It is typically denoted as
M−N−C and forms a metal-porphyrin-like motif.19 However,
this method hampers the versatility of functional groups
introduced in the original molecular catalysts. A simpler
approach is the immobilization of the molecular catalyst on a
conductive substratefor example, via hydrophilic−hydro-
phobic interaction or covalent modification.20,21 Another
example involves the incorporation of Fe porphyrin into
covalent organic frameworks, which act as a heterogeneous
catalyst for the reduction of CO2 to CO.22 This approach
offers high potential to increase the density of active sites on
the electrode, yet the issue of electronic conductivity remains.
Herein, we report an in operando characterization combined

with density functional theory (DFT) calculations for the
electrocatalytic CO2 reduction reaction over immobilized
fluorinated FeTPP, 5,10,15,20-tetrakis(pentafluorophenyl)-
porphyrin Fe(III) chloride (denoted hereafter FeF20TPP). A
simple drop-casting method was optimized to obtain active
electrodes by preparing appropriate dropping solution and
high-surface-area carbon support. The electrodes achieved a
noticeable current density with FECO as high as 95% at −0.5 V
versus reversible hydrogen electrode (RHE) in a CO2-
saturated aqueous solution of 0.5 M NaHCO3 at pH 7.2. We
used in operando UV−vis spectroscopy and X-ray absorption
spectroscopy (XAS) to fully resolve the reaction steps,
revealing Fe(II)−CO in FeF20TPP as the working state of
the catalyst under cathodic operating conditions. Furthermore,
the DFT calculations were performed to complement the
origin of the authentic catalytically active site and interpret the
detailed reaction mechanism. The marked effects of fluori-
nated-functional groups on the redox properties were high-
lighted by effectively comparing with its H counterpart.

■ MATERIALS AND METHODS

Materials. Multiwall carbon nanotubes (CNTs, >98%),
carbon fiber (CF, iron-free), FeF20TPP (>95%), FeTPP
(>94%), ethanol (99.5%), hydrochloric acid (ACS reagent,
37%), Nafion 117 solution (5 wt %), and N,N-dimethylforma-
mide (DMF) were ordered from Sigma-Aldrich. The free-base
fluorinated porphyrin (H2F20TPP, >95%) was purchased from
Tokyo Chemical Industry. Carbon cloth (CC, #7302005) and
glassy carbon (GC, D = 6 mm) were bought from
FuelCellStore. The CNTs were purified by soaking in a 6 M
HCl solution overnight as the support (>12 h), and the other
reagents and chemicals were used without further purification.

Electrode Preparation. To enhance an intrinsic surface
area of immobilized molecular catalysts per a given geometric
surface area, a three-dimensional network of the carbon
substrate was designed using a mixture of CNTs (Figure S1a,
D × L 6−13 nm × 2.5−20 μm, 216 m2 g−1) and CF (Figure
S1b, D × L 100 nm × 20−200 μm, 24 m2 g−1) as additional
carbon supports, which were finally drop-casted on a CC
(Figure S1c). To achieve that all molecular catalysts are
supported by the carbon substrate with little substrate exposed
and with little amounts of molecular catalysts stack to each
other, the loading of molecular complexes was optimized. For
the fabrication of an electrode containing 15 wt % FeF20TPP as
an example, 1.2 mg of FeF20TPP was dissolved in 0.7 mL of
ethanol. Then, 5 mg of CNTs and 2 mg of CF were added.
The solution was sonicated for 15 min. Next, 0.3 mL of water
with resistivity of 18.2 MΩ cm was added to the mixture,
which was sonicated for 30 min and left for >12 h to settle.
Afterward, 50 μL of Nafion solution was introduced to the
mixture, which was sonicated again for 30 min. Finally, 1 mL of
this catalyst ink was drop-casted onto a CC with dimensions of
2 cm × 1 cm, which was subsequently dried at 60 °C for 1 h in
air. The loading was defined by the amount of FeF20TPP
divided by the total amount of CNTs + CF + FeF20TPP. The
typical loading amount is 15 wt % unless otherwise stated.
Figure S1d displays a representative scanning electron
microscopy (SEM) image of the as-prepared FeF20TPP/
CNT-CF/CC. When electrodes were fabricated using FeTPP
and H2F20TPP, DMF was used instead of ethanol to prepare
the ink due to its low solubility in ethanol. The rest of the
procedure remained identical. Instead of CC, GC was
employed as a substrate for electrochemical characterization,
onto which 10 μL of the suspension was dropped and allowed
to dry under ambient conditions.

Electrochemical Measurements. The performance of the
fabricated electrodes was investigated by chronoamperometry
(CA). The electrochemical redox properties were examined by
CV with a BioLogic potentiostat electrochemical workstation.
A custom-made two-compartment cell separated by an
embedded quartz-frit was used. A three-electrode cell
configuration was obtained with the CC-supported catalysts
as a working electrode with a size of 2.0 cm2. A Pt coil and a
saturated calomel electrode were used as the counter and
reference electrodes, respectively. Both chambers were filled
with 100 mL of an aqueous solution containing 0.5 M of
NaHCO3 saturated with CO2 (99.999%). The gas was supplied
at a flow rate of 10 mL min−1 unless otherwise noted, and the
bulk pH value was 7.2. A Teflon-lid was assembled with a glass
cell using an O-ring to obtain a leak-free system. Prior to the
experiments, the electrolyte was purged with CO2 for 20 min.
The homogeneous CVs were recorded in a single-compart-
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ment glass cell. A solution with DMF solvent was employed,
which contained 10 mL of 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF6) and 1 mM of FeTPP,
FeF20TPP, or H2F20TPP. An Ag+/Ag (0.1 M TBAP in
CH3CN) electrode was employed as the reference electrode,
which was calibrated with respect to ferrocene/ferrocene
(Sigma-Aldrich, 98%).
Gas Detection. Gaseous products were monitored using an

online gas chromatography system (GC-8A, Shimadzu). The
outlet of the cell was connected to a sampling loop with a
volume of 2 mL, which was injected into the gas
chromatography system every 19 min. The gas chromatog-
raphy system was equipped with a thermal conductivity
detector and a packed Shincarbon column.
Electron Microscopy. SEM images were obtained using a

Hitachi 8500 microscope.
Ultraviolet−Visible (UV−Vis) Absorption Spectrosco-

py. UV−vis spectra were recorded using JASCO V-670 and
SEC2000 spectrophotometers. UV−vis spectra measured in
situ using a 5 mL quartz cell, and CO2 or Ar was supplied to
the cell prior to and during the experiments. The working
electrodes were fabricated by depositing 4.5 × 10−9 mol cm−2

of FeF20TPP on a fluorine-doped tin oxide (FTO) substrate.
During the measurements, the working electrode was kept at
the desired potential for 3 min to reach steady-state conditions
before acquiring a spectrum. The absorbance was recorded in
the wavelength range from 300 to 800 nm with data intervals
of 1 nm at room temperature.
In Operando X-ray Absorption Spectroscopy. In

operando Fe K-edge X-ray absorption near-edge structure
(XANES) analyses were performed at the undulator BL 15−2
at the Stanford Synchrotron Radiation Lightsource using a
Si(111) monochromator. Two Rh-coated Kirkpatrick-Baez
mirrors set at 3.5 mrad delivered a 200 μm (v) × 200 μm (h)
X-ray beam to the sample position. High-throughput and
background-free XANES measurements were performed in the
partial fluorescence yield mode using a short-radius (200 mm)
Rowland spectrometer.23 A spherically bent LiNbO3(234)
crystal analyzer with a diameter of 100 mm captured the Fe-
Kα1 emission line at a Bragg angle of ∼80.8° with an energy
bandwidth of ≈4 eV. A custom-made electrochemical XAS cell
was fabricated, as described previously.24 The working
electrode was prepared by drop-casting electrocatalyst ink on
a 110 μm thick carbon paper (Toray carbon paper 030). The
electrocatalyst ink was prepared, as described above according
to the developed electrochemical protocol. The working
electrode was prepared using 1 mg cm−2 of 15 wt %
FeF20TPP/CNT-CF. The Fe mass loading is ca. 8 μg
cm−2.The working electrode was prepared using 1 mg cm−2

of 15 wt % FeF20TPP/CNT-CF. The electrochemical XAS cell
had an exposed geometric surface area of ca. 0.2 cm2.
The 0.5 M NaHCO3 electrolyte was constantly purged with

CO2 gas before and during the in operando XAS experiments.
RHE (HydroFlex) and carbon rod were used as reference and
counter electrodes, respectively. Two consecutive scans were
obtained at steady state in four different locations of the
working electrode at specific applied potentials, and the
merged spectra of six to eight scans were utilized. The spectra
between the various points were identical.
New sample spots were required since the molecular

complex was found to be prone to X-ray beam-induced
damage. The exposure time/dose per irradiated spot was kept
well below the levels required for noticeable beam-induced

spectral alterations. The high-throughput mode of detection
used was advantageous for acquiring high-quality XANES
spectra for such a low-concentration electrode with minimal X-
ray dose deposition. Reference spectra of standards were
obtained from diluted pellets of Fe2O3 (Sigma-Aldrich, ≥96%),
FeF20TPP (Sigma-Aldrich, 95%), and Fe(II) chloride tetrahy-
drate (Sigma-Aldrich, 98%), which were used as received. The
incident photon energy was calibrated using the transmission
mode XAS spectrum of Fe foil (Fe K-edge first inflection point
at 7112.0 eV). Athena software was used for data analysis and
normalization.25

Density Functional Theory Calculations. Full-geometry
optimizations were performed at the M06 density functional
level in Gaussian 09. M0626 functional accounts for medium-
range electron correlation effects and has proven robust for the
modeling of redox non-innocent ligands and iron spin-state
splitting energies.27−29 Furthermore, it partially captures the
multireference character of porphyrin ligands.28,29 Numerical
integrations were performed with an ultrafine grid. The W0630

density-fitting set generated by the Gaussian program was
employed to reduce the computational cost.
For geometry optimizations, the def2-SVP basis set was used

for light elements, and the def2-TZVP basis set was used for
Fe.31 Optimizations were performed in gas phase unless
otherwise noted, and solvation effects were incorporated
through single-point energy calculations using the SMD
continuum solvation model with the solvent parameters for
water (ε = 80).32 The natures of all stationary points were
determined by calculation of the analytical vibrational
frequencies. These were also used to compute the molecular
partition functions (298 K, 1 atm) with the conventional
particle-in-a-box, rigid-rotator, quantum-mechanical harmonic
oscillator approximation, except that all vibrational frequencies
below 50 cm−1 were replaced with values of 50 cm−1 (the
quasi-harmonic-oscillator approximation).
To test the sensitivity of spin-state energies to the choice of

density functional, single-point calculations were performed
using different density functional approaches: PBE0-D3,33

B3LYP-D334 (with Becke−Johnson correction), OLYP,35,36 τ-
HCTH,37 TPSSh,38,39 and M06-L40 (see Tables S1−S4 in
Section S2 in Supporting Information). All reported free
energies were computed by combining TPSSh (SMD) single-
point energies with thermochemical contributions obtained at
the M06 level. We chose this modeling protocol because it
successfully predicted the electronic structures of iron
porphyrin species, which were in good agreement with
previous reports.41

The RHE was taken into account by incorporating pH
effects (pH 7.2) for calculating the reduction potentials of all
redox couples in aqueous solution. Initial calculations were
employed with the simpler non-fluorinated iron porphyrin
(FeTPP), and then, key reaction intermediates in the catalytic
cycle were modeled with the fluorinated iron porphyrin
(FeF20TPP).
For pKa calculations, an isodesmic proton−exchange

reaction scheme was applied using the [CoCOOH]/
[CoCOO]− and [CoCOOH]−/[CoCOO]2− acid−base pairs
as reference states (see Section S3 in Supporting Informa-
tion).42 For pKa calculations, geometries were optimized in
both gas phase and using an SMD continuum solvation model
(Supporting Information) to examine whether the accuracy of
the pKa calculation primarily depends on the implicit solvation
model.
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In protonation reactions, bicarbonate (HCO3
−) evolving

from the NaHCO3 electrolyte was used as the proton source
because pKa [HCO3

−] (10.3) is smaller than pKa [H2O]
(14.0). However, the electronic structure calculations for the
HCO3

−/CO3
2− conjugate acid−base pair are not realistic as

isolated ions, so we calibrated the predicted pKa based on an
isodesmic proton−exchange reaction with the acetic acid as the
reference acid. Consistently, we used a correction term of 17.7
kcal mol−1 (for full details, see Supporting Information, Section
S4) to adjust the reaction free energies for each HCO3

−/
CO3

2− pair involved in the catalytic cycle. This was performed
to bring the theory into better agreement with the experiment.

■ RESULTS AND DISCUSSION
Immobilization of TPP-Based Molecule for Exclusive

CO Evolution. To maximize the number of the accessible
molecular complex based on a geometric surface area, the key
factors are mainly the dispersion of the complex and the
substrate surface area. Immobilization of the molecular
complex on a carbon-based substrate via π−π interactions is
a topic of study itself.43−45 Due to the difference in solubility of
the complexes, we optimized the ink solvent composition to be
an ethanol−water (7:3 in vol) solvent for the FeF20TPP
(Figure 1a) or a DMF−water (7:3 in vol) solvent for the

FeTPP (Figure 1a) or H2F20TPP. The solvent optimization
permitted the fabrication of stable immobilized electrodes for
further study. A typical loading amount of molecular
complexes is 15 wt % (0.79 wt % Fe) unless otherwise stated.
The amount of electroactive surface catalysts was investigated
by integrating the charge passed during the oxidation of FeII

into FeIII under the acidic conditions, as shown in Figure S2.18

It indicates approximately 60% of FeF20TPP being responsive
in the prepared electrode. Figure 1b shows the UV−vis spectra
of pristine FeTPP, FeF20TPP, and the corresponding electrode

using DMF as an extraction solvent. All spectra show a sharp
absorption at approximately 415 nm, which is ascribable to the
Soret band. This is accompanied by additional excitation at
around 560−570 nm due to Q-bands of porphyrin, which is
consistent with the literature.46 Similarities of the spectra
before and after the fabrication of electrodes indicate that the
structural and chemical properties of the molecular catalysts
were preserved.
Electrochemical characterization of the electrodes revealed

the redox properties of the TPP-based catalysts. Figure 2a
shows the CVs of FeF20TPP/CF, FeTPP/CF, and H2F20TPP/
CF deposited on a GC electrode in CO2-saturated aqueous
solution of 0.5 M NaHCO3 at pH 7.2. To avoid background
noise of CV from CNTs, we employed only CF as a carbon
substrate. Figure 2a shows major redox couples (E1/2) at 0.65
and 0.32 V versus RHE over FeF20TPP/CF and FeTPP/CF,
respectively, but no noticeable peak for H2F20TPP/CF in this
potential range is observed. We ascribed the peaks observed for
FeF20TPP/CF and FeTPP/CF to the redox event of iron metal
center, Fe(III)/Fe(II), in agreement with previous electro-
chemical studies18 and a study on immobilized FeTPP by
Scherson et al. using in situ Fe K-edge XANES.47 FeF20TPP
showed a positive shift of around 300 mV in the redox
potential of Fe(III)/Fe(II), compared to FeTPP, which most
likely arose from the inductive effect of fluorine substituents.48

To observe redox events in the range of the concurrent
electrocatalytic CO2 reduction waves occurring at more
negative than −0.50 V versus RHE, we extended the study
to a non-aqueous environment. Figure 2b shows CVs recorded
in DMF solution of 0.1 M TBAPF6 as the supporting
electrolyte containing 1 mM of FeF20TPP, FeTPP, and
H2F20TPP under Ar bubbling. The figure shows three redox
couples (E1/2) for FeF20TPP at around −0.39, −1.2, and −1.8
V versus Ag/Ag+, which were negatively shifted by
approximately 300 mV when using FeTPP. This extent of
the shift due to the fluorinated functionality in DMF is
quantitatively consistent with the observations in an aqueous
phase (Figure 2a). Considering Fe(III) state at the open-circuit
potential (OCP) of −0.32 V versus Ag/Ag+, the first redox
event occurring at −0.39 V for FeF20TPP is ascribable to the
redox of the Fe(III)/Fe(II) center. This assignment is
supported by the CVs recorded for H2F20TPP without a
metal center, exhibiting only two redox peaks (E1/2) at
approximately −1.2 and −1.7 V versus Ag/Ag+. Since these
peaks did not require a metal center to be present, the ligand
was responsible for the two redox events, consistent with the
previously reported data for a variety of MF20TPP (M = H, Zn
or Ga).49,50

DFT calculations was applied to analyze the electronic
structures of all the iron complexes [formal Fe(III), Fe(II),
Fe(I), and Fe(0)] for iron porphyrin, adopting structural
models and DFT methodologies consistent with the
literature.13−15,51−53 Since iron complexes bear close-lying
electronic and spin states, different density functional levels
were benchmarked on the already well-characterized parent
system FeTPP,14 and the selected methods were used for
FeF20TPP (see Supporting Information for full details). The
theory predicts a quartet Fe(III), triplet Fe(II), doublet
“Fe(I),” and singlet “Fe(0)” for both fluorinated and non-
fluorinated porphyrin systems. The quotation marks used for
Fe(I) and Fe(0) emphasize that these are formal assignments
of oxidation states. Spin-density surfaces for the FeF20TPP
species with all oxidation states are shown in Figure 3. The

Figure 1. (a) Schematic structure of pristine iron tetraphenylporphyr-
in FeTPP and FeF20TPP. (b) UV−vis absorption spectra of (FeTPP),
FeF20TPP, and fabricated electrodes of 15 wt % FeTPP/CNT-CF/
CC and 15 wt % FeF20TPP/CNT-CF/CC (denoted as “after
immobilization”).
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ground-state quartet Fe(III) has roughly three unpaired
electrons on the iron center, while two unpaired electrons
are located on the triplet Fe(II) center. As for the formal
“Fe(I)” species, again, approximately two unpaired electrons
are located on the iron center, while one unpaired electron
with opposite sign is located on the porphyrin ligand.
Therefore, these formal “Fe(I)” complexes are best described
as triplet Fe(II) antiferromagnetically coupled to a singly
reduced porphyrin ligand, [Fe(II)F20(TPP

•)]− (for a definition
of the electronic states, see Supporting Information, Section
S6). Similarly, the theory predicts two unpaired electrons on
the iron center of formal “Fe(0)” antiferromagnetically coupled
with two unpaired electrons on the porphyrin. Thus, formally
“Fe(0)” complexes are best described as an open-shell singlet
with a doubly reduced porphyrin ligand, [Fe(II)-
F20(TPP

••)]2−. In short, spin density analysis for all four
species suggests a ligand-centered reduction upon injection of
the second and third electrons, which is consistent with the
non-aqueous electrochemical characterization, as shown in
Figure 2b. Table 1 summarizes the calculated 1e reduction
potentials of FeF20TPP, along with FeTPP for comparison.
The results reveal a positive shift by 0.25−0.3 V due to the

inductive effect of fluorine substituents, which is consistent
with the experimental observations in CVs, as shown in Figure
2. In the calculation of the reduction potentials, we considered
square planar iron porphyrin structures (Figure 3), as reported
in a previous work.15,22,52 In addition, we also examined the
influence of axial ligand for the Fe(III)/Fe(II) redox couple
through the stabilization of cationic Fe(III) species in
FeF20TPP. For this reason, we introduced one Cl− ion to
the axial position to generate the Fe(III) chloride precursor
used experimentally. The predicted reduction potential (E0 =
0.01 V) is in larger disagreement with the measured value, by

Figure 2. Electrochemical characterization of porphyrin-based catalysts. (a) Cyclic voltammograms (CVs) over FeF20TPP, FeTPP, and free-base
fluorinated porphyrin (H2F20TPP) supported on the CF/CC were recorded at a scan rate of 100 mV s−1 and a temperature of 25 °C in CO2-
saturated 0.5 M NaHCO3 aqueous solution (pH = 7.2). (b) CVs using a GC electrode in Ar-saturated 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF6) solute in DMF solvent recorded with 1 mM of FeTPP, FeF20TPP, or H2F20TPP in the solution. In both panels,
“w/o” indicates CVs obtained in the absence of electrocatalysts with pristine substrates.

Figure 3. Mulliken spin densities (surfaces with 0.006 au isovalue) for Fe(III), Fe(II), “Fe(I)”, and “Fe(0)” of fluorinated iron
tetraphenylporphyrin (FeF20TPP) at M06/def2SVP|def2TZVP level of theory. Spin density values for FeTPP are shown in parentheses. The
average bond distances are given in Å.

Table 1. Predicted Redox Potentials vs RHE for FeF20TPP
and FeTPP Species in CO2-Saturated Aqueous Electrolyte
of 0.5 M NaHCO3 at pH 7.2 at TPSSh//M06/def2SVP|
def2TZVP Level of Theory

E0/V vs RHE

redox event FeF20TPP FeTPP ΔE0/V

Fe(III)/Fe(II) 0.74 0.46 0.28
Fe(II)/“Fe(I)” −0.50 −0.80 0.30
“Fe(I)”/“Fe(0)” −0.95 −1.20 0.25
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approximately 0.6 V, compared to value reported in Table 1
(E0 = 0.74 V). Thus, we continued with square planar iron
porphyrin structures for the prediction of reduction potentials.
The electrocatalytic testing was conducted for the

immobilized TPP-based electrodes. Due to the mass-transport
limitation in the H-cell, and the strong binding energy of CO
on the Fe(II) active state of the molecular catalysts, the
investigation was limited to cathodic potentials from −0.40 to
−0.80 V versus RHE in CO2-saturated aqueous solution of 0.5
M NaHCO3 (pH 7.2). Figure 4 summarizes the CO2 reduction

performance of FeF20TPP/CNT-CF, FeTPP/CNT-CF, and
H2F20TPP/CNT-CF (see Figure S3 for raw representative CA
profiles). The control experiment using the CNT-CF/CC
substrate only recorded an FEH2 of nearly 100% within the
applied potential range (Figure S4). Also, we optimized the
loading of the catalysts prior to the CO2 reduction testing
(Figures S5 and S6) to minimize the parasitic HER occurring
on the CNT-CF/CC substrate. Figure 4 shows that overall

current densities increased at more cathodic potentials over all
electrodes but with different FEs. H2F20TPP/CNT-CF
produced a trace amount of CO at −0.5 V versus RHE, and
FECO gradually increased at more cathodic potentials,
approaching 38% at −0.8 V versus RHE. Over the FeTPP/
CNT-CF, FECO was around 55% at −0.4 V versus RHE, which
increased with the overpotential to reach a maximum of 86% at
−0.7 V versus RHE. Its fluorinated form, FeF20TPP/CNT-CF,
demonstrated an even higher FECO of around 80% at −0.4 V
versus RHE, which slightly increased at more cathodic
potentials, achieving an FECO of approximately 95%. Notably,
this electrode retained its exclusive CO evolution over the
course of testing for 50 h at −0.5 V versus RHE (Figure S7),
and its molecular structure was retained, confirmed by ex situ
UV−vis spectra (Figure S8). H2 and CO were the only
products observed, and the total FE was close to 100%. These
results demonstrate selective CO evolution via the aqueous
CO2 reduction reaction over the immobilized FeF20TPP. We
addressed its reaction mechanism through in operando
measurements and theoretical calculations.

Reaction Intermediate Captured by In Operando
Spectroscopy. In operando UV−vis spectroscopy was
recorded to obtain insights into its catalytic functions during
the electrocatalytic CO2 reduction reaction. Figure 5a displays
the spectra obtained with FeF20TPP in a solution of 0.5 M
NaHCO3 saturated with CO2 at various potentials. A spectrum
at OCP (recorded as +0.9 V versus RHE) showed an
absorption peak at 410 nm, ascribable to the excitation at
the Soret-band of porphyrin and is consistent with the ex-situ
spectroscopic results, as shown in Figure 1b. Upon the
application of the potential of −0.2 V versus RHE, a peak
appeared at 433 nm, which is accompanied by a decrease of the
peak intensity at 410 nm. This change was assigned to the
reduction of the metal center from Fe(III) to Fe(II) based on
previous reports.46 This peak at 433 nm persisted until −0.5 V
versus RHE, where a new shoulder peak evolved at 417 nm.
This peak appearance coincided with the onset potential of
CO2 reduction, as shown in Figures 2a and 4. An additional
study with an Ar atmosphere (Figure 5b) produced similar
spectroscopic results: a peak at around 410 nm was observed at

Figure 4. Electrocatalytic CO2 reduction reaction over TPP-based
electrocatalysts. The electrocatalytic performance of 15 wt %
H2F20TPP/CNT-CF/CC, 15 wt % FeTPP/CNT-CF/CC, and 15
wt % FeF20TPP/CNT-CF/CC was assessed by CA at the denoted
potential for 50 min in CO2-saturated aqueous solution of 0.5 M
NaHCO3 at pH 7.2 at 25 °C.

Figure 5. In situ UV−vis spectra of FeF20TPP. The measurements employed electrodes prepared by drop-casting FeF20TPP on FTO. The
measurements were conducted in aqueous solutions of (a) CO2-saturated 0.5 M NaHCO3 at pH 7.2, (b) Ar-saturated 0.5 M NaHCO3 at pH 8.3,
and (c) Ar-saturated 0.5 M K-phosphate at pH 7.2.
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OCP, which subsequently moved to around 430 and 417 nm
at increasing cathodic potentials. This indicates that the
presence of CO2 in the bulk solution was not a prerequisite for
the appearance of these peaks. A control experiment was
carried out using phosphate buffer solution at the same pH of
7.2 without CO2 (Figure 5c). Interestingly, the application of
−0.2 V versus RHE in this case yielded a peak at 430 nm, but
no shoulder peak appeared when further increasing cathodic
potentials. This observation suggests that the peak at 417 nm
did not originate simply from the reduction of Fe(II) species.
Given the strong affinity between CO and Fe(II) in the
porphyrin complexes forming the Fe(II)−CO adduct,54,55 we
postulate that this peak is from Fe(II) being ligated by CO,
which was experimentally corroborated by further spectro-
scopic study (vide infra). Notably, due to the equilibrium of
H2CO3/HCO3

−/CO3
2−, a small amount of CO2 is present in

the bicarbonate solution saturated with Ar, which was found to
be experimentally reduced to CO (Figure S9), which in turn
could be ligated to the Fe(II) site, as shown in Figure 5b.
In operando XAS was used to reveal the electronic structure

of the FeF20TPP during the electrocatalytic CO2 reduction.
Figure 6a shows the Fe K-edge XANES of FeF20TPP/CNT-CF

in 0.5 M NaHCO3 saturated with CO2 at OCP (recorded as
+0.8 V vs RHE) and −0.6 V versus RHE. The results of some
standard references are also shown [Fe foil, Fe2O3, and Fe(II)
phenanthroline]. The white line and pre-edge regions are
magnified in Figure 6b,c, respectively. The normalized Fe K-
edge XAS average and full spectra are shown in Figures S10
and S11. Under the initial OCP condition, the FeF20TPP/
CNT-CF exhibited a 1s → 3d pre-edge peak at 7114.5 eV
(Figure 6c), which is ascribable to Fe(III) absorption in
FeF20TPP. This observation is consistent with previously
reported porphyrins showing a single broad transition peak for
a number of octahedral and square-pyramidal Fe(III)
compounds.47,56 When a cathodic potential of −0.6 V versus
RHE was applied, the white line shifted by approximately −0.8
eV, as highlighted in Figure 6b. This is accompanied by the
appearance of two clearly defined pre-edge peaks located at
7113.4 and 7116.0 eV (ΔE = 2.6 eV), as shown in Figure 6c.
The shift in the white line indicates the reduction of iron in

FeF20TPP from its original Fe(III) oxidation state toward
Fe(II) (based on the dissimilarity to metallic iron, Figure 6b),
which is consistent with the assignment of the in operando
UV−vis spectra, as shown in Figure 5. Furthermore, the pre-
edge splitting (Figure 6c) under CO2 reduction conditions is
ascribed to the formation of a linear Fe(II)−CO adduct based
on previous studies on model carbonyl iron(II) porphyr-
ins.56−60 Previous spectroscopic reports exhibited two
characteristic peaks at approximately 7112 and 7115 eV (ΔE
≈ 3 eV) in Fe(II) porphyrin in the presence of CO,47,59,60

which are similar to the peak splitting energy difference
measured under the working conditions for CO2 reduction
(Figure 6c). Overall, the in operando spectroscopic results
consistently suggest the presence of a Fe(II)−CO adduct
during the electrocatalytic CO2 reduction reaction. We reason
that the Fe(II) persisted in the cathodic environment because
the participating electron is localized at the ligand rather than
the metal center, as indicated by the CVs in Figure 2. When we
subsequently applied a potential of +0.8 V versus RHE (the
same as the initial OCP), we observed a similar XANES result
to that initially recorded under open-circuit conditions (Figure
S12b). This demonstrates the reversible redox feature of the
FeF20TPP. All things considered, the in operando spectro-
scopic studies show the presence of Fe(II) during the
electrocatalytic CO2 reduction conditions, which most likely
functions as a catalytic site that accommodates CO as an
Fe(II)−CO adduct. The persisted Fe(II) in molecular
complexes under electrochemical CO2 reduction conditions
resemble that of the atomically dispersed Fe−N4−C based
catalysts.61

Reaction Mechanism Detailed by First-Principle
Calculations. To gain better understandings and insights
into the electrocatalytic CO2 reduction with iron porphyrin, we
performed DFT calculations to probe the possible reaction
mechanism. From the experimental results, we have observed
that the onset potential of FeF20TPP/CNT-CF catalyzing the
electroreduction of CO2 is around −0.5 V versus RHE, as
shown in Figures 2a and 5a, which reasonably matches the
calculated 1e reduction potential of Fe(II)/“Fe(I)” pair, as
listed in Table 1. Conversely, the reduction potential of the
“Fe(I)”/“Fe(0)” pair (−0.95 V vs RHE) deviates from the
experimental onset potential by more than the typical accuracy
of DFT for predicting redox potentials (0.2−0.3 V).62,63 The
experimental and predicted redox potentials indicate that the
catalytic cycle begins with the reduction of [Fe(II)F20(TPP)]
to [Fe(II)F20(TPP

•)]−, followed by the formation of [Fe(II)-
F20(TPP

•)COO]− species upon the addition of CO2, as shown
in Figure 7 (for a definition of the electronic state of the
various species, see Table S4; for the spin density distributions
of all open-shell intermediates involved in the catalytic cycle,
see Figure S13). The binding of CO2 is endergonic by 11.3 and
17.1 kcal mol−1 for FeTPP and FeF20TPP, respectively. The
latter has weaker binding due to the electron-deficient nature
of the Fe atom, although it is compensated with significantly
more positive reduction potential, which triggers the reaction
at less negative potentials. Within single-electron transfer (ET)
or proton transfer (PT) steps, the reaction can proceed to as
either 1e reduction of [Fe(II)F20(TPP

•)COO]− to [Fe(II)-
F20(TPP

••)COO]2−, with the added electron going to the
F20TPP ligand, or its protonation to [Fe(II)F20(TPP

•)-
COOH]. The reduction potential of the [Fe(II)F20(TPP

•)-
COO]−/[Fe(II)F20(TPP

••)COO]2− pair (Figure 7) and the
pKa of the carboxylic acid [Fe(I)F20(TPP)COOH], as

Figure 6. In operando XAS of FeF20TPP. (a) Normalized Fe K-edge
XANES spectra of FeF20TPP/CNT-CF deposited on the carbon
paper, recorded at OCP and −0.6 V vs RHE in CO2-saturated
aqueous electrolyte of 0.5 M NaHCO3 at pH 7.2. The spectra at the
white-line rising edge and the pre-edge are magnified in panels (b,c),
respectively.
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discussed below, can indicate the selectivity for stepwise ET or
PT, respectively. The possibility of having a concerted PCET
step will be discussed.
To compute the pKa of [Fe(II)F20(TPP

•)COOH], we used
the isodesmic proton−exchange reaction scheme42 (see
Supporting Information, Section S3 for full details). The
predicted pKa = 0.7 is smaller than the operative pH = 7.2,
suggesting minimal protonation of [Fe(II)F20(TPP

•)COO]−.
On the other hand, the E0 value of −0.88 V versus RHE for the
[Fe(II)F20(TPP

•)COO]−/[Fe(II)F20 (TPP••)COO]2− pair
can be reduced to −0.64 V versus RHE by inclusion of one
explicit water molecule in solution stabilizing the [Fe(II)-
F20(TPP

•)COO]− and [Fe(II)F20(TPP
••)COO]2− adducts

(see Supporting Information, Section S10 for details). This
value is only 0.1 V away from the experimental onset potential
of −0.5 V versus RHE, which suggests that the reaction more
likely starts with an ET step rather than a PT step. If the
reaction starts with an ET step, then the resulting [Fe(II)-
F20(TPP

••)COO]2− adduct preferentially follows a subsequent
PT to [Fe(II)F20(TPP

••)COOH]−. The reason is that the
reduction potential associated with another ET process to
[Fe(II)F20(TPP

••)COO]3− is −1.41 V versus RHE, which is
far more negative than the potential applied experimentally
(ranging from −0.4 to −0.8 V versus RHE).
On the other hand, in the pathway starting with a PT, the

generated [Fe(II)F20(TPP
•)COOH] intermediate should

undergo 1e reduction to give [Fe(II)F20(TPP
••)COOH]−,

with an E0 of 0.04 V versus RHE. In contrast, another PT
yields the highly unstable cationic carbonyl complex [Fe(II)-
F20(TPP

•)CO]+ located at 78.1 kcal mol−1. This contradicts
the experiment enabling the isolation of an Fe(II)−CO adduct.
Thus, we conclude that the first two steps converge to the
formation of the anionic carboxylic acid [Fe(II)F20(TPP

••)-
COOH]− as the key species in the entire catalytic cycle since it
is produced by all possible sequential pathways. As a final
remark, a concerted PCET event could convert [Fe(II)-

F20(TPP
•)COO]− into [Fe(II)F20(TPP

••) COOH]− in a
single step. However, considering that the sequence of ET then
PT is quite viable under potentials ≤ −0.4 V versus RHE, it
can be hypothesized that PCET is not operative.64−66

Starting from the key [Fe(II)F20(TPP
••)COOH]− species, a

subsequent ET is not likely because it corresponds to an E0 of
−1.11 V, which is at far more negative potentials than
experimentally applied range of −0.4 to −0.8 V. Therefore,
[Fe(II)F20(TPP

••)COOH]− evolves by PT to form the stable
[Fe(II)F20(TPP

••)CO] intermediate, which corresponds to a
slightly endergonic process. The dissociation of CO from
[Fe(II)F20(TPP

••)CO] is an endergonic process by 9.9 kcal
mol−1, which is achievable at room temperature. The catalytic
cycle is closed by reduction of [Fe(II)F20(TPP)] to [Fe(II)-
F20(TPP

•)]−, as mentioned earlier. Overall, the electrocatalytic
reduction of CO2 with the FeF20TPP catalyst starting from the
[Fe(II)F20(TPP

•)COO]− intermediate is governed by a
sequence of ET, PT, PT, and ET processes. The ET is
important for the electrocatalytic reduction of CO2, promoting
the reaction on FeF20TPP over FeTPP and in full agreement
with the experimental results.

■ CONCLUSIONS

This study elucidated the active site and reaction mechanism
of immobilized FeF20TPP for the electrocatalytic CO2
reduction reaction through a combination of experimental
operando spectroscopies and theoretical DFT calculations.
The FeF20TPP electrodes exhibited 95% FECO at −0.5 V
versus RHE in a CO2-saturated aqueous solution of 0.5 M
NaHCO3 at pH 7.2. The fluorine substituents in the porphyrin
structure mainly induced the positive shift of standard
potentials for the redox events compared to that of its
hydrogen counterpart due to the electron-withdrawing nature
of the fluorine. The Fe(III) state at an open-circuit condition
was first reduced into Fe(II) states, and the subsequent
reduction did not lead to the reduction of the metal center but

Figure 7. DFT-calculated catalytic cycle for electrocatalytic CO2 reduction by FeF20TPP and FeTPP (values in parentheses). The associated
oxidation states and electron distributions are explained in the text. Free energies are given in kcal mol−1, and redox potentials are given in volts (V
vs RHE). The blue box indicates the intermediate captured by in operando XAS. The green pathway stands for the most likely reaction path.
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to the electron localization at the ligand. In operando XANES
and UV−vis spectra indicated the reduction of Fe(III) to the
Fe(II)−CO adduct as the predominant molecular species,
which persisted at the steady-state CO2 reduction conditions,
fully consistent with the DFT calculation data. Ultimately, the
evidence given by this study represent a milestone for the
rational design of immobilized molecular electrocatalysts for
CO2 electrocatalytic reduction.
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