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Herein we studied visible-light-driven CO, reduction using a series of
tetra-phenylporphyrin iron catalysts and inexpensive anthraquinone
dyes. Varying the functional groups on the phenyl moieties of the
catalysts significantly enhances the photocatalytic activity, achieving
an optimal turnover number (TON) of 10476 and a selectivity of
100% in the noble-metal-free systems. The highest activity found in a
bromo-substituted catalyst is attributed to favorable electron trans-
fer from the photosensitizer to the iron porphyrin.

The development of artificial photosynthetic systems for con-
verting solar energy into renewable chemicals is one of the
long-standing goals in chemical society." Photocatalytic
reduction of CO, into value-added chemicals is a promising
avenue for both utilizing sunlight and closing the anthropo-
genic carbon cycle.” Over the past few decades, significant
advancements have been made in homogeneous photocatalytic
CO, reduction. However, the majority of these systems have pre-
dominantly employed complexes with precious metals (such as Ru,
Ir, and Re) as either photosensitizers or catalysts.?> The development
of photocatalytic systems with high activity and selectivity using
abundant elements poses a significant challenge, yet it is crucial for
advancing photocatalytic CO, reduction technologies.*

Recently, a series of non-noble metal complexes have been
reported as active catalysts in noble-metal-free systems for
photocatalytic CO, reduction.’ For instance, a cobalt quaterpyr-
idine complex was shown to catalyze CO, to CO with a high
turnover number (TON) of 19 000 using an organic triazatrian-
gulenium salt as the photosensitizer (PS).>* Pyridinethiolate
Ni(u) complexes have shown high activity in converting CO, to
HCOOH."” This system achieved a TONy; of 14 000 in 10 h when
using eosin Y as the organic PS. Advancements have also been
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made with terpyridine-based iron complexes in conjunction
with 4CzIPN dyes.”* Other molecular catalysts such as Fe,>®¥
Co,°¥" Ni,” or Mn,? have been found to reduce CO, to CO when
employing copper diimine diphosphine PSs, achieving TONs
up to 11 800 under optimal conditions.*”

Iron porphyrin complexes were initially studied as one of the
most efficient classes of molecular electrocatalysts for CO,
reduction to CO.° Later, Robert and Bonin reported that the
iron tetraphenylporphyrin complexes functionalized with tri-
methylammonio groups and Fe2 were also active in photocata-
Iytic systems for reducing CO, to CO and/or CH,4, with TONs
ranging from 79 to 367.% In our laboratory, we found that Fe2
exhibited exceptional activity in photocatalytic CO, reduction,
achieving a TON as high as 21616 when using a copper
purpurin complex or aminoanthraquinone dyes as the PSs.”
A recent study from the Cautsolelos and Charalambidis groups
showed that fluorine and trimethylammonium substituted
porphyrins are highly active for photocatalytic CO, reduction,
achieving up to 5500 TONs.® In this study, to unravel factors
that govern activity for the development of advanced photo-
catalytic systems, we present a systematic structure-function
study using iron porphyrins with different electronic substitu-
ents on the meso-phenyl backbone (Fig. 1). Our results show
that the porphyrin with more electron-withdrawing groups
exhibits higher activity in photocatalytic CO, reduction, sug-
gesting that the reduction steps either from Fe(1) to Fe(0) or
from Fe(1)-CO, to Fe(1)-CO, are rate-limiting in catalysis.

The bromo and methyl substituted porphyrins were synthe-
sized via condensation of the corresponding benzaldehyde and
pyrrole following hydrolysis (ESIt). The methoxy and hydroxy
versions of porphyrins were characterized using nuclear mag-
netic resonance (NMR) spectroscopy (Fig. S1-S4, ESIt) and high-
resolution mass spectrometry (HRMS) (Fig. S7 and S8, ESIt). Iron
porphyrins Fel and Fe3 were prepared from the corresponding
porphyrins and FeCl,-4H,0 in methanol at 50 °C for 48 hours.
The maximum absorption wavelengths for Fel, Fe2, and Fe3
are all located at 416 nm in N,N-dimethylformamide (DMF),

with molar extinction coefficients of 97550 M~ ' cm™?%,
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Fig. 1 Structures of PSs and catalysts in the study.

87370 M~ " em™ ', and 64210 M~ cm™", respectively (Table 1
and Fig. S9-S11, ESIY).

Cyclic voltammograms (CVs) recorded in DMF under N,
(Fig. 2a and Table S1, ESIt) showed that the reduction poten-
tials of the Fe"™™ couples exhibited cathodic shifts in the order
of Fel, Fe2, and Fe3, which is consistent with increasing
electron-donating properties of the porphyrin ligands. However,
their Fe'! and Fe"° redox couples are both at similar potentials
(Fig. 2a). To investigate these complexes for CO, reduction, CVs
were performed in CO,-saturated DMF (Fig. 2b-d). Consistent
with the results reported for Fe2,°” both Fel and Fe3 displayed
significant increase in currents in the presence of CO, at
potentials corresponding to the Fe’* couples, suggesting that
all three iron porphyrins are active catalysts for CO, reduction.
Compared with Fe2, the onset catalytic potential slightly shifts
from —1.44 V to —1.42 V for Fel and to —1.46 V for Fe3 (Table 1
and Fig. S12, ESIt).

To study the activity of iron catalysts in noble-metal-free
photocatalytic systems, we selected two inexpensive anthraquinone
dyes 1-hydroxy-4-{(4-methylphenyljJamino}-9,10-anthraquinone (PS1)
and 1,4-bis[(4-methylphenyl)amino]-9,10-anthraquinone (PS2)
as the PSs (Fig. 1). UV-vis spectroscopy showed that these two
anthraquinones displayed high molar extinction coefficients
(11230 M " ecm ™" for PS1 and 16550 M~ " cm ™" for PS2) at the
visible region (Fig. S13 and S14, ESIt). In addition, CVs of PS1
and PS2 both exhibited reversible reduction waves at —0.733 V
and —0.885 V, respectively (Fig. S19, ESIt). Although 1-amino-2-
bromo-4-hydroxy-9,10-anthraquinone has been reported by our
laboratory as one of the most active organic dyes for CO,
reduction, it is over 3900 times more expensive (based on
Sigma Aldrich prices in 2024) compared with PS1 and PS2.
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Fig. 2 (a) Cyclic voltammograms of 1.0 mM Fel (black), Fe2 (red) and Fe3
(blue) in 5 mL DMF containing 0.1 M TBAPF¢ under Ny; (b), (c), and (d) 1 mM
catalyst under N5 (black) and CO; (red).

Photocatalytic CO, reduction was conducted in CO,-
saturated DMF (5 mL) containing the anthraquinone PS, iron
porphyrin catalyst, and 1,3-dimethyl-2-phenyl benzimidazoline
(BIH) as the sacrificial reductant, under irradiation by a blue
light-emitting diode (LED). The use of blue LEDs in our study
was based on the absorption spectra of the reduced anthraqui-
nones observed in our previous study.”” Gas chromatography
was used to monitor the gaseous products generated from the
systems. In our experiments, no H, was observed throughout
the catalytic process and the selectivity for the reduction of CO,
to CO reached 100%.

Optimization of the photocatalytic system was achieved
by varying the concentration of each component. With fixed
concentrations of BIH (30 mM) and Fel (1 pM), increasing
the concentration of PS1 led to a higher overall yield of CO
(Fig. S20, ESIT). However, no further increase in activity was
observed when the [PS1] exceeded 0.2 mM. When the [PS1] and
[Fe1] were fixed at 0.2 mM and 1.0 uM, respectively, altering the
[BIH] showed increase in activity up to 30 mM (Fig. S21, ESI¥).

Under the optimal conditions (0.2 mM PS1, 1 uM Fe, and
30 mM BIH), the system’s activity followed an order of Fel >
Fe2 > Fe3 (Fig. 3a and Table 1). When using PS1, the amounts
of CO produced after 10 hours of illumination were 50.3 pmol
(for Fe1), 25.6 pmol (for Fe2), and 21.5 pmol (for Fe3), corres-
ponding to TONs (vs. Fe) of 10 052, 5115, and 4305, respectively.
When employing Fel as a catalyst, PS1 exhibited higher activity
for the photocatalytic reduction of CO, to CO compared with

Table 1 Photophysical, electrochemical, and photocatalytic CO, reduction of catalyst

Cat Jmax abs/mm (e M~ em ™) Onset catalytic potential (V vs. SCE)* co? (umol), CO° (umol), TON,® TON,° @?

Fel 97 550 —1.42 50.3 25.6 10052 5112 0.95%
Fe2 87370 —1.44 25.6 17.6 5115 3519 0.63%
Fe3 64210 —1.46 21.5 16.6 4305 3330 0.43%

“ Under CO, atmosphere. ” 1 uM catalyst, 0.2 mM PS1 and 30 mM BIH. ° 1 uM catalyst, 0.2 mM PS2 and 30 mM BIH. TON = n(CO)/n(catalyst).
ds UM catalyst, 0.2 mM PS1 and 30 mM BIH, 4 = 450 nm, ¢ calculated in 2 h.
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Fig.3 CO generation in CO,-saturated DMF solutions containing
(@) 30 mM BIH, 1.0 uM catalyst, 0.2 mM PS1; (b) 30 mM BIH, 1.0 uM Fel,
0.2 mM PS1 and PS2 under blue LED.

PS2 (Fig. 3b). Analysis of the electrochemical data for PS1 and
PS2 (Table S2 and Fig. S19, ESIt) shows that the -PhMe group
acts as an electron-donating group while the ~OH group is
electron-withdrawing on AQ. These distinct electronic groups
may create an internal donor-acceptor property by de-
symmetrizing the organic molecule, which facilitates electron-
transfer of the dye.”” Employing Fel as the catalyst, CO quan-
tum yields of 0.95% with PS1 and 0.72% with PS2 were
obtained at a wavelength of 450 nm.

A series of control experiments was conducted to investigate
the nature of the system. The absence of the catalyst, PS, BIH,
or light resulted in no generation of CO (Table S3, ESIT). To
study the source of CO, photolysis experiments performed in an
atmosphere of **CO, produced exclusively *CO as determined
by GC-MS analysis (Fig. S24, ESIt). Moreover, no CO was
observed from experiments performed under a nitrogen atmo-
sphere (Table S3, entry 8, ESIT). These results thus suggested
that CO originated from the reduction of CO,.

In addition, dynamic light scattering (DLS) and mercury poison-
ing experiments were employed to evaluate the system’s homo-
geneity. DLS results revealed the absence of nanoparticles in both
the pre-catalytic and post-catalytic systems (Fig. S25, ESIf). The
introduction of excess of Hg® to the system showed identical
photocatalytic activity (Fig. S26, ESIt), which ruled out contami-
nants from amalgam-forming metals. These findings suggest that
the photocatalytic system in our study is homogeneous.

To investigate the photochemical mechanism, UV-vis
spectroscopy was utilized. The UV-vis results (Fig. S27 and
S28, ESIt) revealed no spectral change in the photosensitizer
by adding BIH and Fel, which rules out a static quenching
mechanism. The fluorescence lifetimes for PS1 and PS2 were
found to be 1.90 ns and 3.51 ns, respectively (Fig. S29 and S30,
ESIt). Subsequently, the reductive quenching rate constants
(kq) for PS1 and PS2 in the presence of BIH in DMF were
determined to be 8.37 x 10° M~ ' s™' and 1.19 x 10° M~ ' s,
respectively, based on the Stern-Volmer equation (Fig. S31 and
S$32, ESIt). In contrast, the oxidative quenching k4 could not be
obtained due to significant spectral overlap of the Fe catalyst at
both excitation and emission wavelengths (Fig. S33, ESIY),
which has been observed in the literature.® However, the
substantial excess of BIH (over five orders of magnitude than
the catalyst) and the fast reductive quenching k&, both suggest
the photocatalytic pathway follows a reductive quenching
mechanism (Scheme 1). By monitoring the UV-vis spectra of
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Scheme 1 Proposed mechanism for photocatalytic CO, reduction with
iron porphyrins.

PS1 and PS2 during photocatalytic reduction of CO, (Fig. S34
and S35, ESIT), we observed intermediates at ~400 nm, which
were consistent with a 3¢~ /2H" photoproduct PSH,~ (Scheme 1)
previously proposed by our laboratory.””*® This intermediate
has been found to be highly reducing and critical in electron
transfer to the Fe catalyst for CO, reduction.””

The UV-vis spectra of Fel and Fe3 showed fast conversion of
the Fe(m) compound (416 nm) to an Fe(u) species (432 nm)
within one minute, which subsequently transformed into an
Fe(1) species (420 nm) (Fig. 4 and Scheme 1). This Fe(i) species
decreased slowly during the CO, reduction process. These
observations are consistent with the photocatalytic mechanism
previously delineated by Robert et al. when using Fe2 as the
CO, reduction catalyst.””'" However, the identical reduction
processes observed for both Fel and Fe3 suggest that these
steps (from Fe*' to Fe') are not rate-determining in photocata-
lysis. As detailed by Robert et al., the production of CO is closely
related to the formation and stability of an Fe(u)CO, adduct
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Fig. 4 UV-vis spectra of systems containing 30 mM BIH, 20 uM PS1,
20 uM Fel (a) or 20 uM Fe3 (b) in DMF under CO,, upon irradiation with
blue LED light.
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(generated from Fe® and CO,).°“'> The -OH groups on the
porphyrin ring enhance the stability of Fe(u)CO, adduct via
internal hydrogen bonding interaction. Further reduction
instead of protonation of the Fe(i)CO, for cleaving the C-O
bond was found to be more favorable in Fe2 than the non-
substituted tetraphenylporphyrin Fe complex."'* Thus, the
reduction steps either from Fe(1) to Fe(0) or from Fe(u)CO, to
Fe(1) could be rate-determining in photocatalytic CO, reduction
(Scheme 1).

The present study showed that the catalytic activity signifi-
cantly depends on the ligand electronic factors: a faster rate in
CO generation was observed with an Fe catalyst having more
electron-withdrawing groups (Table 1). A rationalization of the
observation is that the more electron-withdrawing ligand facil-
itates the reduction of Fe(x) or Fe(u)CO,. Both steps are essential
in generation of the requisite Fe(0) intermediate and in the
cleavage of C-O bond for CO, reduction. Indeed, the onset
catalytic potentials of Fe complexes shift slightly towards more
positive values for the ones with more electron-withdrawing
substituents (Table 1).

In this study, we designed and synthesized two novel iron
porphyrin complexes, Fel and Fe3, which incorporate electron-
withdrawing -Br and electron-donating -Me groups. By employ-
ing cost-effective anthraquinone photosensitizers (PS1 and PS2)
in noble-metal-free systems, we evaluated the activity of these
Fe catalysts in photocatalytic CO, reduction, achieving a high
TON of 10476 in CO production with selectivity reaching 100%.
Importantly, the results reveal that the activity for CO produc-
tion follows the trend of Fel > Fe2 > Fe3, aligning with the
onset catalytic potential of Fe®. This suggests that the
reduction of Fe catalyst especially from Fe(1) to Fe(0) is probably
the rate-determining step in photocatalysis. This work thus
offers new insights for the development of precious metal-free
photocatalytic systems for CO, reduction.
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