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Abstract: Modular optimization of metal-organic frameworks
(MOFs) was realized by incorporation of coordinatively
unsaturated single atoms in a MOF matrix. The newly
developed MOF can selectively capture and photoreduce
CO, with high efficiency under visible-light irradiation.
Mechanistic investigation reveals that the presence of single
Co atoms in the MOF can greatly boost the electron—hole
separation efficiency in porphyrin units. Directional migration
of photogenerated excitons from porphyrin to catalytic Co
centers was witnessed, thereby achieving supply of long-lived
electrons for the reduction of CO, molecules adsorbed on Co
centers. As a direct result, porphyrin MOF comprising atomi-
cally dispersed catalytic centers exhibits significantly enhanced
photocatalytic conversion of CO,, which is equivalent to
a 3.13-fold improvement in CO evolution rate
(200.6 umolg 'h™') and a 5.93-fold enhancement in CH,
generation rate (36.67 umolg'h™') compared to the parent
MOE.

Atomically dispersed catalysts comprising mononuclear
metal complexes or single metal atoms anchored on supports
offer maximum atom efficiency and provide the most ideal
strategy to create highly efficient catalysts.!!| Moreover,
catalysts with atomically dispersed active sites are model
systems that allow understanding of heterogeneous catalysis
at the molecular level, bridging the gap between heteroge-
neous and homogeneous catalysis. However, fabrication of
practical and stable single-atom catalysts remains a significant
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challenge because, single atoms are typically too mobile and
easy to sinter under realistic reaction conditions.”) MOFs—
a class of porous and crystalline materials—provide the most
effective coordination sites to anchor individual metal atoms,
thereby preventing sintering during catalysis.”!

Global energy demands and climate change underpin
broad interest in the sustainable reduction of CO, into value-
added carbon products, such as CO and hydrocarbon fuels.
Photocatalytic reduction of CO, is a highly important route
for solar-to-chemical energy conversion by mimicking the
natural photosynthetic process.!! A great deal of effort has
been devoted to exploring photocatalysts that are capable of
capturing and reducing CO,. However, the photocatalytic
efficiency of currently developed catalysts is far from
satisfactory, largely because of low specific surface area,
confined active sites, and fast recombination of the photo-
generated electron-hole pairs.”] Photocatalysts are excited by
light absorption to generate electron-hole pairs that are then
separated and transferred to different sites for redox reac-
tions. The separation efficiency of the photoinduced charge
carriers and the highly directional transfer of excitons, play an
important role in the final catalytic activity.®! Increasing the
CO, adsorption ability of photocatalysts is an effective
strategy to improve CO, conversion efficiency, as electron
transfer from the catalytically active sites of the photocata-
lysts to CO, largely relies on intimate and stable binding
interactions with CO, molecules. Nevertheless, investigation
of photocatalytic CO, reduction using MOFs or MOF-based
composites is still at an early stage. Low charge separation
and energy transfer efficiency, as well as inconsistencies
between catalytic and adsorption sites, are main drawbacks to
visible-light-driven CO, reduction.”!

Bearing these aspects in mind, and motivated by the fact
that exciton migration in natural photosynthesis primarily
occurs in highly ordered porphyrin-like pigments, we consid-
ered that equally ordered porphyrin-based MOFs might
exhibit similar behavior, thereby facilitating antenna-like
light-harvesting, and positioning such materials for use in
solar energy conversion schemes.'! MOF-525, formulated
as ZrsO,(OH),(TCPP-H,); [TCPP=444"4"-(porphyrin-
5,10,15,20-tetrayl) tetrabenzoate], which integrates Zr, clus-
ters and porphyrin-based molecular units into a 3D network,
was selected as a MOF matrix for its excellent performance in
CO, capture and visible-light utilization.®"! Coordinatively
unsaturated Co sites were incorporated into the porphyrin
units to generate a new composite, MOF-525-Co, in which
each active site is guaranteed simultaneous exposure to
molecular CO, and can avoid aggregation of active sites
(Figure 1a; Supporting Information, Figure S1). Introduction
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Figure 1. a) View of the 3D network of MOF-525-Co featuring a highly
porous framework and incorporated active sites. b) Fourier transform
magnitudes of the experimental Co K-edge EXAFS spectra of samples
(not corrected for phase shift). Key: Co foil (blue), Co@C (orange),
MOF-525-Co (green). c) Wavelet transform for the k’-weighted EXAFS
signal of MOF-525-Co, based on Morlet wavelets with optimum
resolution at the first (lower panel) and higher (upper panel) coordina-
tion shells. Vertical dashed lines denoting the k-space positions of the
Co-N and Co-Co contributions are provided to guide the eye. d) Com-
parison between the Co K-edge XANES experimental spectrum
(orange) of MOF-525-Co and the theoretical spectrum calculated with
the depicted structure. For clarity, the non-convoluted theoretical
spectrum is also shown. e) UV/Vis spectra of MOF-525 (green), MOF-
525-Co (purple), and MOF-525-Zn (orange).

of unsaturated Co sites generates efficient catalytically active
sites and also enhances CO, adsorption over the open sites of
Co porphyrins, thus realizing the activation of molecular
CO,.[*! Furthermore, directional energy migration within the
MOF is greatly facilitated with the introduction of Co sites,
which substantially suppress electron-hole recombination in
the MOF, and supply long-lived electrons for the reduction of
CO, molecules adsorbed on the MOE.[®

Successful synthesis of MOF-525-Co was confirmed by
the XRD pattern collected at room temperature, as well as by
the color change of the samples (Supporting Information,
Figures S2 and S3). To confirm the local coordination
environment of the Co atom upon insertion within the
framework, the Co K-edge extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near-edge structure
(XANES) spectroscopies were investigated.”! The EXAFS
Fourier transforms (FTs) and wavelet transforms (WTs) are
shown in Figure 1b,c. Assignment of the signals from 1.0 to
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5.0 A to either Co-N(C) or Co-Co interactions is based on
a detailed WT-EXAFS wavelet transform analysis (Support-
ing Information, Figures S4 and S5). For MOF-525-Co, a WT
intensity maximum near 6.0 A~' associated with a shoulder
around 9.0 A" is well-resolved at 1.0-5.0 A (Figure 1c); this
can be assigned to the Co—N bond. In comparison, a WT
intensity maximum at 7.5 A corresponding to the Co—Co
bond is not detected in MOF-525-Co, indicating that almost
all Co atoms exists as mononuclear centers."” EXAFS curve
fitting analysis reveals that the coordination number of the
nearest-neighbor N atoms surrounding the isolated Co atom
is 3.9 at 1.95A (Supporting Information, Figure S5 and
Table S1), further confirming the square-planar configuration
of Co in the newly developed MOF and the presence of
unsaturated active sites for catalytic reaction (Supporting
Information, Figure S6 and Table S1). The high sensitivity of
the 3D arrangement of atoms around the photoabsorber
required application of XANES to better identify the newly
developed MOF. Figure S7 (Supporting Information) reveals
that the overall profile of the Co K-edge XANES spectrum of
MOF-525-Co is drastically different from that of metallic Co,
which suggests the existence of Co-N species. The square-
planar configuration of a Co center with high D,, symmetry
was further qualitatively confirmed by the strong character-
istic pre-edge peak at 7715 eV arising from a 1s—4p, shake-
down transition.'” Moreover, we carried out XANES simu-
lation of the CoN,C, moiety, which was built by situating a Co
atom at the center of a porphyrinic unit within the crystal
structure obtained by XRD Rietveld refinement. As shown in
Figure 1d, the seven features (denoted a—g) of the exper-
imental XANES spectrum for MOF-525-Co are all satisfac-
torily reproduced, thus fully corroborating the unsaturated
nature of single atoms implanted in MOF-525-Co.

Metallization of Zn in the MOF (MOF-525-Zn) was
developed as a reference compound by a similar strategy.
UV/Vis spectra indicated that MOF-525, MOF-525-Co, and
MOF-525-Zn, were excellent photon absorbers from 200 to
800 nm (Figure 1¢e). MOF-525 displays a strong S band and
four Q bands, which are characteristic for the porphyrin
family (Supporting Information, Figure S8). After metalation
of the porphyrin ring with Co and Zn, the four Q bands
become two because of the higher symmetry of the porphyrin
unit in MOF-525-Zn and MOF-525-Co.""l These results,
combined with the Fourier transform infrared spectroscopy
(FTIR) and inductively coupled plasma (ICP) elemental
analysis, confirmed the successful incorporation of Zn and Co
into the framework (Supporting Information, Table S2,
Figures S9 and S12). These facts were further supported by
XPS survey spectra; the free base porphyrin in MOF-525
contains two chemically different types of nitrogen atoms,
(=N— and —NH), while MOF-525-Zn and MOF-525-Co
produced single signals for Co—N or Zn—N bonding, respec-
tively, in the asymmetric N 1s XPS spectra (Supporting
Information, Figure S10).""! Signals in the Co 2p and Zn 2p
XPS spectra also indicated the introduction of these compo-
nents into the framework (Supporting Information,
Figure S11).

To elucidate the effect of metallization over porphyrin-
based MOF, the catalytic behaviors of MOF-525-Co and
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MOF-525-Zn were examined in the photochemical reduction
of CO, and compared with that of MOF-525 (Supporting
Information, Figure S13). The reduction proceeded upon
irradiation with visible light, using triethanolamine (TEOA)
as an electron donor, giving the two-electron reduction
product CO together with the eight-electron reduction
product CH, (Supporting Information, Figures S14-S17). As
shown in Figure2a,b, the generation of CO and CH,
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Figure 2. Time dependent a) CO and b) CH, evolution over MOF-525-
Co (green), MOF-525-Zn (orange), MOF-525 (purple) photocatalysts,
and H¢TCPP ligand (pink). c) Enhancement of production evolution
over MOF-525-Co (green), MOF-525-Zn (orange), and MOF-525-Zn
(purple). d) Production yield of CO (green) and CH, (orange) over
MOF-525-Co photocatalyst as a measure of reproducibility by cycling.
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increased almost linearly with irradiation time. MOF-525-
Co composite showed the highest CO evolution rate of
200.6 umolg 'h ! (yield: 2.42 umol), and a CH, evolution rate
of 36.76 umolg 'h~! (yield: 0.42 umol) under light illumina-
tion for 6 hours; much higher than that of MOF-525-Zn (CO,
111.7 ymolg'h~'; CH,, 11.635 pmolg 'h™') and MOF-525
(CO, 64.02 umolg'h™'; CH,, 6.2 umolg 'h™!; Supporting
Information, Table S3). These results also reveal that MOF-
525-Co is an active catalyst for CO, reduction and is
comparable with previously reported catalysts under similar
conditions (Supporting Information, Table S5).?! As demon-
strated, superior efficiency in CO, conversion was realized by
incorporation of unsaturated single atoms into Zr--porphyrin
MOF: 1) CO, conversion enhancement is more obvious over
MOF-525-Co than that of MOF-525-Zn; 2) compared with
MOF-525, MOF-525-Co displayed 3.13-fold higher photo-
catalytic activity for CO evolution (two-electron reduction
product) and meanwhile produced a 5.93-fold enhancement
in CH, evolution (eight-electron reduction product), which
clearly confirmed that the selectivity of CH, was significantly
improved by metallization of Co (Figure 2c).

Additionally, MOF-525-Co exhibits excellent perfor-
mance stability in recycling tests, and produced a fairly
reproducible photocatalytic activity for all three cycles. When
the experiment was conducted in the absence of
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photocatalysts or light illumination, no detectable products
were formed in the reaction system (Supporting Information,
Figure S21). To further validate the source of the generated
CO and CH, products, an isotopic experiment using *CO, as
substrate was performed under identical photocatalytic
reaction conditions, and the products were analyzed by gas
chromatography and mass spectra. As shown in Figure S22
(Supporting Information), the peak at m/Z =29 and m/Z =17
could be assigned to *CO and “CH,, respectively, indicating
that the carbon source of CO and CH, does indeed originate
from the CO, used.

Consequently, we are in a position to understand the
mechanisms behind the function of the newly developed
structures. CO, adsorption is of vital importance to the final
catalytic result. Volumetric CO, adsorption measurement
reveals increased uptakes after metallization at all pressures
up to 100 kPa (Figure 3 a; Supporting Information, Table S3).
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Figure 3. a) CO, adsorption behaviors for MOF-525 (orange) as well as
MOF-525-Co (purple) and MOF-525-Zn (green) implanted with single
atoms. b) ESR spectra of MOF-525-Co under different conditions.

Key: light and N, (orange), light and CO, (purple), N, (green). c) The
optimized structure for CO, adsorption on a porphyrin—Co unit. d) The
O—C bond length-dependent CO, activation energy barrier.

Key: charged with one electron (orange), neutral state (green).

These results can be interpreted in terms of increase in the
affinity sites for adsorbates after metallization, which should
partly account for the enhanced catalytic capability observed.
In situ FTIR technology is a crucial tool for investigation of
the local interactions between the active sites and molecular
CO,, in which the asymmetric stretching mode of CO, (v;=
2349 cm™') is infrared active and thus serves as a handle for
identifying the nature of the adsorption behavior. As shown in
Figure S23 (Supporting Information), infrared spectra col-
lected from a blank sample in a CO, atmosphere exhibit
a strong peak centered at 2334 cm ™', which is attributed to the
v; band of CO,.""! In the case of MOF-525-Co, the adsorption
of CO, onto the exposed Co" adsorption sites resulted in
a 31 cm™! red shift of the v; band because of the electron
donation from the oxygen lone pairs on CO, to the
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unoccupied Co" orbitals. The enhanced CO, adsorption
activity over MOF-525-Co and MOF-525-Zn, as well as the
insitu FTIR spectra, reveal the strong interaction between
molecular CO, and adsorption sites, and also demonstrate the
integration of the active centers and reagents adsorption sites.
Therefore, enhanced CO, reduction activity can be guaran-
teed with the implantation of metal ions in the porphyrin
moiety.

Taking into account that MOF-525-Co and MOF-525-Zn
have similar surface area and CO, adsorption ability, the
significant difference in the activity enhancement for the two
catalysts should be partially ascribed to the difference in
charge separation efficiencies as a function of donor-acceptor
interaction (Supporting Information, Figure S12). Porphyrin-
containing struts are the primary building blocks used in
MOFs that target solar light harvesting. These porphyrin units
are proven to have exciton propagation capabilities, display-
ing anisotropic energy transport over several tens of struts
from the initially excited strut!® Instantaneous electron
transfer from the porphyrin moiety to the reaction centers
can be monitored by incident-photon-to-current conversion
efficiency (IPCE) characterization. The transient photocur-
rents of the samples were examined during light ON-OFF
cycling at 0.6 V (vs. NHE) as shown in Figure S24 (Supporting
Information). Enhanced efficiency in separating the photo-
generated electron—hole pairs over MOF-525-Co and MOF-
525-Zn is attributed to the energy transfer from porphyrin
units to a lower energy Co or Zn “trap site”. Notably, the
current intensity of MOF-525-Co is much higher than that for
MOF 525-Zn, which partially accounts for the difference in
catalytic activity over these two samples.

Further insight into the electron transfer behavior was
gained by photoluminescent (PL) quenching experiments.
With incorporation of metal ions into the porphyrin ring,
significant quenching of the PL intensities of the porphyrin
emission was observed—especially for porphyrin-Co units—
indicating that the recombination of photoexcited electron—
hole pairs is significantly suppressed and the separation of
electron-hole pairs is efficiently improved (Supporting Infor-
mation, Figure S25). Time-resolved decays for MOF-525-Co
and MOF-525-Zn implanted with metal sites demonstrated
more rapid decay than unmodified MOF-525 (Supporting
Information, Figure S26). Analysis of the curves with a recon-
volution fit supported a triexponential decay model in each
case and revealed a shortening of the amplitude-weighted
average lifetimes from 90.25 (MOF-525) to 68.35 and 34.15 ns
in the presence of the acceptor molecules in MOF-525-Zn and
MOF-525-Co, respectively  (Supporting Information,
Table S4). To quantitatively describe the energy transfer
(ET) processes occurring in the photocatalytic process, we
sought an independent measurement of the ET efficiency
(®gr) based on the time-resolved fluorescence decay lifetimes
(Supporting Information, Equation S1).'"¥ The &g, was
determined based on donor lifetimes in the presence and
absence of the acceptor molecules. Compared with MOF-525-
Zn (Ppp=24.9%), a relatively larger @pp (Ppr=62.1% ) was
observed for MOF-525-Co, which could further account for
the more enhanced catalytic activity in MOF-525-Co
(Supporting Information, Table S3). Thus, directional migra-
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tion of photogenerated excitons from porphyrin to electron
trapping sites was realized by the implantation of catalytic Co
single atoms, achieving supply of long-lived electrons for the
reduction of CO, molecules adsorbed on Co centers.

After clarifying the charge transfer route from the excited
porphyrin to the reaction centers, we turned our attention to
the reaction kinetics over the activation sites. ESR spectros-
copy can provide valuable fingerprinting information about
trapped electrons and interface states in reaction process. For
MOF-525, a g value of 1.9984 was observed at room temper-
ature under nitrogen gas atmosphere, which could be ascribed
to the free radicals produced by the porphyrin-based
ligand.'" With light irradiation, an enhanced ESR signal
with a g value of 1.9984 and a new ESR signal with a g value of
2.0048 were observed, which provided a clue about the
promoted photogeneration of radical pairs in MOF-525 and
the subsequent charge transfer process (Supporting Informa-
tion, Figure S27). According to the literature, the new signal
can be attributed to Zr'™ species formed from the optically
induced hopping of electrons from Zr' to Zr'"' sites in the Zr
oxo-clusters.'™ These studies conclusively demonstrate
charge transfer from porphyrin ligand to Zr oxo-clusters,
without the insertion of additional sites in the MOF matrix.
However, in the case of the MOF-525-Co composite without
irradiation, a strong signal for high-spin state Co" was
observed, accompanied by a signal from the porphyrin unit
(Figure 3b). With visible-light irradiation, the peak intensity
of Co" was greatly weakened, which clearly indicates an
optically induced valence transformation from high-spin state
Co' to Co' in a low-spin state.’*) When CO, was introduced
into the irradiated MOF-525-Co system, the ESR signal
corresponding to Co" was enhanced, implying that some of
the Co' was oxidized back to Co" species during the CO,
photoreduction process.™ This kinetic behavior also indi-
cates that photoexcited electrons are transferred to the Co
center, thereby realizing valence transformation of the Co
center. It is rather interesting that the Zr'"" signal in MOF-525-
Co nearly disappeared under light irradiation. We tentatively
draw the conclusion that the coordination between the
porphyrin ring and Co center most likely leads to effective
shuttering of the electron-transfer channels from the porphy-
rin units to Zr oxo-clusters.

The improved efficiency of charge separation in our
designed hybrid system was clearly demonstrated in the
above discussion (Supporting Information, Figure S28). A
theoretical model was constructed to simulate the reaction
process and examine whether CO, molecules can be activated
well on the coordinately unsaturated Co sites of the MOFs
upon acquisition of photoexcited electrons from the porphy-
rin unit (Figure 3c). The activation of CO, molecules is
attributed to a high concentration of localized electrons in the
near-surface region and a corrugation of the surface that can
trap oxygen atoms from CO and CO, molecules. First-
principles simulations reveal that the addition of electron
charges can greatly improve adsorption of CO, to the active
sites, resulting in a calculated adsorption energy increase from
0.865 to 2.189 eV. The simulated potential energy surfaces,
corresponding to variation of the O—C bond of the CO,
molecules adsorbed on active sites, are plotted in Figure 3d.
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The addition of a one-electron charge barely alters the
activation-energy barrier (EB) for CO,, and substantially
lowers the EB from 4.13 to 3.08 eV. These results clearly
indicate that upon acquisition of photoexcited electrons from
porphyrin units, the coordinatively unsaturated Co centers
become an active catalytic material for the activation of CO,
molecules.

In conclusion, we realized atomic dispersion of active sites
in an extended MOF, thus generating photocatalysts with
higher activity in CO, reduction. Unique structural character-
istics of the developed catalyst include a large surface area
and strong CO, adsorption ability. As demonstrated by an
energy transfer efficiency investigation, as well as first-
principles simulations, photogenerated electrons can be
effectively transferred to the active sites, which not only
facilitates charge separation in the semiconducting MOF but
also supplies energetic electrons to gas molecules adsorbed on
the MOF. After incorporation of active sites, CO, can be
easily captured and subsequently photocatalytically reduced
into CO and CH, with dramatically improved performance in
terms of both activity and CH, selectivity. We anticipate that
this implantation strategy, combined with molecular material
platforms, will be applicable to a broad range of catalytic
applications; particularly those that require solar harvesting
and gaseous compatibility.
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