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Abstract: Photocatalysis is one of the most promising technologies to achieve efficient carbon dioxide
reduction reaction (CO,RR) under mild conditions. Herein, metalloporphyrin-based metal-organic
frameworks (MOFs) with different metal centers, denoted as PCN-222, were utilized as visible-light
photocatalysts for CO, reduction. Due to the combination of the conjugated planar macrocyclic
structures of metalloporphyrins and the stable porous structures of MOFs, all PCN-222 materials
exhibited excellent light-harvesting and CO,-adsorbing abilities. Among the studied MOFs of var-
ied metal centers (M = Pt, Fe, Cu, Zn, Mn), PCN-222(2H&Zn) exhibited the highest photocatalytic
CO;RR performance, with an average CO yield of 3.92 pmol g*1 h~! without any organic solvent
or sacrificial agent. Furthermore, this was three and seven times higher than that of PCN-222(Zn)
(1.36 umol g‘l h~1) and PCN-222(2H) (0.557 pmol g‘1 h~1). The superior photocatalytic activ-
ity of PCN-222(2H&Zn) was attributed to its effective photoexcited electron—hole separation and
transportation compared with other PCN-222(2H&M) materials. The obtained results indicate that
Zn ions in the porphyrin’s center played an important role in the reaction of active sites for the
adsorption—activation of CO,. In addition, PCN-222(2H&Zn) showed the highest CO; selectivity
(almost 100%) and stability. This work provides a clear guide for the design of efficient photocatalysts.

Keywords: metalloporphyrin; metal-organic frameworks; PCN-222; photocatalysis; carbon
dioxide reduction

1. Introduction

Climate change is caused by the gradual increase in atmospheric CO; concentration
and has become a significant global problem, which seriously threatens the Earth’s living
systems [1,2]. However, CO; is also a cheap and easily available green C1 resource. The
efficient conversion of CO, into high-value-added fine chemical materials and energy fuels
(e.g., CO, CH4, HCOOH, and CH30H) not only helps to solve environmental problems
and energy crises but also obeys the sustainable development guidelines [3]. To date,
the main pathways for CO, conversion include thermocatalysis [4], photocatalysis [5],
electrocatalysis [6], and biocatalysis [7]. Among these methods, the photocatalytic CO,
reduction process simulates natural photosynthesis by using solar energy and photocata-
lysts to achieve the catalytic conversion of CO, and HyO. Moreover, photocatalysis exhibits
the following three advantages: (1) unlimited solar energy, (2) mild reaction conditions,
and (3) no secondary pollution [8-10]. These superiorities make it a promising strategy
for CO; reduction. However, the conversion efficiency of photocatalytic CO, reduction
and its selectivity towards target products should be further improved by developing
efficient catalysts.

Porphyrin molecules are conjugated cyclic structures with 7 electrons, leading to the
fluidity of electrons in the molecular rings. Furthermore, the majority of porphyrins and
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their derivatives have obvious optical properties [11-13]. Under light conditions, porphyrin
compounds absorb light excitation to produce electrons. Inspired by photosynthesis, por-
phyrins and their derivatives are usually used as photosensitizers for the photocatalytic
degradation of pollutants [14], hydrogen production [15], carbon dioxide reduction [16],
and so on. Moreover, the porous structure consisting of metalloporphyrin monomer mate-
rials benefits the adsorption and activation of CO, on the surface of porphyrin materials.
However, due to porphyrins being a homogeneous catalyst, they are not conducive to
recovery and cannot be recycled; hence, the self-assembled materials of porphyrins have
attracted wide attention. Recently, metal-organic framework materials (MOFs) have at-
tracted considerable attention as a new type of porous material [17-19]. Taking advantage
of their large specific surface area, regular porous channels, and adjustable pore size,
MOFs are considered promising materials for trapping and storing CO, molecules, as
well as enhancing the stability of catalysts [20-22]. Thus, the well-organized assembly of
metalloporphyrin-based MOFs can effectively modulate the photo-response range and
improve the adsorption—activation ability of CO, during CO, reduction [23,24], which
further enhances the photocatalytic CO, reduction performance. To date, metalloporphyrin-
based MOFs have been used in the photocatalytic reduction of CO, and exhibit significant
photocatalytic activity for this purpose. For example, PCN-222 (no metal) promoted the
photocatalytic conversion of CO, into a formate anion [25]. However, the photocatalytic
reduction of CO, over metalloporphyrin-based MOFs was mainly conducted with TEOA
in CH3CN as a sacrificial agent and solvent, respectively. The harsh reaction conditions
may lead to environmental pollution and high cost. It is worth noting that, in the absence
of any organic solvents and sacrificial agents, only a few catalysts have been reported for
the reduction of CO, in water. In addition, the effect of metals in metalloporphyrin on CO,
reduction activity in water has rarely been examined. Therefore, due to its excellent chemi-
cal stability, Zr-based PCN-222 was selected as a photocatalytic CO, reduction catalyst for
our study, where the effect of various metal ions on porphyrin was investigated.

Herein, the metalloporphyrin-based MOFs, denoted as PCN-222(2H&M) (M = Pt,
Fe, Cu, Zn, and Mn), were prepared via the hydrothermal process. PCN-222 materials
were used as photocatalysts for CO, reduction in water without any organic solvent or
sacrificial agent. The effects of the five central metals of porphyrins on the photocatalytic
reaction were systematically investigated, and their activation centers and mechanisms
were discussed. The photocatalytic tests demonstrated that PCN-222(2H&Zn) showed
the highest CO, conversion into CO among the materials studied. This was attributed to
PCN-222(2H&Zn) exhibiting the most effective photoexcited electron-hole separation and
transportation. Hence, PCN-222(2H&Zn) has broad application prospects in photocatalytic
CO, reduction in the future.

2. Materials and Methods
2.1. Materials

Pyrrole (C4HsN, 99.0%), methyl p-formylbenzoate (CoHgO3, 99.0%), and propionic
acid (C3H40,, 99.0%) were purchased from DAMAS-Beta. Zinc (II) acetate dihydrate
(Zn(CH3COO0),-2H,0, 98%), copper (II) acetate monohydrate ((CH3COO),Cu-H,0O, 98%),
manganese acetate tetrahydrate (II) (CH3COO),Mn-4H;0, 99%), iron (II) chloride tetrahy-
drate (FeCl,-4H,0, 98%), platinum (II) dichloride (PtCl,, 98%), zirconium (IV) chloride
(ZrCly, 98%), and formic acid (HCOOH, 98%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). All reagents were analytically pure and used without
any further purification, except for pyrrole.

2.2. Synthesis of PCN-222(2H), PCN-222(Zn), and PCN-222(2H&M)
meso-Tetra(4-carboxyphenyl)porphine (H,TCPP) and M(Pt(Il), Fe(III), Cu(Il), Zn(II),
and Mn(II))-meso-tetra(4-carboxyphenyl)porphine (TCPP-M) were synthesized following a

previously described procedure [19,20]. In the synthesis of PCN-222(2H), 42 mg zirconium
tetra-chloride (ZrCly) was added to N,N-dimethylformamide (DMF, 20 mL) and stirred
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for 30 min. Then, 60 mg HyTCPP (0.04 mmol) was added to the solution. After 10 min of
stirring, formic acid (5 mL) was added. The solution was heated to 120 °C for 16 hin a
100 mL thick-walled pressure-resistant flask. After cooling to room temperature, the
generated precipitate was collected by centrifugation, washed repeatedly using DMF and
acetone, and dried under vacuum at 80 °C.

The synthesis of PCN-222(Zn) was performed under the same conditions except that
64.8 mg TCPP-Zn (0.08 mmol) was added.

The synthesis of PCN-222(2H&M) was performed under the same conditions except
that H,TCPP (0.04 mmol) and TCPP-M (0.04 mmol) were added.

2.3. Characterizations

Powder X-ray diffraction (PXRD) was performed using a Rigaku D/Max-2400/PC
with diffraction angles from 2° to 30°. Fourier transform infrared (FT-IR) spectra were
recorded using a Nicolet NEXUS 670 spectrometer (United States Thermo Fisher Scientific).
The morphologies of the obtained MOFs were characterized using a Hitachi S-4700 Field
Emission scanning electron microscope (SEM) with Energy-dispersive X-ray (EDX) spec-
trometer. The Quantachrome Autosorb-iQ automated gas adsorption system was used
to detect N adsorption/desorption isotherms and BET-specific surface area. Thermal
gravimetric analysis (TGA) was carried out using a NETZSCH STA 449 instrument at a
heating rate of 10 °C min~! under an air atmosphere. Ultraviolet-visible (UV-vis) absorp-
tion was tested using a Cary 5000 UV-vis-NIR spectrometer with BaSO, as a standard
reference. The isotope-labeled experiment was conducted using 3CO, instead of 2CO,,
and the products were analyzed by gas chromatography—mass spectrometry (7890A and
5975C, Agilent). CO, TPD measurements were carried out using a quantachrome autosorb-
iQ-C chemisorption analyzer with a thermal conductivity detector. Photoluminescence
(PL) was detected using a fluorescence lifetime spectrometer (FLS980-D252-STM). Elec-
tron paramagnetic resonance (EPR) spectra were obtained using a JEOL JES-FA200 ESR
spectrometer at 77 K.

2.4. Photoelectrochemical Performance

The photoelectrochemical performance measurements were performed using a
CHI660E electrochemical workstation. The electrochemical impedance spectroscopy (EIS)
was performed using carbon cloth as the working electrode, Ag/AgCl as the reference
electrode, and platinum electrode as the counter electrode. A 0.1 M KCI solution containing
5 mM Fe(CN)y3~ was used as the electrolyte. The Mott-Schottky (M-S) curve test was
conducted using the glassy carbon electrode as the working electrode, Ag/AgCl as the
reference electrode, platinum plate as the counter electrode, and 0.5 M sodium sulfate
solution as the electrolyte. In the case of the photocurrent test, FOT acted as the working
electrode, Ag/AgCl as the reference electrode, platinum plate as the counter electrode, and
0.5 M sodium sulfate solution as the electrolyte.

2.5. Photocatalytic Activity

The photocatalytic CO, reduction was carried out using the all-glass automates’ on-
line trace gas analysis system (Beijing Perfectlight Technology Co., Ltd. (Beijing, China).
Labsolar-6A). After accurately weighing 30 mg catalyst, 50 mL water was measured and
added to the all-glass reactor. After connecting the reactor to the system, the circulating
cooling water pump system was automatically started, the reactor was sealed, the vacuum
pump was started, and high-purity CO, gas was introduced into the reactor, while the
pressure inside was maintained at 80 KPa. To reduce experimental error and ensure that
the CO,-filled air was completely removed from the reactor, this step was repeated three
times. The photocatalytic activity of the prepared samples was evaluated by CO, reduction
in simulated sunlight, using a 300 W xenon lamp (Beijing Perfectlight Technology Co., Ltd.
(Beijing, China). PLS-SXE300D) as the all-light source.
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3. Results and Discussion
3.1. Characterization of Catalysts

The crystal structures of all prepared PCN-222 materials were investigated using
PXRD. As shown in Figure 1a, the Bragg diffraction peaks of the above samples at 20 = 2.4,
49,6.6,7.1, and 9.9° represented their (100), (200), (2-11), (201), and (4-21) crystal facets,
respectively. This was consistent with the simulated patterns of PCN-222 [26,27]. The
results show that the crystal structure of PCN-222 was fully preserved and well-defined
during the formation of PCN-222(2H&M). FI-IR spectroscopy of all PCN-222 materials is
shown in Figure 1b. The peaks at 475 cm ™! were attributed to Zr-O stretch, indicating the
coordination between -COOH and Zr#** of PCN-222 [28]. Compared with PCN-222(2H), all
PCN-222(2H&M) materials exhibited a new peak at ca. 1000 cm ™!, which was attributed
to the strong M-N bond stretch of metalloporphyrin [27,29-31]. The surface morpholo-
gies of PCN-222 materials were observed by SEM, which exhibited rodlike structures
(Figure 1c-h). Importantly, PCN-222(Zn) showed the smallest nanoscale dimension of
ca. ~75.9 nm compared with that of other PCN-222 materials (PCN-222(2H): 5.78 um,
PCN-222(2H&Pt): 3.73 um, PCN-222(2H&Fe): 94 nm, PCN-222(2H&Cu): 1.25 pm, and
PCN-222(2H&Mn): 121.3 nm). EDX-mapping images showed the uniform distribution
of C, N, O, and Zr in all PCN-222 (Supporting Information, Figure S1). Moreover, the
Pt, Mn, Fe, Cu, and Zn elements were found in the corresponding PCN-222(2H&M)
materials, respectively.
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Figure 1. (a) PXRD patterns, (b) FT-IR spectra of all materials, and (c-h) scanning electron microscopy
(SEM) images of (c) PCN-222(2H), (d) PCN-222(2H&Pt), (e) PCN-222(2H&Fe), (f) PCN-222(2H&Cu),
(g) PCN-222(2H&Zn), and (h) PCN-222(2H&Mn).

The surface chemical composition and valence states of all PCN-222 materials were mea-
sured by XPS. XPS spectra of PCN-222(2H&M) showed the presence of C, O, N, Zr, and various
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metal elements in the porphyrin’s center (Figure 2a). Pt 4f spectrum (Figure 2b) displayed two
peaks at ca. 73.3 eV and 76.4 eV that represented Pt 4f;, and Pt 4f5 /» and indicated the presence
of the oxidation state of Pt(I) of PCN-222(2H&Pt) [32]. As shown in Figure 2c, Fe 2p spectrum
was deconvolved into two peaks at the binding energy of 710.9 eV (Fe 2p3 ;) and 724.1 eV (Fe
2p1/2), existing in PCN-222(2H&Fe) as Fe(Ill) state [33,34]. As shown in Figure 2d, Cu 2p3,, and
Cu 2py /, peaks appeared at ca. 934.9 eV and 954.8 eV. Additionally, the two strong satellite peaks
at 943.0 eV and 963.2 eV were attributed to Cu(Il) state of PCN-222(2H&Cu). The two intense
peaks at 1044.9 eV (Zn 2p1 /») and 1021.7 eV (Zn 2p3,,) were observed in the Zn 2p spectrum
(Figure 2e) and were related to Zn-N in the Zn(II) state of PCN-222(2H&Zn) [35]. Mn 2p spin-
orbit doublet peaks appeared at ca. 653.0 eV (Mn 2p1 ;) and 641.4 eV (Mn 2p3 ;) in Figure 2f,
and the unique satellite peak at 644.7 eV was attributed to Mn(II) of PCN-222(2H&Mn) [36].
Therefore, the above results verify the successful incorporation and valence states of various
metal ions in PCN-222(2H&M).
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Figure 2. (a—f) XPS spectra: (a) survey of PCN-222 materials, (b) Pt 4f of PCN-222(2H&Pt), (c) Fe 2p
of PCN-222(2H&Fe), (d) Cu 2p of PCN-222(2H&Cu), (e) Zn 2p of PCN-222(2H&Zn), and (f) Mn 2p of
PCN-222(2H&Mn).



Processes 2023, 11, 1042

6 of 13

_~
=]
~

- N W s N &
(= — T — A T — A — I —]
I

Quantity Adsorbed (cm3'g" STP)
(—]

In Figure 3a, PCN-222(2H) and PCN-222(2H&M) exhibited type IV adsorption/ des-
orption isotherms with obvious hysteresis loops at the relative pressure from 0.4 to 1.0 in
the desorption branches. Based on the Brunauer-Emmett-Teller (BET) method, the specific
surface area (SSA) of PCN-222(2H) was 1553 m? g~ !, and the SSAs of PCN-222(2H&Pt),
PCN-222(2H&Mn), PCN-222(2H&Fe), PCN-222(2H&Cu), and PCN-222(2H&Zn) were
1126, 1024, 1071, 1249, and 1350 m? g~!, respectively (Supporting Information, Table S1).
Compared with PCN-222(2H), the decrease in SSAs of PCN-222(2H&M) was ascribed
to the introduction of metal sites in the porphyrin’s center [37]. Furthermore, SSA and
the total pore volume (0.85 cm® g~ 1) of PCN-222(2H&Zn) were the highest among the
other PCN-222(2H&M) materials. In addition, the pore size distribution of PCN-222(2H)
and PCN-222(2H&M) exhibited hierarchically porous structures (0.5-1 nm and 2—4 nm).
As a result, high SSA and abundant micro/mesopores of PCN-222(2H&Zn) ensured the
exposed active sites of CO, adsorption and promoted the proximity of target reactants to
the active sites, which benefited the photocatalytic reduction of CO; [38]. As shown in
Figure S2 (Supporting Information), under an air atmosphere, the thermal degradation of
PCN-222 materials occurred at ca. 390 °C. The introduction of metal ions did not affect their
thermal stability.

—_
(=3
~'

| —— PCN-222(2H)
—— PCN-222(2H&Pt)
—— PCN-222(2H&Fe)

| —— PCN-222(2H&Cu)
—— PCN-222(2H&Zn)

- —— PCN-222(2H&Mn)

&
'S

Qo o
[11QNUa0a0000TCEE

O
Jannooaaoro e ®

W a1

—OrI000000 AesEsEess |}

a-am mmula N Jij)ﬁ{):l£:|

gaTa el A e
—s—PCN-222(2H)
—s— PCN-222(2H&Pt)
—s— PCN-222(2H&Fe)
—=—PCN-222(2H&Cu)
—a— PCN-222(2H&Zn)

—s— PCN-222(2H&Mn)

Pt
w

0.2

04 06 08 1.0

Incremental Pore Volume (cm”g")
(—]
[\*]

Relative Pressure (P/Po) Pore Width (nm)

Figure 3. (a) Nitrogen adsorption/desorption isotherms of PCN-222 materials at 77 K (adsorption is
marked by filled squares; desorption is marked by empty squares) and (b) pore size distribution of
PCN-222(2H) and PCN-222(2H&M).

The UV-vis spectra of PCN-222(2H) and PCN-222(2H&M) exhibited a broad and
strong absorption band in the region of 200-800 nm, which was consistent with a porphyrin
ligand, making them suitable for photoreduction applications (Figure 4a and Supporting
information, Figure S3). The UV-vis diffuse reflectance spectrum (Figure 4a) shows that
PCN-222(2H&Zn) had an energy bandgap of 1.95 eV by intercepting (Ahv)? and the
tangent to the photon energy. In order to elucidate the semiconductor properties of PCN-
222(2H&M) and the possibility of subsequent CO, photoreduction, Mott-Schottky (M-S)
measurements on PCN-222(2H&M) photoanode were conducted at frequencies of 500, 1000
and 1500 Hz, respectively (Supporting information, Figure S3). The potential position of
PCN-222(2H&Zn) was calculated by M-S curves (Figure 4b). The positive slope indicated
that the rod-shaped PCN-222(2H&Zn) was an n-type semiconductor, and the conduction
band minimum (CBM) was determined from the flat band potential (Eg,). Compared
with Ag/AgCl and normal hydrogen electrode (NHE), the Eg, of PCN-222(2H&Zn) under
pH =7 were ca. —0.53 eV and —0.33 eV, respectively. Due to Eg, generally being ~0.2 V
below the CBM in n-type semiconductors, the CBM of PCN-222(2H&Zn) was —0.53 eV
vs. NHE [39,40]. Furthermore, the valence band maximum (VBM) of PCN-222(2H&Zn)
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was estimated as +1.42 eV vs. NHE in comparison with the band gap. The CBM and VBM
positions of PCN-222(2H) and PCN-222(2H&M) are presented in Figure 4c. It can be found
that the CBM (VBM) positions of all PCN-222 materials were more negative (positive) than
the redox potentials of CO,/CO (O, /H,0). Based on the results of the as-calculated energy
band alignments, PCN-222(2H&Zn) exhibits an ideal thermodynamic driving force and
electron reduction capability for the overall CO; reduction in a HyO medium.
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Figure 4. (a) UV-vis diffusion spectra and Tauc plot of PCN-222(2H&Zn), (b) Mott-Schottky plots of
PCN-222(2H&Zn), and (c) calculated redox potentials of PCN-222(2H) and PCN-222(2H&M).

3.2. Photocatalytic CO;RR Performance of PCN-222 Materials

Photocatalytic CO, reductions using PCN-222(2H&M) as the photocatalysts were
tested in a H,O medium without using any sacrificial agents and photosensitizers. Figure 5a
shows that the average CO yields of PCN-222(2H), PCN-222(2H&Mn), PCN-222(2H&Fe),
PCN-222(2H&Pt), PCN-222(2H&Cu), and PCN-222(2H&Zn) were 0.557, 2.77, 3.41, 3.63,
3.64, and 3.92 pmol g’1 h~1 under light illumination for 5 h, respectively. In addition,
pure PCN-222(Zn) was used as photocatalysts for CO,RR, with an average CO yield of
1.36 umol g~ h~! (Supporting Information, Figure S4a). Additionally, PCN-222(2H&Zn)
with Zn ions at its porphyrin center had the highest photocatalytic CO,RR performance
among other PCN-222(2H&M) materials, which was seven times and three times higher
than that of pure PCN-222(2H) and PCN-222(Zn), respectively. The mass concentration
of Zn measured by ICP was 2.6 wt%, which agreed well with the theoretical value of
~2.7 wt%. Similarly, it was reported that the effect of porphyrins on photocatalytic activity
could be altered by simply altering the degree of metallization [26]. The change in the
porphyrin/metalloporphyrin content ratio not only realized the fine-tuning of the photo-
sensitizer /catalyst ratio but also altered the microenvironment surrounding the active site
and the charge separation efficiency, confirming the design rationality of PCN-222(2H&Zn)
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with both H,TCPP and TCPP-Zn, and it was the main factor related to the higher photocat-
alytic CO;RR performance of PCN-222(2H&Zn) compared with pure PCN-222(2H) and
PCN-222(Zn). In addition, the activity of PCN-222(2H&Zn) in this work was compared
with the literature data (Supporting Information, Table 52). The results show that our
PCN-222(2H&Zn) (3.92 umol g~ h~') had higher photocatalytic CO, reduction to CO
than PCN-222(Cu) (~0. 2 umol g~! h~1) [41] and PCN-224(Cu) (3.717 umol g~ ! h—1) [42].
At the same time, PCN-222 (5.5 umol g~! h~1) [43] displayed higher photocatalytic per-
formance towards the reduction of CO, to CO under water vapor conditions, but the
PCN-222(2H&Zn) photocatalytic reduction of CO, to CO was much more selective than
PCN-222 for reduction. To trace the carbon source of the generated CO, the '3C-isotope
labeling experiment was carried out using 1*COj as the reactant. The closed reactor with
PCN-222(2H&Zn) dispersed was filled with 1*CO,, and the reaction gas was extracted
and analyzed by GC-MS after irradiation. As shown in Figure 5b, m/z =29 and 45 in the
mass spectrum corresponded to 1*CO and 3CO,, respectively, which proved that CO was
derived from CO, photoreduction.

(b)
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Figure 5. (a) The average CO yield of PCN-222(2H), PCN-222(2H&Pt), PCN-222(2H&Fe), PCN-
222(2H&Cu), PCN-222(2H&Zn), and PCN-222(2H&Mn). (b) Mass spectra of 3CO (m/z = 29)
produced over PCN-222(2H&Zn) in the photoreduction of 13CO,.

In order to investigate the stability of PCN-222(2H&M), the PXRD profile (Figure 6a)
was employed to verify the structures of all PCN-222(2H&M) materials, which could
be well-preserved after CO,RR. Figure 6b shows that due to the structural stability of
PCN-222(2H&Zn), the photocatalytic reactions could be recycled 3 times (5 h per time).
Furthermore, three blank tests (without catalysts, without light irradiation, and without
CO, in N atmosphere) were performed, none of which generated the target product
(Figure 6¢), confirming the origin of CO during the CO,RR process. The photocatalytic
CO2RR performance of PCN-222(2H&M) materials was significantly improved via the
introduction of Zn ions into the porphyrin’s center.
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Figure 6. (a) PXRD patterns for PCN-222 materials after photocatalytic reactions, (b) the average CO
yield of PCN-222(2H&Zn) during the 1st, 2nd, and 3rd photocatalytic CO,RR process, respectively;
(c) blank tests of CO,RR under different conditions (A: normal conditions, B: without PCN-
222(2H&Zn), C: without CO; in N, atmosphere, and D: without light).

3.3. Photocatalytic Mechanism Analysis

The photocatalytic activities of various PCN-222 materials were studied using EIS
and PL. EIS curves of all PCN-222 materials are shown in Figure 7a and Figure S4b. It
was found that all PCN-222(2H&Zn) exhibited smaller semicircles at the high-frequency
regime than pure PCN-222(2H), PCN-222(Zn), and other PCN-222(2H&M), demonstrating
that the presence of metal ions in the center of metalloporphyrin ligands significantly
improved the electron transfer kinetics of PCN-222(2H&M). Moreover, EIS curves of PCN-
222(2H&Zn) showed the smallest semicircle diameter compared with the other PCN-
222(2H&M), illustrating the significance of Zn ions for promoting the reduced resistance of
PCN-222(2H&M).
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Figure 7. (a) EIS and (b) solid-state PL spectra excited at A = 350 nm, (c) transient photocurrents of
PCN-222(2H) and PCN-222(2H&M), and (d) EPR of PCN-222(2H&Zn).
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It is known that after the catalyst is photoexcited, photogenerated electrons and
holes are produced, and fluorescence occurs when these electrons and holes are combined.
Hence, the photocatalyst’s electron and hole separation efficiency can be accurately repre-
sented by the fluorescence intensity [37]. According to PL spectra of PCN-222 materials
(Figure 7b and Figure S4c), the presence of metal ions in the center of the metalloporphyrin
ligands decreased their photoluminescence intensities. PCN-222(2H&Zn) exhibited a lower
rate of electron—hole complexation than pure PCN-222(2H), PCN-222(Zn) and other PCN-
222(2H&M) due to the lowest fluorescence intensity of PCN-222(2H&Zn). The photocurrent
responses of all PCN-222 materials are shown in Figure 7c. Compared with other PCN-
222(2H&M) materials, PCN-222(2H&Zn) showed a higher current density, suggesting the
highest electron separation and transport efficiency under light irradiation. Additionally,
the excellent photocatalytic activity of PCN-222(2H&Zn) was attributed to its high separa-
tion efficiency of the photoinduced charges. To further unveil the charge transfer behavior
in CO; photoreduction over PCN-222(2H&M), the electron paramagnetic resonance (EPR)
analysis was performed. To explore the charge transfer behavior during the photocatalytic
CO, reaction over PCN-222(2H&Zn), EPR measurements were conducted. As shown in
Figure 7d, the EPR peak of PCN-222(2H&Zn) at g = 2.002 was attributed to the generation
of Zr(Ill) from Zr(IV), suggesting the charge transfer from organic ligands to Zr clusters in
PCN-222(2H&Zn) [44,45]. In addition, under the condition of an Ar atmosphere, the EPR
peak intensity of PCN-222(2H&Zn) was higher in the presence of light compared with in
darkness, signifying the generation of more Zr(Ill) in light.

Metal sites of MOFs can improve their CO, capture capability and photocatalytic
activity due to the role of active sites toward CO, adsorption [46]. Based on the above
results, we proposed a possible reaction mechanism (Figure 8). TCPP-M linkers in PCN-
222(2H&M) behaved as antennas to absorb visible light, promoting an excited state for
the transfer of electrons to Zr clusters. Then, Zr(IV) in the clusters was reduced to Zr(III),
which reduced CO, to CO. Additionally, the presence of transition metals in porphyrin
ligands improved the efficiency of these reactions, which was consistent with decreased PL
and the EIS intensity of PCN-222(2H&M). Furthermore, the valence transition from Zr(IV)
in Zr-O clusters to Zr(III) was the key factor in the reduction of CO, to CO.

CO

C()z\j

Figure 8. Proposed mechanism for the photocatalytic CO, reduction over PCN-222(2H&M).

4. Conclusions

In this work, the effect of various central metal ions of PCN-222(2H&M) on photo-
catalytic CO; reduction performance was investigated using water as the oxidant under
light-irradiated conditions in the absence of any organic solvent and sacrificial agent. Ac-
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cording to EIS and PL, the introduction of porphyrin-centered metal ions significantly
improved their photocatalytic activity for CO; reduction. Furthermore, PCN-222(2H&Zn)
showed the highest photocatalytic CO,RR performance, with an average CO yield of
3.92 umol g~ h™! in the absence of any organic solvent and sacrificial agent, which was
seven times higher than that of PCN-222(2H) (0.557 pmol g’l h1). Therefore, this work
provides a novel pathway to improve the photocatalytic reduction activity of porphyrin-
based MOFs and further clarifies the role of transition metal ions in porphyrin centers for
effectively reducing electron and hole complexation rates.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr11041042/s1, Figure S1: EDX-mapping images of (a) PCN-
222(2H), (b) PCN-222(2H&Pt), (c) PCN-222(2H&Fe), (d) PCN-222(2H&Cu), (e) PCN-222(2H&Zn) and
(f) PCN-222(2H&MDn), respectively.; Figure S2: TGA curves of PCN-222(2H) and PCN-222(2H&M);
Figure S3: (a) UV-vis diffusion spectra and Tauc plot of PCN-222(2H), (b) Mott-Schottky plots of
PCN-222(2H), (c) UV-vis diffusion spectra and Tauc plot of PCN-222(2H&Pt), (d) Mott-Schottky plots
of PCN-222(2H&Pt), (e) UV-vis diffusion spectra and Tauc plot of PCN-222(2Hé&Fe), (f) Mott-Schottky
plots of PCN-222(2H&Fe), (g) UV-vis diffusion spectra and Tauc plot of PCN-222(2H&Cu), (h) Mott-
Schottky plots of PCN-222(2H&Cu), (i) UV-vis diffusion spectra and Tauc plot of PCN-222(2H&Mn),
and (j) Mott-Schottky plots of PCN-222(2H&Mn); Figure S4: (a) The average CO yield, (b) EIS and
(c) solid-state PL spectra excited at A = 350 nm of PCN-222(2H), PCN-222(2H&Zn) and PCN-222(Zn);
Table S1: Structural characteristics of PCN-222 materials; Table S2: Summary of photocatalytic CO,
reduction performances of porphyrin-based MOFs materials in water or water vapor without the use
of any organic solvent, photosensitizer, and sacrificial reagent.
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