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Porphyrin and its derivatives have been often used for electrochemical and photocatalysis combined with
first-row transition metals for sustainable applications. Cobalt-tetrakis(4-carboxyphenyl)porphyrin (Co-
TCPP) was covalently anchored onto TiO,. Under CO,, H,, and UV-visible light irradiation, Co-TCPP
anchored on TiO, produced CO at a rate of 2.5 umol h™! (using 100 mg of catalyst and UV-visible light
of 118 mW cm™2) when the Co-TCPP content was 2.5 wt %; however, the CO formation rate dropped to
0.3 umol h™! (using 100 mg of catalyst and the same intensity of light). The photoactivity drop to 12 %

Iégy “;otfg:;re duction was solved by removing the hydroxy ligands coordinated to the central Co ions through ethanol treat-

C O; At ment for 5 min of the Co-TCPP-TiO, photocatalysts. This resulted in an increased CO photoformation rate

Porphyrin to 7.3 pmol h™! (using 100 mg of catalyst and the same intensity of light) because the dispersion of the J-

TiO, and/or H-aggregates to the isolated Co-TCPP unit proceeded more with ethanol treatment and under UV-

Reactivation visible light. Conversely, to use ethanol as reductant was not effective because it reduced and deactivated
Co-TCPP.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Photocatalytic conversion of CO, into renewable energy sources
or high value-added compounds using homogeneous or heteroge-
neous catalysts is a feasible solution to simultaneously address
energy shortage and environmental pollution [1-3]. The conversion
of CO, into methane, methanol, and CO, among others, has been
reported using composites of noble metals and semiconductors
[4-6], metal complexes [7], and metal-organic frameworks [8].
Among various catalysts, semiconductors, especially TiO,, have
been extensively studied because of their inexpensive price, stabil-
ity, and superior photooxidation activity, often combined with
noble metal nanoparticles or metal complexes [9].

Metal complexes are usually applied as homogeneous catalysts,
allowing precise control of the catalytic properties. Nevertheless,
they suffer from quick deactivation within a few hours of photore-
action [10,11]. Accurate molecular design of metal complexes and
further appropriate combination with semiconductors enable
higher catalytic activity while keeping the robust structure.
Although various novel metal complex-semiconductor composites
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have been designed and showed high catalytic activities [12-14],
the chemical environment around the active single atom site,
e.g., the coordination around the active site and the adsorption of
reactants, has been rarely studied as well as the time-course mon-
itoring of isotope-labeled '3C productions from '3CO, under UV-
visible light irradiation [4-6].

In this study, detailed active structure of single Co site and the
reactivation were intensively studied as the central problems for
supported/unsupported molecular photocatalysts [1,12-14]. A
cobalt-tetrakis(4-carboxyphenyl)porphyrin (Co-TCPP) complex
and a TiO, semiconductor were combined to prepare a photocata-
lyst that exhibits high activity of reducing CO, to CO. The site coor-
dination and electronic structure of the active Co sites were
monitored via UV-visible absorption spectroscopy and extended
X-ray absorption fine structure (EXAFS), and the intermediate sur-
face species during CO, reduction were monitored via Fourier
transform infrared (FTIR) spectroscopy.

This study mainly evaluated the reaction in Eq. (2) that follows
water photooxidation reaction (Eq. (1)) [4-6,15,16]. The efficient
photoreduction of CO, via Eq. (2) proceeded on a Co-TCPP-TiO,
composite. Overall reaction of Eq. (3) was also tried using water
as reductant. Nevertheless, the rate decreased to 12 % of that using
a fresh photocatalyst after 9 h of photoreaction using H, as already
reported in the literature as a typical weak point of metal-
porphyrin electrochemical catalysts [17-20] and photocatalysts
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[21-25]. To overcome the drawback, photocatalyst reactivation
was attempted and the overall reaction of “artificial photosynthe-
sis” was tested to form CO as indicated in Eq. (3), which is the sum-
mation of Egs. (1) and (2). Assuming a system of constant pressure:

2H,0 — O, + 2H; (or 4H* + 4e™), AH = 483.64 k] mol~!

(1)

CO, + H, (or2H* +2e~) — CO + H,0, A.H = 41.16 k] mol !
(2)

CO, + H,0 — CO + O, + Hy, A:H = 524.80 k] mol~—!

3)

2. Experimental
2.1. Photocatalyst synthesis

4-Formylbenzoic acid (purity > 97 %), pyrrole (purity > 98 %),
cobalt(Il) chloride hexahydrate (CoCl,-6H,0, purity > 98 %), and
N,N-dimethylformamide (DMF, purity > 99.8 %) were purchased
from Sigma-Aldrich, St. Louis, MO, USA. Propionic acid, methanol
(purity > 99.8 %), and ethanol (purity > 99.5 %) were purchased
from Wako Pure Chemical, Japan. TiO, [major anatase phase,
purity > 93.4 %, mean particle size 7.4 nm, specific surface area
(SA) 308 m? g !; JRC-TIO-14, Catalysis Society of Japan (CSJ])] and
TiO, (rutile phase, chemical purity > 99 %, mean particle size
15 nm, specific SA 110 m? g~ '; JRC-TIO-6, CS]) were provided by
Ishihara Sangyo Kaisha, Ltd., Osaka, Japan and Sakai Chemical
Industry Co., Ltd, Japan, respectively. JRC-TIO-14 was mostly used
in this study and JRC-TIO-6 was tested as a reference.

H-TCPP compound was synthesized via a previously reported
procedure [26]. 4-Formylbenzoic acid (6.08 g, 40.5 mmol) was dis-
solved in propionic acid (150 mL), and pyrrole (2.9 mL, 40.5 mmol)
was added dropwise within 20 s. The mixed solution was ultrason-
icated (430 W, 38 kHz) for 10 min and was refluxed at 423 K for
2 h. Then, the solution was added to methanol (200 mL) and stirred
at a rate of 2,000 rotations per minute (rpm) for 30 min at 273 K,
resulting in a dark purple precipitate. The precipitate was filtrated
using a polytetrafluoroethene (PTFE)-based membrane filter (pore
size 0.1 pwm; Omnipore JVWP04700, Millipore, Burlington, MA,
USA) and washed with methanol (200 mL) and deionized water
(100 mL, <0.055 pS cm~! supplied by an RFU424TA system, Advan-
tec, Tokyo, Japan). After drying in vacuum at 353 K for 6 h, H-TCPP
was obtained as a purple powder with a yield of 15 %.

The as-prepared H-TCPP (0.24 g, the molecular weight 790.77,
0.30 mmol) and CoCl,-6H,0 (0.36 g, 1.5 mmol) were dissolved in
DMF (15 mL), followed by ultrasonification for 10 min. Then, the
mixed solution was refluxed at 433 K for 5 h. The red precipitate
was washed with deionized water three times (60 mL each) and
dried in vacuum at 333 K for 5 h. The obtained sample was brick
color powder with a yield of 99.9 % and was denoted as Co-TCPP
(molecular weight 847.69).

TiO, (0.5 g) was suspended in ethanol (60 mL) with stirring at
700 rpm for 10 min. Then, Co-TCPP was added into the suspension
and was kept stirred at 700 rpm for 4 h. The precipitate was filtered
using JVWP04700, washed with ethanol (20 mL), and dried in vac-
uum at 298 K for 3 h. The Co-TCPP content in the composite was
varied at 1.0, 2.5, 5.0, and 7.5 wt %. The filtrate was almost colorless
demonstrating that most of the introduced Co-TCPP was sup-
ported on TiO,. The obtained powder was denoted as Co-TCPP-
TiO,. As the Co-TCPP content in the catalyst was increased, the
color of the catalyst changed from light orange (1.0 wt %), to dark
orange (2.5 wt %), and then finally to deep orange (7.5 wt %).
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H-TCPP (2.5 wt %)-TiO, was prepared using a similar procedure
to that of Co-TCPP-TiO,. Similarly, most of H-TCPP was supported
on TiO; after the filtration and washing. The color of obtained pow-
der was purple.

2.2. Photocatalytic CO, reduction

The composite photocatalyst (0.100 g) was placed in a quartz
photoreactor (bottom plate area 23.8 cm? volume 45.5 mlL)
[1,15,27] connected to a Pyrex glass circulation system
(206.1 mL) and evacuated using rotary and diffusion pumps
(107 Pa). The photocatalyst was treated in vacuum for 1 h. Then,
2.7 kPa of 3CO, (3C 99.0 %, '70 0.1 %, '®0 0.7 %, chemical
purity > 99.9 %; Cambridge Isotope Laboratories, Inc., Tewksbury,
MA, USA) and 20.7 kPa of H, (purity > 99.99 %) were introduced.
The photocatalyst was irradiated with UV-visible light upward
from a 500 W xenon arc lamp (Model OPM2-502; Ushio, Inc.,
Tokyo, Japan). The distance between the light exit and the sample
was 20 mm. The maximum temperature reached under the light
irradiation conditions was 328 K [1,15,27]. The light intensity dis-
tribution of the xenon (Xe) arc lamp on wavelength was measured
using a spectroradiometer (Model USR45DA, Ushio, Inc., Tokyo,
Japan) at a distance of 20 mm from the UV-visible light source,
and the light intensity at the center of the photocatalyst was mea-
sured as 118 mW cm 2. Control photocatalytic tests were per-
formed in a similar way using H-TCPP (2.5 wt %)-TiO,, Co-TCPP,
or TiO, (0.100 g each). A reaction using *CO, (2.7 kPa) and H,0
(1.7 kPa) was also performed under similar conditions.

In-profile kinetic data were collected as a function of the light
excitation wavelength by inserting a sharp-cut filter (thickness
2.5 mm; Hoya, Tokyo, Japan) at the exit of a lamp house. Model
UV32 (wavelength A > 320 nm), U330 (245 nm < / < 386 nm, and
2> 686 nm), and L38 (2 > 380 nm) filters were used to pass light
of specific wavelength. The absorbance of filters was noted in Sup-
plementary materials [S1-S3]. Reactivation of the used photocata-
lysts was tried for Co-TCPP (2.5 wt %)-TiO, that was used for a
photocatalytic test for 48 h under H, (20.7 kPa, 21 h), O,
(9.7 kPa, 21 h), or ethanol (2.7 kPa, 5 min) all under the irradiation
of UV-visible light.

The analytical conditions of online gas chromatography (GC)-
mass spectrometry (MS) measurements were described in detail
elsewhere [4-6]. Briefly, a packed column of 13X-S molecular
sieves (length 3 m, internal diameter 3 mm; GL Sciences, Inc.,
Tokyo, Japan) for the CO, photoreduction tests or polyethene glycol
6000/Flusin P support column (length 3 m, internal diameter
3 mm; GL Sciences, Inc., Tokyo, Japan) for the CO, exchange tests
was applied in GC-MS (Model JMS-Q1050GC, JEOL, Tokyo, Japan)
using helium (purity > 99.99995 %) as the carrier gas.

2.3. Characterizations

UV-visible absorption spectra were obtained in diffuse-re-
flectance (DR) mode for solid samples and in transmission mode
for samples dissolved in ethanol in the wavelength range from
200 to 800 nm using a spectrophotometer (Model V-650; JASCO,
Tokyo, Japan) equipped with D, and halogen lamps of wavelength
below and above 340 nm, respectively, and with an integrated ISV-
469 sphere in DR mode. A formed PTFE plate was used as a refer-
ence in diffuse-reflectance mode, and the data were transformed
into corresponding absorbance spectra using the Kubelka-Munk
function [15,27].

The surface species on the catalysts were monitored using a
single-beam FTIR instrument (Model FT/IR-4200; JASCO, Tokyo,
Japan) equipped with a mercury-cadmium-tellurium-M detector
at a temperature of 77.4 K. A self-supporting disk (diameter
@ = 20 mm) of Co-TCPP (2.5 wt %)-TiO, (10 mg) diluted with
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TiO, (60 mg) was placed in a quartz photoreaction IR cell equipped
with NaCl windows on both sides. The cell was connected to a
Pyrex glass circulation system also connected to GC-MS to enable
simultaneous monitoring of the surface species and products. The
sample disk was treated in vacuum for 1 h before the
measurements.

FTIR measurements were performed at 298 K in a wave number
range of 4000-650 cm™!. The sample (Co-TCPP-TiO, or TiO,) disk
was irradiated with UV-visible light from a 500 W Xe arc lamp via
a Y-shaped quartz fiber light guide (40-cm-long fiber and 80-cm-
long branches, Model 1.25S15-1000F-1Q7-SP-RX; Optel, Tokyo,
Japan). The distance between the fiber light exit and sample disk
was 46 mm. The light intensity at the sample center was 150
mW cm 2 The energy resolution of the spectrometer was
1 cm™!, and the data accumulation included 128 scans (~2 s per
scan). The spectrum of the fresh sample treated in vacuum was
used as a background for subtraction from the spectra during reac-
tion tests.

The binding between Co-TCPP and TiO, was studied using DR
FTIR using KBr pellets. The data were subtracted by the data of
TiO, to elucidate the change in Co-TCPP before and after combined
with TiO,.

Transmission electron microscopy (TEM) was performed using
JEM-2100F (JEOL, Tokyo, Japan) equipped with a field emission
gun (acceleration voltage of 200 kV) at the Center for Analytical
Instrumentation. The samples were mounted on a Cu mesh (250
meshes per inch) coated with carbon and a copolymer film of
poly(vinyl alcohol) and formaldehyde (Formvar, Monsanto, St.
Louis, MO, USA). High-angle annular dark-field scanning TEM and
high-resolution (HR) TEM images were observed. The chemical
compositions and elemental distributions were analyzed using
energy-dispersive spectra with a Si (Li) detector equipped in
JEM-2100F.

Co K-edge X-ray absorption fine structure (XAFS) measure-
ments and the spectral analyses were described in detail elsewhere
[4-6]. In brief, the spectra were measured at 298 K in the transmis-
sion mode at the Photon Factory, High Energy Accelerator Research
Organization (Tsukuba, Japan) on a 9C beamline equipped with a Si
(111) double-crystal monochromator, an Rh-coated focusing bent
cylindrical mirror, and a piezotransducer. The Co K-edge absorp-
tion energy was calibrated at 7709.54 eV [28] using the X-ray spec-
trum of Co metal (thickness 10 pm).

A Co-TCPP (25 wt %)-TiO, (@ = 10 mm, 30 mg) disk was set in a
Pyrex glass reactor equipped with a Kapton film (thickness 50 pm;
Dupont, Wilmington, DE, USA) on both sides for X-ray transmission
using 2.7 kPa of CO,, 20.7 kPa of H,, and UV-visible light from a Xe
arc lamp via branches of a quartz fiber light guide 1.2515-1000F-
1Q7-SP-RX. The samples were irradiated under UV-visible light
on the beamline. The distance between the light exit of the quartz
fiber light guide and the sample was 50 mm. In comparison, a sam-
ple under argon (Ar) was also measured under similar conditions.

The Co K-edge XAFS spectra for Co-TCPP (2.5 wt %)-TiO,
(170 mg) sample in a glass cell equipped with Kapton windows
was measured in fluorescence detection mode using Lytle detector
[29].

The obtained Co K-edge EXAFS data were analyzed using an
XDAP software package [30]. Multiple-shell curve-fit analyses
were performed on the Fourier-filtered angular photoelectron
wave number k>-weighted EXAFS data in k- and interatomic dis-
tance R-space on the basis of the plane-wave approximation for
amplitude A;(k), coordination number N;, backscattering amplitude
fi, Debye-Waller factor a;, and mean free photoelectron path / for
shell i:

Ai(k) =%"i2[fi(k)\exp {72 <0ik2+%)}, i= Co

p (4)
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The empirical parameters were extracted from the EXAFS data
for the Co metal (thickness 10 pm), CoO powder, and the Co-TCPP
powder. The R and N values of the Co-Co interatomic pair in Co
metal (hexagonal closed packed) were set to 0.2502 nm and 12,
respectively [31]. Those values of the Co-O interatomic pair in
CoO powder (cubic) were set to 0.2131 nm and 6, respectively
[32]. Those values of the Co-N interatomic pair in Co-TCPP crystal
were set to 0.196 nm and 4, respectively [13]. The many-body
reduction factor S3 was assumed to be identical for both the sample
and reference.

2.4. Calculations

Density functional theory (DFT) calculations were performed
using Gaussian 09 W [33] through a mixed basis set of lanl2DZ
for the Co metal and 6-31 + G(d) for the other elements (H, C, N,
and O) and the hybrid-GGA functional (U)B3LYP. The most stable
molecular structure and energy of each orbital were obtained on
the basis of structural optimization. The band gap value was eval-
uated on the basis of the difference between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbi-
tal (LUMO).

3. Results and discussion
3.1. Photocatalytic CO, reduction using H,

The photocatalytic tests were performed using Co-TCPP-TiO,
composites, 1>C0,, H,, and UV-visible light irradiation instead of
typical sacrificial reagents, e.g., triethanolamine [7,34]. Among
the Co-TCPP (1.0-7.5 wt %)-TiO, photocatalysts, the maximum
initial >CO formation was obtained using Co-TCPP (2.5 wt %)-Ti
0, at a rate of 17 umol h™! g&t (1.7 pmol h™'; Fig. 1A). For conve-
nience, the value is noted as the rate per catalyst weight. However,
the photocatalytic test conditions were commonly using 100 mg of
catalyst and UV-visible light of 118 mW cm~2. Although the linear-
ity is not always guaranteed between catalyst amount and photo-
catalytic formation rate, especially for catalysis at the interface of
liquid (reactants)-solid (catalyst), we use the unit of umol h™! gt
in this paper based on the linearity between 20 and 100 mg of pho-
tocatalyst (Fig. S1) [15,27]. 2CO was also constantly formed at a
rate of 7.1 pmol h™! gzl (Fig. 1C). The total CO formation rate
was 25 pmol h™! gz}, and '2C ratio in the initially formed CO
was 29 % (entry a in Table 1), suggesting that the preadsorbed
12C0, from the air on the photocatalyst remained and was pho-
toreduced to '2CO. The formed '3CO/'2CO ratio was essentially con-
stant throughout the photocatalytic test (Fig. 1C), while the '2CO,
ratio in gas phase during '>C0O, (0.67 kPa) photoexchange reaction
due to partial decomposition of Co-TCPP was 16 % at the maximum
(Fig. S2, Supplementary materials), and the '2CO, ratio during CO,
(2.7 kPa) photoreduction tests using H, was less. Thus, the prod-
ucts were preferably formed via the '?>CO,-preadsorbed site and
13C0,- and '2C0,-derived species were equilibrated during CO,
photoreduction [4-6].

The '3CO formation rate increased by 9.1 times in Co-TCPP (2.
5 wt %)-TiO, compared with Co-TCPP (1.0 wt %)-TiO, (Fig. 1A,
entries a and b in Table S1), suggesting a synergistic reaction mech-
anism by the combination of Co-TCPP with TiO, surface. Con-
versely, the '>CO formation rate gradually decreased when the
Co-TCPP content increased to >2.5 wt % (Fig. 1A, entries b-e in
Table S1).

The '2CO ratio for all the total CO formations rapidly increased
as the photocatalytic activity decreased (Tables 1 and S1) because
preadsorbed '2CO, from the air preferably adsorbed on the Co-
TCPP active site when the overall photocatalytic CO, reduction rate
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Fig. 1. Time-course formation of photocatalytic (A-F) '*CO and (C-F) '?CO and the
sum of '>CO and '2CO (C-F) during exposure to '>C0O, (2.7 kPa) and H, (20.7 kPa)
using (A) Co-TCPP (1.0, 2.5, 5.0, and 7.5 wt %)-TiO, under UV-visible light; (B) Co-
TCPP (2.5 wt %)-TiO, irradiated under full light and filtered light of 2 > 320 nm;
2 >380 nm; and 245 nm < Z < 386 nm and Z > 686 nm; and (C) Co-TCPP (2.5 wt %)-
TiO, under UV-visible light. (D, E) Co-TCPP (2.5 wt %)-TiO, used for the test in
panel C was treated with ethanol (2.7 kPa) for 5 min and irradiated under UV-
visible light under (D) '3CO, (2.7 kPa) and H, (20.7 kPa) and (E) '3CO, (2.7 kPa). (F)
Time-course formation of photocatalytic '3CO and '2CO and the sum of *CO and
12C0 during exposure to '>CO, (2.7 kPa) and C,HsOH (2.7 kPa) using Co-TCPP
(2.5 wt %)-TiO, under UV-visible light. Photocatalyst amount was 100 mg and the

UV-visible light intensity was 118 mW cm 2.

became slower. In contrast, partial decomposition rate of Co-TCPP
irradiated under UV-visible light should be always constant in 10 h
of reaction (Fig. S2). The maximum of CO formation rate was at
much lower loading of Co-TCPP (2.5 wt %) for clarity compared
to the total area of Co-TCPP molecules (Scheme 1, ~1 nm? per
molecule; 30 wt %) to cover the TiO, surface, clearly neglecting flat
orientation of Co-TCPP to the TiO, surface and suggesting a specific
interaction of Co-TCPP with TiO, and also significant blocking

Table 1
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effects of light by Co-TCPP. The aggregation of porphyrin resulted
in lower photocatalytic activity [35,36].

Next, the dependence on light wavelength was tested for the
most active Co-TCPP (2.5 wt %)-TiO, (Fig. 1B). Under light irradia-
tion of 245 nm < / < 386 nm and 4 > 686 nm, i.e., UV and mostly IR
light, the '>CO formation rate moderately decreased to 64 % of that
under full UV-visible light irradiation (entries a and a’ in Table 1).
The 3CO formation rate under light irradiation of 4 > 320 nm fur-
ther decreased to 22 % of that under full light (entry a* in Table 1).
Then, the '3C formation rate under light irradiation of 2 > 380 nm,
i.e., visible and IR light, decreased to only 6.1 % of that under full
light irradiation (entry a” in Table 1) because the band gap of
anatase-phase TiO, can be excited by light with 1 < 387 nm [16]
and almost all the effective light was filtered (/4 > 380 nm). Hence,
the UV light with 4 < 380 nm was essential to '3CO, photoreduc-
tion using Co-TCPP-TiO, (Scheme 2A). Based on the result and also
the fact that one third of UV light was absorbed in Co-TCPP-TiO,
sample, the quantum yield for the highest '3CO formation rate in
this paper (63 umol h™! gz, Table 2g) was 1.6 % [4,15,16,27].

On the anode of dye-sensitized solar cells, metal complexes
and/or dye molecules provide photoexcited electrons to the con-
duction band (CB) of semiconductors, e.g., TiO,, and the electrons
are transferred to the cathode [34,37]. As the effects of band gap
excitation of TiO, on photocatalytic CO, reduction into CO on pho-
tocatalysis was predominant based on the critical dependence of
CO formation rate on the wavelength of excitation light
(Table 1a, a’, a“, a”), two possibilities existed. One is electron flow
from CB of TiO, into Co-TCPP and subsequent HOMO-LUMO exci-
tation resulted in CO, reduction (Scheme 2A). The excited electrons
in Co-TCPP should be used for photoreduction of CO,, and pho-
toexcited electrons at CB in TiO, compensate the holes in HOMO
of Co-TCPP.

The other possibility is CO, reduction by the electrons from CB
of TiO,, electron flow from LUMO of Co-TCPP to TiO,, hole flow
from valence band (VB) of TiO, to HOMO/HOMO-1 of Co-TCPP,
and H, oxidation at Co-TCPP (Scheme 2A). The second scenario
is difficult to explain the oxygen source at Co-TCPP, critical CO for-
mation rate dependence on the ratio of Co-TCPP (Table S1), and
preferable CO, adsorption on Co site (see 3.6 XAFS section). Thus,
we propose the first scenario. The activation of H, would proceed
via hole injection to hydrogen at the interface between Co-TCPP
and TiO; and the resultant proton combines with hydroxy species
on TiO, (see 3.4 FTIR section; Scheme 2A).

Using H-TCPP (2.5 wt %)-TiO, that is free from Co?* ions, the
13CO formation rate was only 0.022 pmol h™! gzl (entry b in
Table 1), whereas '>CO was not detected above the detection limit
of GC-MS using Co-TCPP or TiO, (entries ¢ and d in Table 1),
demonstrating that the composite of Co-TCPP and TiO, was essen-
tial for the photocatalytic formation of >CO.

Critically, it can be observed from the time-course trend that
there is an initial quick formation of CO and decelerated formation

Initial CO formation rates during the first 5 h of reaction using Co-TCPP (2.5 wt %)-TiO,, H-TCPP (2.5 wt %)-Ti0,, Co-TCPP, and TiO, (100 mg each) under 3CO, (2.7 kPa), H,
(20.7 kPa), H,0 (1.7 kPa), and UV-visible light irradiation. The UV-visible light intensity was 118 mW cm 2.

Entry Catalyst Reactant Irradiated light Formation rate (umol h™! gg.t) 12C0 ratio (mol %)
13co 1200 0, ¥ o

a Co-TCPP (2.5 wt %)-TiO, 1300, and H, UV-visible 17 7.1 - 25 29

a’ 245 nm < 1 < 386 nm, 11 3.6 15 25
2> 686 nm

a“ 2 >320 nm 3.8 1.1 4.8 22

a” 2> 380 nm 1.1 <0.002 1.1 <0.19

a 130, and H,0 UV-visible 18 49 <0.005 6.6 74

b H-TCPP (2.5 wt %)-TiO, 13C0, and H, 0.022 0.82 - 0.84 97

[« Co-TCPP <0.0014 0.38 0.38 >99

d TiO, <0.0014 <0.002 <0.003 -
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(A) Co-tetrakis(4-carboxyphenyl)porphyrin (Co-TCPP)
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Scheme 1. Synthesis, impregnation on TiO,, and transformation under CO,, H,, and UV-visible light of the Co-TCPP-TiO, composites.

of CO at 7-9 h of reaction for all the Co-TCPP-TiO, photocatalysts
(Co-TCPP 1.0-7.5 wt %, Fig. 1A). Using the Co-TCPP (2.5 wt %)-TiO,
photocatalyst, the initial '>CO formation rate of 17 pmol h™' ggt
decreased to 12 % (2.3 umol h~! gct) after 9 h of photoreaction (en-
tries a and b in Table 2) Analogously, the initial '2CO formation
rate of 7.1 pmol h™! gz} decreased to 8.8 % (0.63 pmol h™! g}
after 7 h of photoreaction. We tested the reactivation of used

Co-TCPP (2.5 wt %)-TiO, at the end of this article.
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3.2. Photocatalytic CO, reduction using H,0

CO, photoreduction tests were also performed using Co-TCPP
(2.5 wt %)-TiO, under '3CO,, moisture, and UV-visible light irradi-
ation (Fig. S3A). Good CO formation rate of 6.6 pmol h™! gc! (entry

“" in Table 1) was confirmed as a part of reaction in Eq. (3), and
the rate was lower by 27 % compared with that using '*CO, and
H, (entry a in Table 1, Eq. (2)). Nevertheless, the '2CO ratio was
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Scheme 2. Frontier energy levels for the Co-TCPP-TiO, composites and orbital distribution of LUMO + 1, LUMO, HOMO, and HOMO - 1 [38,39].

Table 2

Initial and deactivated CO formation rates during the first 5 h of reaction using fresh Co-TCPP (2.5 wt %)-TiO, (100 mg) under '>CO, (2.3 kPa), H, (21.7 kPa), and UV-visible light
irradiation (a, b), under '*CO, (2.3 kPa), C;HsOH (2.7 kPa), and UV-visible light irradiation (c, d), and reactivated rates (e-1) under similar conditions to entries a (e-j) and under
13C0, (2.3 kPa) and UV-visible light irradiation (k, 1) after treatment with H, (20.7 kPa; e, f), O, (9.7 kPa; g, h), ethanol (2.7 kPa; i-1), and UV-visible light. The UV-visible light

intensity was 118 mW cm ™2

Entry Test no. Reactants Time-course period Formation rate (pumol h™! gi.}) 120 ratio (mol %)
3co 2co >Co

a First test 13C0, + H, 1-7 h of reaction 17 7.1 25 29

b 15-48 h of reaction 23 0.63 3.0 21

c 13C0, + C,Hs0H 1-3 h of reaction 16 26 42 61

d 3-20 h of reaction 1.5 15 16 90

e Regeneration test (H,) 130, + H, 1-3 h of reaction 23 <0.002 23 <0.085

f 15-48 h of reaction 23 0.044 24 1.8

g Regeneration test (O5) 1-3 h of reaction <0.0014 <0.002 <0.003 -

h 15-48 h of reaction <0.0014 0.018 0.018 >93

i Regeneration test (C;HsOH) 1-3 h of reaction 63 9.8 73 13

j 15-48 h of reaction 18 2.1 21 10

k 3co, 1-6 h of reaction 8.7 33 12 28

1 20-26 h of reaction 4.6 13 5.9 23

higher (74 %) because gas-phase '>CO, was in equilibrium with the
relatively stronger CO, adsorption site on TiO, [4-6] and the partial
photodecomposition of Co-TCPP to form 2CO, was also not negli-
gible (Fig. S2). The activation step(s) was slower using moisture
compared with that using H,. Similar to the time course using
H,, the turning point of the CO formation rate was also observed
at 9 h of reaction (Fig. S3A). Unfortunately, O, was not detected
above the detection limit of GC-MS using Co-TCPP (2.5 wt %)-Ti
0, (Table 1a*"), indicating oxidative product could not be desorbed
from TiO, (anatase phase) surface [16]. One of the plausible reac-
tions was.

CO, + H,0 —CO + OH (surface) (5)

Co-TCPP (2.5 wt %)-TiO, was also prepared using JRC-TIO-6
(rutile phase) and tested for a photocatalytic test using '>CO,
(2.7 kPa) and H,0 (1.7 kPa). In clear contrast to Fig. S3A, CO and
0, were comparably formed (Fig. S3B) owing to the effective des-
orption of O, from rutile-phase TiO, [40,41]. On the other hand,
the photocatalytic rates using Co-TCPP (2.5 wt %)-TiO, (rutile

593

phase) were lower than those using Co-TCPP (2.5 wt %)-TiO, (ana-
tase phase) exclusively used in this paper (Fig. S3), leaving further
catalyst design of Co-TCPP moiety anchored to preferable crys-
talline face of TiO, (anatase phase) in the proximity to preferable
crystalline face of TiO, (rutile phase) in view of effective catalysis
(Scheme 2A).

3.3. UV-visible spectra

Fig. 2 depicts UV-visible absorption spectra for H-TCPP com-
pound and Co-TCPP complex in ethanol measured in transmission
mode (panel A) and for each composite with TiO, measured in DR
mode (panels B, C).

The major peaks centered at 415 and 427 nm in Fig. 2A origi-
nated from electronic transition from a;,(7) to eg*(7) states (Soret
band) of H-TCPP and Co-TCPP, respectively (Scheme 2). The red
peak shift for Co-TCPP compared to H-TCPP was consistent with
the literature [42]. The a;y(m) state is with C4 symmetry and pop-
ulates on the N atoms of pyridine ring and connecting C atoms,
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Fig. 2. UV-visible absorption spectra of (A) H-TCPP and Co-TCPP (1 mg each) dissolved in ethanol (5.6 mL; 0.23 and 0.21 mmol L', respectively). (B) TiO,, H-TCPP
(2.5 wt %)-TiO,, and Co-TCPP (2.5 wt %)-TiO, composites and (C) Co-TCPP (2.5 wt %)-TiO, before and after photoreduction test under '>CO,, H,, and UV-visible light
irradiation. CO formation rates using filtered light (entries a-a” in Table 1) in log scale are also drawn in panel B.

whereas the eg*(m) state is with C; symmetry and populates also on
the N atoms and connecting C atoms on the basis of DFT calcula-
tions (Scheme 2B). The major peaks suggested stacking and aggre-
gation of porphyrin units in which the Co center and N atom of the
next Co-TCPP unit are connected in a head-to-tail fashion [36]
(Scheme 1B) and/or H-aggregation (Scheme 1C) in which the Co
centers are weakly bound and connected in a straight fashion
[34,35,42] for H-TCPP and Co-TCPP.

The shoulder peak (396 and 413 nm, Fig. 2A) was attributed to
each monomer, which is in agreement with the literature assigning
the Soret peaks centered at 417, 427, and 430 nm to monomers, H-
aggregates, and J-aggregates, respectively, for Zn-TPP [35] and the
red shift to the aggregation of monomers for Co-TCPP [36].

The four weaker peaks that appeared at 512, 546, 589, and
646 nm were due to ay,(m) to eg*(m) transitions (Q bands,
Scheme 2) for H-TCPP, whereas the four peaks merged into two
peaks at 539 nm (broad) and 585 nm (weak) for Co-TCPP, suggest-
ing a higher symmetry for the porphyrin ring for Co-TCPP to pre-
serve the degeneracy of the a,,(m) orbital [43]. The a,,(7) state is
with C4 symmetry and populates on the C atoms of pyridine ring,
but not on the N atoms. The peak wavelength at 585 nm indicates
a HOMO-LUMO gap of 2.12 eV.

Upon combination of porphyrins with TiO,, the absorption edge
of TiO, appeared in the UV region between 380 and 330 nm
(Fig. 2B), which is in accordance with the band gap for anatase-
type TiO, (3.2 eV). Interestingly, the UV absorption edge was
according to the plot of the CO formation rates in the CO, photore-
duction tests (green squares in Fig. 2B, and entries a-a” in Table 1),
suggesting the critical role of charge separation of the TiO, band
gap for the photoreduction of CO, into CO.

The Soret band for the H- and J-aggregates of H-TCPP on TiO,
appeared at the same position as that in ethanol (415 nm), but it
was significantly broadened by the interaction with the TiO, sur-
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face (Fig. 2B). The H- and/or J-aggregates were still predominant,
and a minor shoulder peak due to monomers was not well resolved
because of the broadening. By contrast, the Soret band for the H-
and/or J-aggregates of Co-TCPP shifted by + 4 nm, and that for
monomers shifted by — 10 nm (Fig. 2A, B), strongly suggesting
the interaction of Co-TCPP with the TiO, surface [44].

Upon interaction with the TiO, surface, the four Q band posi-
tions of H-TCPP red-shifted by 3-9 nm, and the major Q band for
Co-TCPP shifted by 3 nm. The relative intensity compared with
the Soret band significantly increased (Fig. 2B), suggesting a prefer-
able interaction between the bridging C atoms connected to the
carboxyphenyl group of H-TCPP and Co-TCPP [a;4(7), Scheme 2]
and TiO, surface (edge interaction, Scheme 1D).

The fluorescence signal due to band gap emission was con-
firmed at 376 nm in the emission spectra (Fig. S4), and the major
peak intensity progressively decreased as the Co-TCPP content in
the composite was increased, suggesting the charge transfer from
TiO, to Co-TCPP (Scheme 2A). One-electron and two-electron
reductions to LUMO were also confirmed in the cyclic voltammetry
(CV) of Co-TCPP (Fig. S5).

After the photocatalytic test using Co-TCPP (2.5 wt %)-TiO,
under 3C0,, H,, and UV-visible light irradiation for 48 h, the Soret
band showed a clear change from a peak pattern due to the major
J- and/or H-aggregates (a peak at 431 nm), accompanied with a
smaller shoulder peak due to the Co-TCPP monomer (a shoulder
peak at 403 nm) for the fresh photocatalyst, to a major peak at
412 nm due to the Co-TCPP monomer, accompanied with a weak
shoulder peak due to the J- and/or H-aggregates at 435 nm
(Fig. 2C).

The absorption in UV region apparently decreased after photo-
catalytic test under '3CO,, H,, and UV-visible light (Fig. 2C)
although it critically depended on the measurement conditions of
UV-visible spectra (Fig. 2B). The decrease suggested reductive
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decomposition of Co-TCPP during the test in addition to simple
photodecomposition of Co-TCPP monitored in '3CO, gas only
(Fig. S2).

3.4. FTIR spectra

The binding mode of Co-TCPP on the TiO, surface was investi-
gated via FTIR. First, Co-TCPP crystals were thoroughly mixed with
TiO, at a ratio of 2.5 wt % Co-TCPP. Co-TCPP exhibited peaks at
1628 and 1408 cm™! (curve A in Fig. 3), which were characteristics
of the v(C = 0) and v(C-0) stretching vibrations of the carboxy
group in TCPP, respectively (Scheme 1A) [45].

By contrast, upon supporting 2.5 wt % Co-TCPP on TiO, from
ethanol suspension (see Section 2, Experimental), the peak inten-
sity at 1628 cm~! became weaker than that for the physical mix-
ture, whereas a new peak centered at 1531 cm~! appeared
(curve B in Fig. 3), which was ascribed to the asymmetric v,5(CO5)
stretching vibration of carboxylate (Scheme 1D). The peak at
1386 cm™! for Co-TCPP (2.5 wt %)-TiO, was assigned to the sym-
metric vs(CO,) stretching vibration of carboxylate overlapping with
the v(C-0) peak (1408 cm™!), which is due to the remaining car-
boxy groups among the four carboxy groups for the original Co-
TCPP (Scheme 1D).

The peaks at 1006 and 1176 cm~! were attributed to the v(Co-
N) and C-C skeleton vibration of the Co-TCPP benzene rings,
respectively (curve A in Fig. 3) [46]. These peak positions did not
change upon complexation with TiO, (curve B in Fig. 3), but the
intensities became 30 % of those for the physical mixture. In con-
trast to the isotropic orientation of the physical mixture of Co-
TCPP molecules with TiO, (curve A in Fig. 3), incident IR light trans-
mits TiO, disk and the Co-TCPP moiety would prefer to orient ver-
tically (Scheme 1D). Thus, the vibration of the Co-N and C-C
skeleton in the plane of the porphyrin ring is nearly perpendicular
to the electric field vector of the incident IR light, and the peak
intensity of these vibrations was relatively suppressed.

Based on UV-visible, fluorescence, and FTIR spectra (Figs. 2, 3,
and S4), the neighboring two of the four carboxy groups of TCPP
are dissociatively adsorbed on TiO, [43,47]:

(HO,C—),Porphyrin(—CO,H), + 2Ti—OH (surface)

— (HO,C—),Porphyrin(—CO,),Ti, (surface) + 2H,0 (6)

Here, a question arises why dehydrative immobilization of TCPP
proceeded under CO,, H,, and UV-visible light irradiation, in which
water was a product associated with CO formation. A similar

1 T T T T T T
(B) Co-TCPP-TiO,
0.8+ .
(O]
e 061 5 1
g 1628 1386 1006
@ 0.4+ 1078 .
2 1101
0.2+ 1408 1176
(A) Physical mixture
O 1 1 1 1 i

1600 1200
Wavemumber (cm~")

2000 800

Fig. 3. FTIR spectra of (A) Co-TCPP (2.5 wt %) crystal physically mixed with TiO,
and (B) Co-TCPP (2.5 wt %)-TiO, composite.
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immobilized  structure of Co-tetraphenylporphyrins in
Scheme 1D was reported on carbon surface via an organic syn-
thetic route through diazocation on the phenyl group with C sur-
face [19] as well as dehydration between carboxys of Co-TCPP
with monolayer TiO, on carbon [34]. By contrast, J- and/or H-
aggregates were the major species on TiO, for the fresh Co-
TCPP-TiO, composites in this study. This comparison suggests
the activation of hydroxy species with photogenerated hole (h")
to form hydroxy radical (HO-) on TiO; [16]. In view of photocatal-
ysis, HO- radical should be related to H, activation, leading to CO,
reduction on the Co sites by the following reaction mechanism (see
the following Eqgs. (10)-(16)).

Fig. 4 depicts the in situ FTIR spectra for TiO, and Co-TCPP (2.
5 wt %)-TiO, composite under '*CO, (2.3 kPa), H, (21.7 kPa), and
UV-visible light irradiation at 295 K. The isotopic shift is calculated
assuming harmonic oscillation on the basis of Egs. (7) and (8):

1 [k
V= omeln (7)
141
Visco _ VB 18 _ 97778 8)
Vi2co

o+
where v is the wave number, c is the speed of light, k is the force
constant, and u is the reduced mass.

For TiO- under '3CO, (2.3 kPa) and H, (21.7 kPa) for 30 min (red
curve of subpanel i in Fig. 4A), an intense peak at 1471 cm~! and a
shoulder peak at 1519 cm™! were assigned to v,s(OCO) of carbon-
ates (monodentate and/or bidentate), whereas another intense
peak at 1330 cm™! and a shoulder peak at 1400 cm ' were
assigned to their companion vs(OCO) peaks at 1635 and
1575 cm™! were assigned to v,5(OCO) of bicarbonates (monoden-
tate and/or bidentate), whereas the peaks at 1388 and
1220 cm™! were assigned to their companion vs(0CO) and §(OH)
bending vibration [48,49].

The broad negative peak at 3700 cm™! (red curve of subpanel ii
in Fig. 4A) was a characteristic of v(OH) of the hydroxy groups on
the TiO, surface [50], which were involved in the formation of
bicarbonate combined with CO,.

CO, + HO-Ti (surface) 2 HO—CO,—Ti (surface) (9)

The FTIR spectrum for the Co-TCPP (2.5 wt %)-TiO, composite
(red curve of subpanel i in Fig. 4B) was similar to that of TiO,.
The CO, adsorption on Co-TCCP crystal was very limited (data
not shown) because of their small heat of adsorption and smaller
surface area compared with TiO,.

Despite the UV-visible light irradiation, the peak intensities at
1519, 1471, and 1330 cm™! that are attributed to carbonates did
not significantly change both for TiO, (green curve of subpanel i
in Fig. 4A) and Co-TCPP (2.5 wt %)-TiO, (green curve of subpanel
i in Fig. 4B). By contrast, on the basis of the sharp §(OH) peak at
1220 cm™!, bicarbonate species slowly decreased by 80 % in 15 h
using TiO,, whereas the peak quickly decreased by 80 % in 8 h
using Co-TCPP (2.5 wt %)-TiO,. As the v(OH) peak did not recover
for both catalysts (subpanel ii in Fig. 4A, B) that were consumed via
Eq. (9) (Scheme 1E, F), the bicarbonate did not decompose as the
reverse reaction of Eq. (9) under UV-visible light irradiation. Nev-
ertheless, it reacted with H, to form '3CO, and water for TiO, and/
or transformed to formate and water (Scheme 1F, G) for Co-TCPP
(2.5 wt %)-TiO, as evidenced by the v,,(OCO) peak at 1560 cm™'
owing to formate [6] (subpanel i in Fig. 4B).

The absorbance in the area around 1628, 1531, and 1386 cm ™!
owing to terminal ligands of TCPP (Fig. 3) in general decreased for
Co-TCPP-TiO, sample under UV-visible light irradiation (Fig. 4B-i)
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Fig. 4. FTIR spectra of (A) TiO, and (B) Co-TCPP (2.5 wt %)-TiO, under '>CO, (2.3 kPa), H, (21.7 kPa), and UV-visible light irradiation.

to more extent in comparison to the monitoring for TiO, sample
under similar conditions (Fig. 4A-i). This contrast suggested simple
(Fig. S2) and/or reductive decomposition of Co-TCPP (Fig. 2C).

The negative peak of isolated hydroxy species (3700 cm™!) and
positive peaks of not isolated hydroxy species (3674-3671 and
3650 cm™!) were commonly observed both on TiO, and Co-
TCPP-TiO, (Fig. 4A-ii, B-ii) [51]. In contrast, the hydroxy peak at
3686 cm~! was detected only for Co-TCPP-TiO, (Fig. 4B-ii) [51],
suggesting reactive hydroxy species for Co-TCPP-TiO,, e.g. at the
interface between TiO, and Co-TCPP (Scheme 2A).

We recall the hydroxy activation of TiO, by UV light as sug-
gested in the discussion on the binding mode analysis of Co-TCPP
(Fig. 3) for H, activation:

TiO, + 3hv — 3 h* + 3e™ (10)
2HO—Ti + 2 h* —2HO-+ 2(*)Ti (11)
2HO-+ 2H, + h* —2H,0 + H-+ H* (12)
CO, + H+ (*)Co + e~ —HCO,—Co (13)
HCO,—Co — HO—Co + CO (14)
HO—Co + H* —(*)Co + H,O (this proceeded slowly) (15)
(Ti + O-Ti + H,0 — 2HO-Ti (16)

596

where the asterisk denotes surface vacant site. The formates in
Eqgs. (13) and (14) could be formed also via bicarbonates (Fig. 4B).
The different reactivity of bicarbonate on TiO, and Co-TCPP (2.5
wt %)-TiO, was because Co-TCPP-anchored formate was formed
from bicarbonate on TiO, (Scheme 1F, G). The overall reaction is
obtained by summing Eqs. (10)-(16).

CO, + Hy + H, + O—Ti —CO + H,O0 + (*)Ti + H,0 + 2e~
(17)

Thus, the photoreduction of CO, into CO proceeded while the
reduction of surface O of TiO, should be irreversible.

Then, the light was turned off and the samples were evacuated
for 30 min. On TiO,, the bicarbonates were totally removed, and
the v(OH) peak recovered to the original level (subpanel ii in
Fig. 4A), suggesting exclusive decomposition of bicarbonate back
to '3CO, and hydroxy group. By clear contrast, the v(OH) negative
peak at 3700 cm™~! essentially remained the same under vacuum
for 30 min using Co-TCPP (2.5 wt %)-TiO, (subpanel ii in
Fig. 4B), suggesting Co-anchored formate species were stable under
vacuum (Scheme 1G and Eq. (13)). Similarly, the physisorption of
CO on Cu or Fe atoms through van der Waals forces results in the
formation of a strongly bound formate by overcoming an activation
energy barrier [52]. The carbonate peaks decreased by 30 % for TiO,
under vacuum for 30 min, suggesting the reverse reaction of Eq.
(18), whereas the decrease was only 5 % for Co-TCPP (2.5 wt %)-
TiO, probably because of the effects of Co-TCPP species.

CO, + O (surface) 2 CO; (surface) (18)
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Finally, as shown in Fig. 4B (subpanel i), two negative peaks
appeared at 1121 and 1070 cm~! under continuous light irradia-
tion, which were not found in either TiO, moiety or Co-TCPP crys-
tal probably because of the irreversible deformation of the Co-
TCPP-TiO, composite.

In summary, for the Co-TCPP (2.5 wt %)-TiO, composite, CO,
was mainly adsorbed on TiO,, and a different reactivity on the for-
mation of formate via bicarbonates was suggested by the ligation
to Co. In the absence of the stabilization effect of Co, bicarbonates
were easily decomposed into '3CO, and water by H,.

Journal of Catalysis 413 (2022) 588-602
3.5. HR-TEM

HR-TEM images were observed for Co-TCPP crystal. The lattice
fringes with the intervals of 0.348 nm (image A1l in Fig. 5) and
1.34 nm (image A2 in Fig. 5) were observed, demonstrating the
Co-TCPP stacking interval and the interval between stacked Co-
TCPP, respectively [53].

In the images for Co-TCPP (2.5 wt %)-TiO, composite, lattice
fringes with the intervals of 0.210, 0.232, 0.239, 0.241-0.250, and
0.336-0.350 nm were observed because of the diffractions by the

|O (0 O 4)

Fig. 5. HR-TEM images of (A1, A2) Co-TCPP and (B1-B4) Co-TCPP (2.5 wt %)-TiO,.
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(200),(112),(004), (103), and (101) faces (theoretical values of
0.1893, 0.2333, 0.2379, 0.2431, and 0.3517 nm, respectively) (see
Supplementary materials for assignment) of anatase-phase TiO,
(images B1-B4 in Fig. 5). Predominant lattices observed in the
HR-TEM images were in consistent with exclusive X-ray diffraction
peaks of anatase-phase TiO, (Fig. S6).

3.6. XAFS spectra

The coordination of the central Co atom in TCPP during CO,
photoreduction was monitored by X-ray absorption near-edge
structure (XANES) and EXAFS under photocatalytic conditions.
Co-TCPP (25 wt %)-TiO, was used because the X-ray absorbance
of the most active Co-TCPP (2.5 wt %)-TiO, was insufficient for
quantitative EXAFS data analysis measured in transmission mode.
Nevertheless, the angular photoelectron wave number k*> multi-
plied by normalized EXAFS y function was qualitatively common
between the two samples (Fig. S7), and the coordination informa-
tion obtained from EXAFS analyses can be adapted also for the
most active Co-TCPP (2.5 wt %)-TiO, photocatalyst.

The pre-edge peaks at 7,710 and 7,716 eV were attributed to
1 s-3d and 1 s-4p transitions irrelevant to the presence or absence
of reactants (panel A in Fig. 6), reflecting the square planar coordi-
nation of the Co-Ny4 center with Dy, symmetry (Schemes 1A and 2)
[12]. Based on relatively similar absorption edge energy position

N
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for CoO and Co-TCPP-TiO,, the valence state of Co in Co-TCPP
should be close or equal to 2+, which is consistent with the CV
study for Co-TCPP (Fig. S5).

Fig. 6 (panel B) depicts the time-course change of whiteline
peak intensity of Co-TCPP (25 wt %)-TiO, under CO,, H,, and
UV-visible light irradiation. When the light was turned on, the
intensity quickly became weaker by 4.1 % under Ar and by 6.4 %
under CO, and H,, indicating the electron excitation to CB of TiO,
because of UV light energy, followed by the transfer to the Co sites
(Scheme 2A). In the time course, the intensity was lower by 2.4 %-
6.1 % in the presence of CO, and H, compared with that under Ar,
suggesting that the ligand-to-metal charge transfer from coordi-
nated CO, m orbital(s) to empty 3d orbital(s) of Co further reduced
Co.

After the UV-visible light was turned on, the white line peak
intensity soon reached an equilibrium either under Ar or under
CO, and H; (panel B in Fig. 6), inferring an equilibrium of electron
transfer from TiO, to Co and charge recombination. Nevertheless, a
gradual increase of the intensity by 2.3 % during 70 and 150 min of
reaction was observed because the major species on the Co site
transformed from formate into hydroxy (Scheme 1G, H) using
the Co-TCPP (25 wt %)-TiO, photocatalyst because the hydroxy
group withdraws electrons more effectively than formate.

The major J- and/or H-aggregates of Co-TCPP molecules were
gradually separated by the reaction of surface hydroxy of TiO,
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Fig. 6. (A) Normalized XANES spectra of Co metal, CoO, and Co-TCPP (25 wt %)-TiO, under Ar and under CO, (2.7 kPa) and H, (20.7 kPa). (B) Time course of normalized white
line intensities of Co-TCPP (25 wt %)-TiO, under Ar (blue) and under CO, and H; (red). (C, C') Fourier transform of EXAFS spectra at Co K-edge of the Co metal foil, CoO, Co-
TCPP (25 wt %)-TiO, under Ar, and Co-TCPP (25 wt %)-TiO, under CO, and H,. Time course of (D) coordination number and (E) interatomic distance of Co-N under Ar and Co-

O and/or Co-N under CO, and H; for the Co-TCPP (25 wt %)-TiO, photocatalyst.
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prompted by light activation (Eq. (6)). Hence, formate generation
was accelerated via Eq. (13) and/or via reductive transfer of bicar-
bonate on TiO, (subpanel i in Fig. 4B and Scheme 1F), which was
related to the decrease of the N value of Co-N of Co-TCPP units
over TiO,: from 4.7 before light irradiation to 3.4 under Ar and
UV-visible light irradiation (blue squares of panel D in Fig. 6).
However, the decrease may be also related to the partial photode-
composition of Co-TCPP at carboxy sites (2.9 CO, per Co-TCPP in
10 h of UV-visible light irradiation, Fig. S2 and Scheme 1).

In the Fourier transform of k3-weighted EXAFS y oscillation
(panels C and C in Fig. 6), the peak at 0.142 nm (phase shift uncor-
rected) for Co-TCPP (25 wt %)-TiO, under Ar was attributed to Co-
N interatomic pair [13,51], which is almost at the same distance as
that for the peak of Co-TCPP crystals (panel C' in Fig. 6). The best-
fit result was N value of 4.7 (with an error of + 0.2), which is asso-
ciated with an interatomic distance (R) value of 0.192 nm (panels D
and E in Fig. 6). As the stacking of Co-TCPP units was observed
with an interval of 0.348 nm (subpanel Al in Fig. 5), the interunit
coordination between Co and N was by far longer than the Co-N
coordination in porphyrin. Hence, the variation of the N value
was mostly due to the axial coordination to Co due to the increased
population of monomer unit over TiO, (Scheme 1F). A significant
portion of the Co-TCPP units became the monomer on TiO, under
the photocatalytic reaction conditions, and the coordination to Co
by water and/or CO, from air should increase the N value.

Under CO, and Hj, the peak at 0.142 nm under Ar shifted to
0.163 nm (phase shift uncorrected, panel C' in Fig. 6). The best-fit
result was an R value of 0.203 nm associated with N of 5.5 (with
an error of + 0.1, panels D and E in Fig. 6). This increase suggested
CO, coordination to Co in a significant portion of the monomeric
Co-TCPP unit because no formate peak appeared under CO, and
H, in the absence of UV-visible light irradiation (subpanel i in
Fig. 4B).

When Co-TCPP-TiO, under Ar was irradiated by UV-visible
light, the N value for Co-N interatomic pair gradually decreased
from 4.6 to 3.6 in 70 min and the R value for Co-N interatomic pair
was 0.193-0.195 nm in 40 min (panels D and E in Fig. 6), suggest-
ing coordinated water/CO, desorption under light irradiation from
monomeric Co site and/or partial photodecomposition of Co-TCPP
at carboxy sites (Scheme 1) affected the coordination of central Co
cite.

Under CO,, Hy, and UV-visible light irradiation, the N value for
Co-N increased from 5.5 to 5.8-6.3 in 70-140 min (panels D and E
in Fig. 6), suggesting formate and/or hydroxy formation on Co
(Scheme 1G, H) via Egs. (13) and (14) and/or reductive transfer
of bicarbonate on TiO, as suggested by FTIR (subpanel i in
Fig. 4B), and the first shell was actually both Co-N and Co-0 inter-
atomic pairs. Accordingly, the R value for Co-N and Co-O inter-
atomic pairs gradually decreased from 0.203 to 0.196 nm after
80 min of light irradiation (panel E in Fig. 6).

In the UV-visible absorption spectra of the sample used for 48 h
of photoreduction test under '>CO,, H,, and UV-visible light irradi-
ation (Fig. 2C), the peak at 431 nm that is attributed to the J- and/or
H-aggregates became weaker, and the peak at 403 nm that is
attributed to the monomeric Co-TCPP unit became major, support-
ing covalent anchoring of the Co-TCPP unit on TiO, via Eq. (6) by
the effects of very reactive HO- radical under the irradiation of
UV-visible light in consistent with EXAFS results.

Unexpectedly, when the used Co-TCPP-TiO, photocatalyst
under the UV-visible light irradiation (4 > 320 nm) was exposed
to air for 5 days, the UV-visible absorption spectrum became sim-
ilar to that of the fresh sample (Fig. S8A), and the CO formation rate
under !3CO,, H,, and UV-visible light irradiation (4 > 320 nm) in
the second test was 1.62 pmol h~! gz} (Fig. S8B), which was higher
by 1.54 times than the rate after 9 h of reaction in the first test
(Fig. S8B). The monomeric Co-TCPP would hydrate in ambient con-
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ditions and form J- and/or H-aggregates. However, major reasons
were not only the decomposition of monomeric Co-TCPP hydroxy
species but also the oxidation of the reduced Ti(*) site in Eq. (17)
also affected the reactivation of the Co-TCPP-TiO, photocatalyst.

3.7. Reactivation of Co-TCPP (2.5 wt %)-TiO, catalyst

Finally, we attempted to reactivate the Co-TCPP (2.5 wt %)-TiO,
photocatalyst that was used in a test under '>CO,, H,, and UV-vis-
ible light irradiation for 48 h on the basis of partial reactivation
under ambient air (Fig. S8) and also on the mechanistic knowledge
previously discussed. The color of Co-TCPP (2.5 wt %)-TiO, slightly
changed from dark orange similar to that of its fresh state to dark
saffron after 48 h of the photoreaction test. When the catalyst was
treated with H, and UV-visible light, the '*CO formation rate was
very similar to relatively deactivated one after 9 h of a photoreac-
tion in the first test (panel C of Fig. 1, entries b, e, and f in Table 2).
With H, treatment, '2CO formation became negligible because H,
treatment under UV-visible light irradiation removed CO, on the
relatively stronger adsorption site.

When the catalyst was treated with O, and UV-visible light, the
color of the catalyst changed from dark saffron to light gray, and
CO formation was below the detection limit of GC-MS or negligible
(entries g and h in Table 2). Contrary to the expected results, the O,
treatment completely decomposed the Co-TCPP units.

By contrast, when the catalyst was treated with ethanol
(2.7 kPa) and UV-visible light, the '*CO formation rate increased
by 3.6 times compared with the initial rate in the first test (panels
C and D of Fig. 1; entries a and i in Table 2). The turnover of CO,
into CO until 3 h of reaction in the second test was 7.4. Interest-
ingly, in the second test, the '>CO formation rate did not change
during 8 h of reaction. In the regeneration test, after 8 h of reaction,
the '3CO formation rate became 18 pmol h~1 gz, which was com-
parable with the initial rate in the first test (17 pmol h™! ggt;
entries a and j in Table 2). The CO formation rate increased to
73-21 pmol h™' ggl, and the 'CO ratio decreased to 13-
10 mol % (entries i and j in Table 2) because the reaction step(s)
later than the equilibrium between 3C0O, gas and relatively strong
adsorption site of CO, on TiO, proceeded faster because of the con-
tribution of the monomeric Co-TCPP units on TiO,. As the partial
photodecomposition of Co-TCPP essentially completed until 10 h
of the first photoreaction test (Fig. S2), the contribution of 2CO,
derived from the decomposition is low for the '2CO formation.

The reason of reactivation of Co-TCPP (2.5 wt %)-TiO, was
investigated using Co K-edge EXAFS (Fig. 7A). The coordination at
single Co site basically retained during the reactivation tests using
ethanol and UV-visible light. In a closer look, Co-N coordination
number (4) for fresh catalyst decreased to 3.5 after the photocat-
alytic test (a peak at 0.14 nm, phase shift uncorrected, Fig. 7B-b)
mostly due to the deformation and/or partial/reductive decompo-
sition of Co-TCPP (Fig. S2 and Scheme 1G, H). The coordination
number further decreased to 3.1 after the reactivation using etha-
nol and UV-visible light (a peak at 0.14 nm, phase shift uncor-
rected, Fig. 7B-c) due to the formation of unsaturated Co site by
the removal of hydroxy group using ethanol (Scheme 1G, H)
enabling the highest '3CO formation rate: 63 umol h™' gg\.

The Co K-edge XANES spectra were also compared for fresh Co-
TCPP (2.5 wt %)-TiO, (Fig. 6A and 7C-a), the catalyst under CO, and
H, before (Fig. 6A), and after 17-h irradiation of UV-visible light
(Fig. 7C-b), and the catalyst of Fig. 7C-b reactivated under ethanol
and UV-visible light for 5 min (Fig. 7C-c). These XANES pattern
basically retained very similar pattern, demonstrating the reten-
tion of single Co site coordinated by TCPP ligand (Scheme 1). In a
closer look, the intensity of pre-edge peak at 7712 eV progressively
decreased by CO, photoreduction test (Fig. 7C-b) then reactivation
under ethanol and UV-visible light (Fig. 7C-c), suggesting gradual



C. Zhang, J. Yang, K. Hara et al.

(c) After EtOH under light

N
o

-
o

o

—
o

x EXAFS x oscillation

2 4 6 8 10 12
Angular wavenumber k(10 nm_1)

Angular wavenumber k (10 nm'1)3

£ 30

S 20

o

o

=10

Q2

30

L

Distance (10‘1 nm)

> T T T T . . r
= I (c) After EtOH
% 1.51(C) under light |
g -
S 1.07

o)
N (b) After 17 h

g 0.5¢ photoreac. !
5 (a) Fresh ]
Z 0 :

7720 7740 7760 7780
Energy(eV)

7700

Fig. 7. (A) k*y and (B) its associated Fourier transform of Co K-edge EXAFS of Co-
TCPP (2.5 wt %)-TiO, as fresh, 1 h evacuated (a), after photoreduction test using CO,
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reduction of single Co ion site. The reductive decomposition of
TCPP was still minor under CO,, H,, and light for 17 h and/or under
ethanol and light for 5 min. When the reductive decomposition
became even serious under ethanol and light, serious deactivation
of the Co-TCPP-TiO, photocatalyst was observed (see below).
We further tried repeated reactivation using ethanol (2.7 kPa)
and UV-visible light irradiation (Fig. S9). After the second reactiva-
tion, the highest *CO formation rate (67 umol h™! gzl) was not
achieved but essentially the same rate as the test for fresh catalyst
was obtained (18 pmol h™! ggl). The rate later than 8 h of reaction
was 5.5 umol h™! gt that was higher by 1.8-2.4 times compared
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to the dropped rates for fresh catalyst (panels A and C of Fig. S9 and
Table 2b) due to the removal of hydroxy attached to Co and partial
deformation of central Co site. By the careful reactivation, sup-
ported porphyrin photocatalysts would be utilized sustainably.

Control tests were also performed to verify the hydrogen source
for CO, reduction reaction. After the first 48-h test and reactivation
using ethanol of UV-visible light for 5 min, a test was done under
13C0, and UV-visible light. The initial >*CO formation rate was
lower by 50 % compared to corresponding rate of fresh catalyst
(Fig. 1C and E and Table 2a and k) and 14 % of corresponding rate
of reactivation test under '>CO,, H,, and UV-visible light (Fig. 1D
and E and Table 2i and k). Thus, the contribution of adsorbed etha-
nol and/or ethanol-derived species to photocatalytic CO formation
as hydrogen source was minor.

Based on similar point of view, a control a test was also per-
formed using fresh Co-TCPP (2.5 wt %)-TiO, catalyst under
13C0,, C,H50H, and UV-visible light (Fig. 1F). The initial 13CO for-
mation rate (16 pmol h™! gz}) was essential equivalent to one of
test under '3CO,, H,, and UV-visible light (17 pmol h™! ggl;
Table 2a and c). Furthermore, the '3CO formation quickly deacti-
vated at 3 h of reaction, and the rate after 3 h of reaction was very
low (1.5 umol h™! gg}; Table 2d). Thus, ethanol was found to be a
double-edged sward for Co-TCPP (2.5 wt %)-TiO, photocatalyst.
While ethanol was equivalent reducing agent to H, in view of ini-
tial 13CO formation, it also quickly decomposed TCPP ligand as evi-
dent from the quick '?>CO formation derived from TCPP at rates of
26-15 pmol h™! gt (Table 2c and d).

Ethanol effectively removed the ligand blocking the central Co
site and supplied sufficient electrons to the Co-TCPP moiety. How-
ever, TCPP framework slowly decomposed under relatively harsh
reductive conditions. To avoid this problem, to enforce the por-
phyrin ligand by even greater conjugate system should improve
the stability of the catalyst in this study [54-56].

Recently, several selective photocatalysts, e.g. Ni-ZrO, and Co-
Zr0,, to convert CO into value-added hydrocarbons were reported
[6,57]. Co-TCPP/TiO, that was selective to CO formation in this
study will be more valuable when metal nanoparticles (Ni or Co)
were mixed or accommodated in the catalyst.

4. Conclusions

Using Co-TCPP (2.5 wt %)-TiO, under '>CO,, H,, and UV-visible
light irradiation, CO was generated at a maximum rate of
2.5 pmol h™! (using 100 mg of catalyst and UV-visible light of
118 mW cm2). The photocatalyst amount and light intensity were
common in this study. The transformation of the J- and/or H-
aggregates of Co-TCPP to isolated monomers anchored on TiO,
proceeded via dehydration between the carboxy group and the
hydroxy group of TiO, by the effects of hydroxy radicals on TiO-,
which were activated under UV light. The uncoordinated Co site
was essential for the stabilization of formate that will be further
reduced to CO as the product. Moreover, the remaining hydroxy
and/or O after the CO evolution on Co and simple and/or reductive
partial decomposition of Co-TCPP caused the serious deactivation
of the catalyst. Unexpectedly, partial reactivation of the used pho-
tocatalysts was possible by leaving the used catalyst in the air for
5 days because the partially irreversibly reduced TiO, surface was
again oxidized by reaction with O, in the air. However, reactivation
of the reduced TiO, surface was still partial. Ethanol treatment of
the used Co-TCPP (2.5 wt %)-TiO, photocatalyst under UV-visible
light irradiation was conducted for further reactivation, resulting
in 3.6 and 3.0 times higher '3CO and total CO formation rates com-
pared with values using the fresh photocatalyst, and the turnover
was 7.4 during 3 h of photocatalytic reaction. Reactivation under
ethanol and UV-visible light must be within short period because
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ethanol removed not only coordinated hydroxy on Co site but pro-
ceeded significant reductive decomposition of TCPP demonstrated
as an evolution of '2CO when ethanol was utilized as a reductant
instead of H,. This study paves the way to provide a general
method to reactivate single-site metal complex photocatalysts
anchored on semiconductors.
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