Journal of Molecular Catalysis A: Chemical 423 (2016) 293-299

journal homepage: www.elsevier.com/locate/molcata S ey

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

JOURNAL OF MOLECULAR

CATALYSIS

A CHEMICAL

=
E

Molecular deposition of a macrocyclic cobalt catalyst on TiO,

nanoparticles

@ CrossMark

Chao Liu?, Tong Jin?, Michael E. Louis?, Sebastian A. Pantovich?, Sarah L. Skraba-Joiner?,

Tijana Rajh"*, Gonghu Li®*

a Department of Chemistry, University of New Hampshire, Durham, NH 03824, United States

b Center for Nanoscale Materials, Argonne National Laboratory, Argonne, IL 60439, United States

ARTICLE INFO ABSTRACT

Article history:

Received 1 June 2016

Received in revised form 7 July 2016
Accepted 8 July 2016

Available online 9 July 2016

Keywords:

Hybrid photocatalyst
CO, reduction
Titanium dioxide
Cobalt cyclam

Hybrid photocatalysts consisting of molecular catalysts and solid-state surfaces have demonstrated great
potential as robust and efficient systems in solar fuel production. Based on our prior work, we synthesized
hybrid photocatalysts by depositing a macrocyclic Co(Ill) complex on three different TiO, nanomaterials
via a microwave method. The hybrid photocatalysts were tested in CO, reduction and were thoroughly
characterized with spectroscopic (UV-vis, FTIR and EPR) and microscopic (TEM) techniques. The presence
of terminal OH groups on TiO; surfaces was essential for the molecular deposition of catalytically active
Co(III) sites. On a TiO, material without such terminal OH groups, the Co(Ill) complex formed amorphous
aggregates, which hindered interfacial electron transfer from photoactivated TiO, to the surface molec-
ular complex. EPR studies further revealed important information regarding the coordination geometry
and interaction with CO; of surface cobalt sites in the hybrid photocatalysts.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalysis is a promising approach to harvest, convert, and
store solar energy. For example, in photocatalytic CO, reduction,
solar energy can be converted into chemical energy and stored
in the form of chemical bonds [1,2]. Currently known photocat-
alysts for CO, reduction include molecular and supramolecular
complexes [3-5] as well as inorganic semiconductors [6,7]. A key
challenge for solar fuel production by CO, reduction is the lack of
photocatalytic systems that are both highly efficient and robust
under photochemical conditions. In recent years, hybrid photocat-
alysts combining molecular catalysts with solid-state surfaces have
attracted extensive interests from researchers in the field of solar
fuels [8-10]. Such hybrid photocatalysts generally demonstrate
enhanced solar conversion efficiency and improved photostability.
In this report, we investigate a rare example of hybrid photo-
catalysts featuring photo-induced electron transfer from titanium
dioxide (TiO,) to a surface molecular catalyst.

In hybrid systems for solar CO, reduction, molecular catalysts
are covalently attached to solid-state surfaces [9-12], incorporated
in frameworks/porous environment [13-16] or confined to sur-
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faces by polymerization [17,18]. Typical solid-state surfaces for
molecular CO,-reduction catalysts include periodic mesoporous
organosilicas, metal-organic frameworks, and inorganic semicon-
ductors. For example, Takeda and co-workers prepared a hybrid
photocatalyst by covalently attaching a tricarbonyl Re(I) complex
on a light-absorbing mesoporous organosilica [16]. Enhanced CO,-
to-CO conversion was achieved upon UV light activation of the
organosilica and subsequent resonance energy transfer to the Re(I)
catalytic centers. In addition, the mesoporous structure protected
the molecular Re(I) complex against photochemical decomposition
[16]. Similar effects of catalyst heterogenization were observed in
photocatalytic CO, reduction using a Re(I) catalyst incorporated in
a light-absorbing metal-organic framework [19].

Inorganic semiconductors such as TiO, have been utilized as
the solid-state support for several molecular CO,-reduction cata-
lysts [20-26]. Windle and co-workers synthesized a hybrid Re(I)
photocatalyst by grafting a molecular Re(I) complex onto TiO,
through phosphate groups [24]. The surface immobilization sig-
nificantly improved photocatalytic activity of the Re(I) complex in
CO, reduction under visible-light irradiation, which activates the
Re(I) complex but not the TiO, support. The researchers utilized
transient absorption spectroscopy to demonstrate increased life-
time of a reduced Re(I) intermediate on the TiO, surface. It was
suggested that the longer-lived anionic Re(I) species on TiO, has a
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Fig. 1. Schematic of the hybrid Co(Ill) photocatalyst. D is an electron donor. X=0H
or Cl.

greater probability of reacting with CO, and undergoing the second
reduction required for the production of CO [24].

Recently, we prepared a hybrid photocatalyst by depositing
a molecular Co(Ill) complex, [Co(cyclam)Cl;]Cl where cyclam is
1,4,8,11-tetraazacyclotetradecane, onto TiO, (Fig. 1) [21]. The
hybrid photocatalyst was photoactive in CO, reduction in the pres-
ence of sacrificial electron donors. The molecular Co(IIl) complex
was also grafted onto a mesoporous silica for use in photocatalytic
CO; reduction in the presence of a molecular photosensitizer [27].
The best catalytic activity was achieved when the surface Co(III)
complex formed a monolayer in the silica mesopores.

In this work, we build on prior work to demonstrate the
importance of molecular deposition in achieving photo-induced
electron transfer from TiO, to the molecular catalyst for CO, reduc-
tion in the presence of an electron donor. We synthesize three
hybrid photocatalysts using different TiO, nanomaterials via a
microwave method. We further investigate the hybrid photocat-
alysts using spectroscopic and microscopic techniques, including
UV-vis, Fourier Transform infrared (FTIR) and electron paramag-
netic resonance (EPR) spectroscopies, and transmission electron
microscopy (TEM). Through these studies, we identify surface char-
acteristics that are key to the molecular deposition of the molecular
catalyst, and further investigate coordination geometry of the sur-
face metal sites and their interaction with CO,.

2. Experimental section
2.1. Materials

Triethylamine (TEA, >99%), triethanolamine (TEOA, >99%),
acetonitrile (99.999%), hydrochloric acid (37%), and 1,4,8,11-
tetraazacyclotetradecane (cyclam, 98%) were obtained from
Sigma-Aldrich. Methanol (99.9%) was purchased from Fisher Scien-
tific. Cobalt(II) chloride hexahydrate was obtained from ].T. Baker.
N,N-dimethylformamide (DMF, 99.8%) was obtained from Acros
Organics. Ethanol (95.0%) and chloroform (99.8%) were purchased
from Parmo Products Inc. All reagents were used without further
purification. P25 TiO, (specific surface area 57 m2/g, phase com-
position ~80% Anatase and ~20% Rutile, see Fig. S1 in Electronic
Supplementary information) was obtained from Evonik and used

as received. Anatase TiO, nanopowder (99.7% trace metal basis,
specific surface area 56 m2/g) and Rutile TiO, nanopowder (99.5%
trace metal basis, specific surface area 20 m2/g) were obtained from
Sigma-Aldrich and used as received.

2.2. Catalyst synthesis

Hybrid photocatalysts were synthesized by a microwave
method (Fig. 2). In a typical synthesis, 100 mg TiO, was mixed with
10 mg [Co(cyclam)Cl, |Cl and 65 pl triethylamine in 15 ml acetoni-
trile. The presence of triethylamine was found to be essential for
the successful deposition of the Co(IlI) catalyst on TiO; via reacting
with surface Ti—OH groups. The mixture in a capped reaction ves-
sel was placed in a CEM Discover single-mode microwave reactor
and underwent reaction for 120 min at 80 °C. After the microwave
reaction, the resulting brownish precipitate was recovered by cen-
trifugation, and washed twice with chloroform and twice with
ethanol. After drying at room temperature, the hybrid photocata-
lyst was obtained as a light brownish powder. Our previous results
[21] clearly indicated that the molecular structure of Co(cyclam)
was retained upon deposition on TiO, surfaces, with some of the Cl
ligands replaced by OH groups (Fig. 2).

Following this microwave synthesis, three hybrid photo-
catalysts were prepared in the presence of P25, Anatase and
Rutile TiO, nanomaterials. The three hybrid photocatalysts
are denoted as Co(cyclam)X/P25, Col!'(cyclam)X/Anatase,
and Co(cyclam)X/Rutile. Catalyst loadings were deter-
mined by elemental analysis to be 59, 63, and 88 umol Co
per gram of Co(cyclam)X/P25, Co'l(cyclam)X/Anatase, and
Co'(cyclam)X/Rutile, respectively. The loadings were used to
calculate turnover numbers (TONs) in photocatalysis.

2.3. Catalyst characterization

Elemental analysis was conducted by acid digestion of powder
samples, followed by quantification using a Varian Vista AX induced
coupled plasma atomic emission spectrometer. Transmission elec-
tron microscopy images were taken on a Zeiss/LEO 922 Omega
system. UV-vis spectra were obtained on a Cary 50 Bio spectropho-
tometer. A Barrelino diffuse reflectance probe was used to collect
UV-vis spectra of powder samples using BaSO,4 as a standard. FTIR
spectra were collected on a Thermo Nicolet 6700 FTIR spectrom-
eter using a Harrick Praying Mantis diffuse reflectance accessory
(for powder samples) or a transmission cell (for gaseous samples).
EPR spectra were collected on a Bruker ELEXSYS E580 spectrom-
eter operating in the X-band (9.4 GHz) mode and equipped with
an Oxford CF935 helium flow cryostat. Spectra of powder samples
were collected under N, at liquid He temperature. For the stud-
ies of CO, adsorption, the samples were purged with CO, at room
temperature, cooled to liquid He temperature, and illuminated in
the EPR cavity using a 300 W Xe lamp (PerkinElmer) with 400 nm
long-pass and water as IR cutoff filters.
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Fig. 2. Synthesis of the hybrid photocatalyst in the presence of triethylamine (TEA).
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2.4. Photocatalytic CO, reduction

In photocatalytic CO, reduction, 1 mg of photocatalyst in the
powder form was dispersed in a 4.0-ml acetonitrile solution con-
taining TEOA (acetonitrile: TEOA=3:1 v/v)in a Pyrex test tube. Prior
to photocatalytic testing, the reaction solution was bubbled with
CO; (99.999%, Airgas) in the dark for 20 min. The reaction solu-
tion was then irradiated with a 200-W Hg lamp equipped with a
water filter. Light intensity on the reaction solution was fixed at
100 mW/cm?. The head space above the reaction solution was sam-
pled with a gas-tight syringe at different time intervals for product
analysis using an Agilent 7820 GC equipped with a TCD detector.
Production of formic acid in reaction solutions was monitored by
NMR.

3. Results and discussion
3.1. Photocatalysis

Heterogeneous photocatalysts based on TiO, materials have
been extensively investigated in CO, reduction since the early
work by Inoue and co-workers [28-32]. Compared to molecular
catalysts, semiconductor photocatalysts are relatively stable and
inexpensive. However, multi-electron processes, including CO,-
reduction catalysis, on TiO, surfaces are extremely inefficient
due to recombination of photoexcited charge carriers (electrons
and holes) [33-38]. Instead, efficient solar energy conversion has
been achieved by surface functionalization of TiO, nanomaterials
with coordination complexes such as Ru(Il)-based dye molecules.
In dye-sensitized solar cells [39-43] and photosynthesis cells
[44-49], TiO, serves to accept photoexcited electrons from the
surface coordination complexes upon interfacial electron trans-
fer. The success of surface dye sensitization has inspired design
of hybrid photocatalysts consisting of TiO, and surface molecular
catalysts [24,25,50,51]. In this study, we utilize TiO, as a solid-
state photosensitizer for [Co(cyclam)Cl, ]Cl, which is as a molecular
CO,-reduction catalyst based on an earth-abundant metal. This
Co(IIl) complex demonstrated excellent activity and selectivity in
reducing CO, to CO in the presence of molecular photosensitizers,
including p-terphenyl, under UV irradiation [52,53].

The three hybrid photocatalysts, Co!l(cyclam)X/P25,
Co'!l(cyclam)X/Anatase, and Co'!!(cyclam)X/Rutile, were evaluated
in photocatalytic CO, reduction in the presence of triethanolamine
(TEOA) as a sacrificial electron donor. Co'(cyclam)X/P25 and
Co'l(cyclam)X/Anatase exhibited very good activity in photocat-
alytic CO, reduction, while negligible CO production was observed
using Co''(cyclam)X/Rutile (Fig. 3). Hydrogen gas (CO/H, ~1) as a
byproduct was produced using the hybrid photocatalysts.

In our study, products in the gas phase were analyzed with
a GC. Product detection in the solution phase by NMR indicated
no significant production of formate after photocatalysis. In order
to rule out the possibility of CO generation from carbon residues
on the synthesized samples, products in the gas phase were also
analyzed with FTIR spectroscopy in combination with isotope label-
ing. Fig. 4 displays the FTIR spectrum of the head-space gases
above a reaction solution after photocatalytic reduction of 13CO,
by Co(cyclam)X/P25 under UV irradiation. In the spectrum, the
rotational-vibrational band of gaseous !3CO centered at 2096 cm™!
clearly confirms the production of CO from CO, on the hybrid pho-
tocatalyst.

Under the experimental conditions employed in this study
(TEOA, CO, atmosphere, and UV irradiation), no CO was pro-
duced by any of the following: (i) P25 TiO, nanoparticles, (i)
[Co(cyclam)Cl,]Cl and P25, or (iii) Co(cyclam)X/SiO, prepared
by depositing the Co(Ill) complex on a fumed silica follow-
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Fig. 3. CO production in photocatalytic CO, reduction using (a) Co™(cyclam)X/P25,
(b) Co'(cyclam)X/Anatase, and (c) Co"(cyclam)X/Rutile. Reaction conditions: UV
irradiation, TEOA as sacrificial electron donor. Turnover numbers were calculated
based on the amount of CO produced per mole of Co in the reaction suspension.
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Fig. 4. FTIR spectrum of gases in the head space above a reaction solution after
photocatalytic reduction of 3C0O, by Co"(cyclam)X/P25 under UV irradiation for
6 h. See Fig. S2 for experimental details.

ing the microwave synthesis. In addition, no CO formation was
observed using Co'l(cyclam)X/P25 under visible-light irradiation
(A>420nm) which cannot activate P25 TiO,. Therefore, in this
hybrid Co'!l(cyclam)X/TiO, system the surface Co(Ill) complex is
the catalyst for CO, reduction while TiO, nanoparticles function as
the light-harvesting support (Fig. 1).

3.2. FTIR spectroscopy

Further surface chemistry studies also indicate that CO, reduc-
tion occurs on the surface Co(Ill) sites. In the surface chemistry
studies, a hybrid photocatalyst in the powder form was placed in
a diffuse reflectance accessory and exposed to an atmosphere of
CO,. Photocatalysis at the gas-surface interface was carried out
in the absence of any solvent or TEOA. The photocatalyst surface
was monitored with in situ infrared detection [54,55]. At var-
ious stages during photocatalysis, difference FTIR spectra were
obtained by subtracting spectra acquired prior to photocatalysis
from corresponding spectra collected after UV irradiation. There-
fore, the difference spectra provide information regarding changes
on the photocatalyst surface upon light irradiation. The formation
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Fig. 5. Difference FTIR spectra obtained after photocatalysis at the gas-
surface interface using (a) Co™(cyclam)X/P25, (b) Co(cyclam)X/Anatase, and (c)
Co''(cyclam)X/Rutile. For each sample, spectra were collected after UV irradiation
for 5, 15, 30, 60 min (bottom to top).

of CO was observed on surface Co(Ill) sites in Co"(cyclam)X/P25
and Co"l(cyclam)X/Anatase, as indicated by the infrared bands at
2193 cm~! in the spectra shown in Fig. 5 (a and b) [56]. The forma-
tion of surface carbonate species (1720cm~1) was also observed
on these two samples. Negligible changes were observed on
Co''(cyclam)X/Rutile during photocatalysis (Fig. 5¢). The compari-
son shown in Fig. 5 is in excellent agreement with photocatalysis
in the solution phase (Fig. 3). Under the same experimental condi-
tions, surface CO species was not observed on bare P25 TiO; [21],
further confirming the key role of surface Co(lll) sites in mediating
CO,-reduction catalysis.

These photocatalysis results clearly indicate photoexcited elec-
tron transfer from the TiO, conduction band to the surface Co(III)
catalyst for CO, reduction in the presence of a sacrificial electron
donor. In our previous studies, reduction potentials of the Co'/Co!!
and Co''/Co! redox couples for Co!l(cyclam)X were measured to be
—0.21V and —0.93V vs NHE, respectively [21]. Therefore, photoex-
cited electrons in the TiO, conduction band (potential ~—-0.6V vs
NHE at pH=7) [57] are not energetic enough to reduce Co(Il) to
Co(I) needed to catalyze CO,-to-CO conversion (—0.53V vs. NHE).
The exact driving force for the photoexcited electron transfer is
unclear. However, we note that the reduction potential of Co'!/Co!

is largely dependent of coordination ligands. For example, the
reduction potential of Co!'/Co' for [Co(cyclam)Cl,]Cl was —1.39V
vs NHE, in comparison to —0.93V vs NHE for Co!!(cyclam)X [21].
The Ti—O—Co linkage in our hybrid photocatalysts (Fig. 1) and the
presence of excess TEOA in reaction solutions could further alter
the redox properties of the Co(cyclam) unit on TiO, surfaces
under photochemical conditions. The importance of such surface
Ti—O0—Co linkage is further described in the following spectroscopic
and microscopic studies.

3.3. UV-vis spectroscopy

As shown in Fig. 3, the hybrid photocatalyst prepared on
the Rutile nanopowder demonstrated much lower activity than
Co'(cyclam)X/P25 and Co'!'(cyclam)X/Anatase. In many photocat-
alytic applications using bare TiO, materials, the rutile phase is
generally considered less active than the anatase phase due to more
significant charge recombinationinrutile [29]. However, the partic-
ular Rutile nanopowder employed in our study is more active than
the Anatase nanopowder in photocatalytic degradation of methy-
lene blue (Fig. S3), despite its lower surface area. Therefore, the
difference in charge carrier dynamics is not responsible for the
observed difference in photocatalytic activity shown in Fig. 3.

In the UV-vis spectra of Co''(cyclam)X/P25 and
Co''(cyclam)X/Anatase, two broad absorptions are seen at
~450nm and 600nm, indicating the presence of macrocyclic
Co(Ill) complex (Fig. 6a and b) [21]. However, these features
are not distinguishable in the spectrum of Co"!(cyclam)X/Rutile
(Fig. 6¢). Therefore, the state of Co(cyclam)X on the Rutile
material is different from that on P25 and Anatase. Such difference
might account for the observed photocatalytic activity displayed
in Fig. 3. Furthermore, there is no significant amount of cobalt
oxides, which would exhibit distinguishable peaks at 530, 595, and
655nm [27], in the synthesized photocatalysts.

3.4. Transmission electron microscopy

In combination with UV-vis spectroscopic studies, micro-
scopic investigation of the hybrid photocatalysts indicates that
Co'(cyclam)X is molecularly deposited as a thin layer on P25 and
Anatase surfaces. Only TiO, nanoparticles are observed in the TEM
images of Co'l(cyclam)X/P25 and Co'l(cyclam)X/Anatase (Fig. 7a
and b). Close inspection of the TEM images indicates that no sepa-
rate phase is present in either of these two samples. In comparison,
amorphous, nano-sized particles are seen in the TEM image of
Co''(cyclam)X/Rutile (Fig. 7c). These particles are either attached to
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Fig. 6. UV-vis spectra of (a) Co"(cyclam)X/P25, (b) Co'(cyclam)X/Anatase, and (c) Co''(cyclam)X/Rutile. The spectra of corresponding bare TiO, materials are also plotted

(gray).
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Fig. 8. TEM images of Co"'(cyclam)X/Rutile. Image (b) is an enlarged view of the highlighted area in image (a). Scale bars are 100 nm.

the Rutile nanoparticles (Fig. 7d) or form large aggregates (Fig. 8).
Further comparison with the TEM image of bare Rutile confirms
that these amorphous particles are Co''(cyclam)X in the solid state
that formed during the synthesis of Co(cyclam)X/Rutile.

Previously we have found that surface Ti—OH groups are
important for successful deposition of active Co(IIl) catalysts on
TiO, nanoparticles via a reflux method [21]. Similar results were
obtained for the three hybrid photocatalysts prepared by the
microwave method in this study. Infrared studies of the hybrid
photocatalysts show that the Rutile surface lacks terminal Ti—OH
groups associated with a band at 3632cm~! (Fig. S4) for effec-
tive deposition of Co!!l(cyclam)X. According to the UV-vis and TEM
results (Figs. 6-8), Co'l(cyclam)X is molecularly deposited as a thin
layer on P25 and Anatase surfaces but forms aggregates on Rutile.
In the study by Petsi and co-workers [58], both bridging and ter-
minal OH groups were found to be important for the deposition
of [Co(H,0)s]%* on TiO, nanoparticles. In our study, the presence
of terminal OH group associated with the infrared absorption at
3632 cm~! is essential for the molecular deposition of catalytically
active Co'l(cyclam)X on P25 and Anatase surfaces via Ti—0—Co
linkages (Fig. 1).

Based on the specific surface areas of the TiO, nanomaterials
and elemental analysis results, surface catalyst densities are esti-
mated to be 6-7 Co per nm? surface area in Co(cyclam)X/P25
and Co(cyclam)X/Anatase, and ~26 Co per nm? surface area
in Co''(cyclam)X/Rutile. These numbers further support our con-
clusion that Co'!(cyclam)X is molecularly deposited on P25 and
Anatase surfaces. The absence of terminal OH groups for effec-
tive deposition of Co'l(cyclam)X on the Rutile material resulted
in the formation of Co'l(cyclam)X in the aggregated form as
observed in Figs. 7 and 8. The lack of sufficient Ti—O—Co linkages
in Co'l(cyclam)X/Rutile can be used to explain inefficient photoex-
cited electron transfer from Rutile to surface Co"(cyclam)X, which
led to its poor activity in photocatalytic CO, reduction (Fig. 3).

An infrared band at 3670 cm~!, associated with bridging Ti—OH
groups, is also present in the spectra of the three TiO, samples
(Fig. S4). This infrared band disappeared in the spectra of the three
hybrid photocatalysts, indicating that deposition of Co!l(cyclam)X
also occurred through reacting with the bridging Ti—OH groups.
However, comparison shown in Figs. 4-7 suggests that catalyst
deposition through these bridging Ti—OH groups didn’t allow pho-
toexcited electron transfer from TiO, to surface Co"(cyclam)X.

3.5. EPR spectroscopy

Characterization with EPR spectroscopy further supports the
fact that surface cobalt sites exist in different states on Rutile than
on P25 and Anatase surfaces. Although the Co(Ill) compound itself
is EPR silent, some paramagnetic Co(Il) species and radicals are
present in the synthesized hybrid photocatalysts, as indicated by
the following EPR results. This is similar to the study by Kohno and
co-workers [59], in which paramagnetic Co(Il) species were found
to be trapped in single crystals of a Co(Ill) compound. The presence
of paramagnetic Co(Il) species is likely a consequence of the use of
triethylamine in the synthesis of our hybrid photocatalysts.

The EPR spectra of  Co'l(cyclam)X/P25 and
Co''(cyclam)X/Anatase are almost identical, except for a dark
signal in the latter due to trace metal impurity in the Anatase
nanopowder (Fig. S5). Therefore, the spectra of Co!l(cyclam)X/P25
and Co''(cyclam)X/Rutile are chosen for comparison in this sec-
tion. In the spectrum of Co''(cyclam)X/P25 under N; (Fig. 9a, gray
trace), resonances corresponding to mononuclear high-spin Co(II)
(5§=3/2) centers are observed at gx=5.89,g,=3.40, and g;=2.22
(not labeled). The same spectrum also contains resonances near
g=2 (not labeled) that are associated with trapped electrons and
holes [33,34] in P25 upon exposure to ambient light (Fig. S6). In
the spectrum of Co''(cyclam)X/Rutile (Fig. 9b, gray trace), how-
ever, a very different EPR spectrum is observed in the high-spin
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Fig. 9. X-band EPR spectra of (a) Co"(cyclam)X/P25 and (b) Co"(cyclam)X/Rutile
under CO,. Corresponding spectra under N, are also included (gray traces). The
spectra were collected at liquid He temperature.

region consisting of a broad Co(II) peak with g=5.35 that suggests
averaging of gx and g, components indicative of Co(Il) in a broad
range of coordination geometries. The overall spectrum shows
evidence of weakly distinguishable hyperfine structure from the
59Co nuclear spin momentum in a lower field component with
a hyperfine coupling of ~350G. Since Co has a nuclear spin of
7/2 100% abundance, Co hyperfine has eight lines. These spectra
are consistent with those expected for S=3/2 molecules subject
to zero-field splitting where only the (+1/2) Kramers’ doublet is
resonant. The hyperfine contribution is much more evident in
the region of g=2 where strong eight-line signals are observed.
However the hyperfine splitting in this region of the spectrum is
much smaller (86 G). The hyperfine splitting of Co(II) is usually in
the range between 150G and 300G in the low-field region. The
small hyperfine coupling and different saturation properties of the
signal around g ~2 from the one of high spin Co are consistent with
the existence of surface radicals whose EPR transitions split into
eight lines due to the presence of *°Co in close proximity. Since
the g value is ~2, these transitions are mostly likely associated
with oxygen-centered radicals. Close inspection of the spectra
shows existence of three sets of eight-line splitting, suggesting the
existence of three sets of oxygen-centered radicals with g=2.141,
2.028, and 2.019 (Fig. S7).

Therefore, the Co(Il) sites in Co(cyclam)X/Rutile are in a
broad range of coordination geometries different than those in
Co'l(cyclam)X/P25. Likely, oxygen molecules are coordinated to
Co centers in the large aggregates of Co'l(cyclam)X deposited
on Rutile (Figs. 7 ¢ and d and 8), but not in Co"l(cyclam)X/P25
or Co(cyclam)X/Anatase where the Co sites are molecularly
deposited on TiO, surfaces through Ti—O—Co linkages (Fig. 1).

The adsorption of CO, on the hybrid photocatalysts was carried
out by exposing the samples to CO, at room temperature and then
freezing the samples at liquid He temperature prior to collecting
EPR spectra. Binding of CO, to the Co(1) sites in Co"(cyclam)X/P25
shifted the high-spin signal from gx=5.89 to gx=5.67 (Fig. 9a).
The comparison between the Co(Il) resonances observed for
Co(cyclam)X/P25 is very similar to that between Co(II) sites in
zeolite frameworks without and with calcinations at elevated tem-
peratures [60,61]. In particular, a Co(II) signal around g =5.80 was
observed in the EPR spectrum of a cobalt-containing microporous
aluminophosphate. The Co(Il) signal shifted to gx =5.44 upon calci-
nation of the microporous material, which induced changes in the

coordination geometry of the Co(Il) accompanied with shortening
of Co—0 bond [60]. Therefore, our observation indicates that CO,
upon adsorption on Co'!(cyclam)X/P25 took electron density away
from the Co(ll) centers, either directly or indirectly by interacting
with neighboring Ti(IV) sites shifting the g value towards higher
fields. In Co''(cyclam)X/Rutile (Fig. 9b), binding of CO, did not
change the high-spin Co(lII) signal at gx = 5.35. Instead, the hyperfine
splitting of the oxygen radicals vanished and an anisotropic signal
appeared near g =2 (not labeled). This observation implies that the
electron density on the oxygen radicals adjacent to Co(II) was pref-
erentially transferred to CO, and adsorption of CO,, in fact, removed
electron exchange of Co(II) with oxygen atoms on the Rutile surface.

The results shown in Fig. 8 provide important insights regarding
the coordination geometry of Co(Il) centers as well as interaction
of CO, with the surface Co(Il) sites. Most likely, the coordination
geometry of surface Co(Ill) sites in Co'l(cyclam)X/Rutile is also dif-
ferent than that in Co'!(cyclam)X/P25 and Co''(cyclam)X/Anatase.
Further studies are underway to probe CO, reduction under pho-
tochemical conditions with EPR spectroscopy.

4. Conclusions

In summary, we have synthesized hybrid photocatalysts by
depositing a macrocyclic Co(Ill) complex on three different TiO,
nanomaterials via a microwave method. In the presence of tri-
ethanolamine as an electron donor, TiO, nanoparticles were
activated upon UV irradiation and transferred electrons to the
surface Co(Ill) catalyst for CO, reduction. Experimental results
based on UV-vis and infrared spectroscopy and transmission
electron microscopy indicate that catalytically active Co(IIl) sites
were molecularly deposited on TiO, surfaces through reacting
with terminal OH groups. In the absence of such terminal OH
groups, the Co(Ill) complex formed amorphous aggregates on TiO,
nanoparticles. Molecularly deposited Co(Ill) sites demonstrated
significantly higher activity than aggregates of the Co(Ill) com-
plex in photocatalytic CO, reduction because of efficient interfacial
electron transfer from photoactivated TiO; to the former. Fur-
ther studies with electron paramagnetic resonance spectroscopy
indicated the presence of paramagnetic Co(Il) species in the synthe-
sized hybrid photocatalysts. The spectroscopic investigation also
revealed important differences in the coordination geometry and
interactions with CO, of the Co(Il) sites between the molecularly
deposited and aggregated cobalt sites. Our results highlight the
importance of surface characteristics in the fabrication of hybrid
photocatalysts consisting of molecular complexes on metal oxide
surfaces.
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