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ABSTRACT: An all-inorganic polynuclear unit consisting of an oxo-
bridged binuclear ZrOCo" group coupled to an iridium oxide nanocluster
(IrO,) was assembled on an SBA-15 silica mesopore surface. A
photodeposition method was developed that affords coupling of the
IrO, water oxidation catalyst with the Co donor center. The approach
consists of excitation of the ZrOCo" metal-to-metal charge-transfer
(MMCT) chromophore with visible light in the presence of [Ir(acac),]
(acac: acetylacetonate) precursor followed by calcination under mild
conditions, with each step monitored by optical and infrared spectroscopy.
Ilumination of the MMCT chromophore of the resulting ZrOCo"—IrO,
units in the SBA-15 pores loaded with a mixture of *CO, and H,O vapor
resulted in the formation of *CO and O, monitored by FT-IR and mass
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spectroscopy, respectively. Use of '*O labeled water resulted in the formation of '*O, product. This is the first example of a
closed photosynthetic cycle of carbon dioxide reduction by water using an all-inorganic polynuclear cluster featuring a
molecularly defined light absorber. The observed activity implies successful competition of electron transfer between the IrO,
catalyst cluster and the transient oxidized Co donor center with back electron transfer of the ZrOCo light absorber, and is further

aided by the instant desorption of the CO and O, product from the silica pores.

1. INTRODUCTION

Photochemical reduction of carbon dioxide by taking electrons
from water molecules is among the most challenging scientific
gaps of artificial photosynthesis, yet very attractive because of
the possibility of generating a liquid solar fuel in a completely
cyclic process. Substantial progress has been made in the past
several years in the development of half reactions (subsystems)
for visible light driven water oxidation and for carbon dioxide
reduction by the direct coupling of molecular light absorbers to
multielectron catalysts. Examples of light absorber—catalyst
assemblies for water oxidation with visible light are Ru
bipyridine sensitizer interacting with a benzimidazole-phenol
mediator attached to an Ir oxide nanocatalyst' or a Ru
bipyridine chromophore coupled to molecular Mn cubane” or
to a mononuclear Ru catalyst® embedded in a layer of Nafion.
The same sensitizer was used for driving a Ru polyoxotungstate
catalyst with the components coupled through strong electro-
static interactions,”® or for activating a covalently attached
single center Ru catalyst.® Another molecular assembly for
water oxidation reported recently features a perylene
dicarboximide chromophore linked to an organometallic Ir
catalyst.” For visible light driven CO, reduction, chromo-
phore—catalyst subsystems introduced thus far include an
organo Ru or metalloporphyrin complex coupled via short
hydrocarbon linkage or amide bridge to a Re bipyridine
tricarbonyl catalyst.*'" Alternatively, nitrogen doped Ta,Og
nanoparticles were shown to serve as visible light absorbers for
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driving a Ru bipyridyl catalyst anchored on the particle
surface.

While there is a growing number of examples of molecular
light absorbers driving a CO, reduction catalyst in the presence
of an applied voltage or an energy-rich sacrificial donor (half
reaction), examples do not yet exist where a molecular light
absorber coupled to a CO, reduction catalyst uses electrons
donated by H,0O molecules. Closing of the fuel producing cycle
under visible light illumination in an energy bias-free (electrical
of chemical) system has only been established for the reduction
of protons to H, (overall water splitting), and primarily with
semiconductor light absorbers. Examples are visible light water
splitting at triple junction amorphous silicon,'>'* III-V
semiconducting materials,'> WO; or Fe,0; photoanode/dye
sensitized'® or BiVO,/a-Si tandem cells,'” and two-photon
TiO,/Si nanowire or n-WO;/np*Si microwire arrays.ls’lg
GaN:ZnO materials functionalized with cocatalysts are an
example of visible light induced overall water splitting using the
semiconductor particle approach.*® For direct photocatalytic
CO, reduction by H,O, existing systems are heterogeneous and
based on wide bandgap semiconductor light absorbers like
TiO,, SrTiO; ZnO, SiC,*"** ZrO, with Cu cocatalyst,23
layered perovskite Bala,Ti,O;5 with Ag cocatalyst reported
recently,”* or engaging isolated Ti centers substituted in micro
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or mesoporous silicates. However, in many reports, the

formation of molecular oxygen product and, hence, closure of
the photocatalytic cycle was not demonstrated, with notable
exceptions.”>***’ Light absorption for all these materials is
restricted to the UV region. Product analysis requires
verification by isotopically labeled reactants to avoid effects
caused by adventitious carbon residue that might be present in
the solid photocatalyst material.>® For the case of isolated Ti
centers in mesoporous silica, CO and O, were shown to be the
initial single photon products.”” Reports are emerging of UV
light driven CO, reduction by H,O with enhanced selectivity to
specific products. For example, a two-photon system consisting
of an InP photocathode functionalized by an organo Ru
complex coupled to TiO, particle to yield formate as the
predominant product.”® Also, MgO added to Pt loaded TiO,
was shown to enhance selectivity toward methane product,® or
a thin Nafion layer on Pd-deposited TiO, nanoparticles was
found to promote methane and ethane production in aqueous
suspension.31

Oxo-bridged, all-inorganic hetereobinuclear units covalently
anchored on a silica surface possess metal-to-metal charge-
transfer (MMCT) absorptions that reach deep into the visible
region and are capable of driving a water oxidation catalyst, or
reduce CO, to CO. About a dozen different units featuring Ti
or Zr as acceptor and a first or second row transition metal as
donor center have been developed in the past several
years.>>™® The wide choice of metals allows us to closely
match the redox potential of donor or acceptor to the potential
of the catalyst, which is important for converting a maximum
fraction of the absorbed photon energy to chemical energy of
products. The detailed structure of representative units such as
TiOMn" and ZrOCo" on the surface of mesoporous silica
supports has been determined by EXAFS spectroscopy.*>*
The ability of most binuclear units to drive MMCT induced
redox reactions is attributed to unusually long lifetimes of the
excited charge transfer state.*' Temperature dependent
transient optical absorption spectroscopy of the excited state
electron transfer processes in a TiOMn' unit revealed a slow
back electron transfer time of 2.4 us at room temperature,
which is attributed to efficient ultrafast intersystem crossing to a
lower spin state from the optically excited MMCT state.** Back
electron transfer from the thermalized lower spin state to the
high spin TiOMn" ground state requires intersystem crossing
and is therefore slow, thus favoring charge transfer to a catalyst.
For example, for a TiOCr™ unit coupled to an Ir oxide
nanocluster (2 nm) on the pore surface of mesoporous silica
MCM-41, efficient visible light driven water oxidation was
demonstrated (13% quantum efficiency at 458 nm).*® The half
reaction was conducted in liquid water, and persulfate was used
as sacrificial acceptor. Units featuring Zr as acceptor linked to a
Cu' or a Co" donor center allowed the direct reduction of CO,
to CO upon MMCT excitation in mesoporous silica loaded
with 1 atm of CO, gas. For the reduction at ZrOCu' units, no
sacrificial donor was needed (Cu' was stoichiometrically
converted to Cu"),*> while the ZrOCo" unit required an
amine sacrificial donor for the half reaction to produce CO and
formate.*

In this paper, we report photodriven CO, reduction to CO at
a heterobinuclear group by taking the electrons from water,
thus demonstrating closure of the photosynthetic cycle at an
all-inorganic polynuclear unit featuring a molecularly defined
light absorber by recording reduced product and evolving
oxygen for the first time. The system consists of a ZrOCo"

group coupled to an Ir oxide nanocluster catalyst on the pore
surface of mesoporous silica SBA-15. Photochemical activity
was enabled by the development of a new photodeposition
method for proper spatial arrangement of the catalyst cluster
relative to the ZrOCo chromophore, and by suppressing back
reaction by facile desorption of the CO and O, products from
the photocatalytic site.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. The following reagents were used
as received: Zirconocene dichloride ([ZrCp,Cl,], >99%, Strem),
anhydrous cobalt chloride (>98.0%, Fluka), triethylamine (TEA,
>99%, Aldrich), anhydrous dichloromethane (99.8%, Aldrich),
acetonitrile (>99.9%, Honeywell), *C-carbon dioxide (99% '°C,
Cambridge Isotope lab, Inc.), Pluronic P-123 (Aldrich), concentrated
hydrochloric acid (37%, Aldrich), and [Ir"(acac);] (acac:
CH;COCH=C(O")CH,;, >97%, Aldrich). [Ir''(acacCl),] was
synthesized according to literature procedure*® and characterized by
proton NMR by its characteristic signal at 2.26 ppm.* Solvents were
dehydrated with 3 A molecular sieves for acetonitrile and TEA, and 4
A molecular sieves (Linde) for anhydrous methylene chloride and
toluene. Molecular sieves (ca. S g/100 mL of solvent) were activated at
170 °C under vacuum for 24 h. Acetonitrile and TEA liquids were
purged with nitrogen for 1 h and stored in a N, glovebox before use.
Deionized ultrapure water (18 MQ-cm) for CO, reduction experi-
ments was placed in a Schlenk flask and degassed by three liquid
nitrogen freeze—pump—thaw cycles. For 'O labeling experiments,
H,"0 (Icon, 97.6% '80) was used. Anhydrous cobalt chloride was
heated at 120 °C under vacuum for 16 h before use to obtain an air-
free sample. [Ir'"(acac);] was kept under vacuum for 16 h before use,
and [ZrCp,Cl,] was kept in a N, glovebox to avoid water
contamination.

2.2. Synthesis of ZrOCo-SBA-15. Mesoporous silica SBA-15 was
prepared according to the method used in a previous report.”
Binuclear ZrOCo units were assembled on the surface of SBA-15
mesopores by reaction of tetrahedral complex [Co(II)(NCCHj;),Cl,]
on the nanopore surface of Zr-SBA-15.>**>* Briefly, synthesis of the
ZrOCo group on SBA-1S was achieved by first grafting tetrahedral Zr
centers by conducting the known zirconocene dichloride precursor
method in a dry N, box.***** To remove the remaining organic
ligand, calcination was conducted at 550 °C for 12 h, a procedure that
is known to result in tripodally anchored ZrOH groups.**"*
Covalent anchoring of Co followed the same method using as
precursor the tetrahedral complex [Co(II)(NCCH;),CL] in acetoni-
trile as reported previously.>**>* Inductively coupled plasma (ICP)
analysis for the determination of Zr, Co, and Ir content was conducted
by ACTA Laboratories Inc. Subsequent removal of the remaining
acetonitrile ligand by calcination at 350 °C (S h) is known to result in
anchored Co centers, the majority of which are oxo-bridged to a Zr
center.”® The detailed synthetic method and characterization of
ZrOCo"—SBA-15 including comprehensive spectroscopic character-
ization by powder X-ray diffraction (PXRD), extended X-ray
absorption fine structure (EXAFS), FT-IR, FT-Raman, optical
spectroscopy, and ICP analysis were described in our previous
paper.*® Small angle XRD data showing intact mesoporous structure
after preparation of ZrOCo units are presented in Figure S1 in the
Supporting Information. FT-IR spectra of SBA-15 and ZrOCo-SBA-15
are shown in Figure S2, which confirm the absence of impurities.

2.3. Photochemical Deposition of Ir Oxide Nanoclusters. The
precursor [Ir'™(acac),] for the assembly of Ir oxide nanoclusters (IrO,)
was loaded into SBA-15 pores by adding 50 mg of ZrOCo"—SBA-15,
dehydrated at 240 °C overnight under vacuum, to 90 M (0.45 mg) of
[Ir™(acac),] dissolved in toluene (10 mL). The solution was stirred
for 1 h at room temperature in a dark environment inside a N, glove
box. The powder was filtered, washed five times with 10 mL of toluene
and dried in vacuum for 8 h. The as-synthesized powder (S mg) was
pressed with a KBr press (13 mm diameter) under <1 ton pressure for
S s. The wafer was subsequently evacuated for 1 h in a homemade
stainless steel optical cell equipped with a quartz window. For
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photodeposition of Ir centers, the pellet loaded with [Ir'™(acac),] was
irradiated for 1 h at room temperature in vacuum using the 355 nm
emission (127 mW cm™) of a pulsed Nd:YAG laser at 10 Hz
(Continuum model Surelite IIT), or the 458 nm emission (460 mW
cm™) of an Ar ion laser (Coherent model Innova) with the beam
expanded to 1 in. diameter. The sample was calcined at 300 °C for 10
h under flow of O,, resulting in the formation of a gray pellet
containing ZrOCo" groups and Ir oxide nanoclusters, termed
ZrOCo"~1rO, SBA-15. Typical IrO,, loading was estimated to be ca.
0.4 wt % (Ir/Si ratio) based on [Ir'(acac);] remaining in solution.
The conversion of [I'(acac),] to [Ir'V(acac),]** was monitored by
UV diffuse reflectance spectroscopy (UV-DRS, Shimadzu model UV-
2100 spectrometer equipped with an integrating sphere model ISR-
260) and by FT-IR spectroscopy (Bruker model IFS66 V equipped
with LN, cooled MCT detector Kolmar model KMPV8-1-J2 with an 8
pum band gap). Transmission electron microscopic imaging was
conducted at the TEAMO.S instrument operated at 80 kV. Energy
dispersive X-ray (EDX) data were collected at a TitanX instrument at
the National Center for Electron Microscopy.

2.4. Photocatalysis. The ZrOCo"-IrO, SBA-15 wafer (5 mg)
was placed in a home-built stainless infrared vacuum cell (volume 3.7
cm®) equipped with CaF, windows and mounted in the FT-IR
spectrometer for in situ monitoring of photocatalysis. After evacuation
overnight at room temperature, H,O and '*CO, gas were admitted to
the infrared cell. After a 30 min dark period to confirm that no spectral
changes occurred in the absence of light, laser photolysis (355 nm, 127
mW cm™? at sample inside IR cell) was conducted at room
temperature over a period of S h, and infrared spectra recorded at
regular intervals. The spectral resolution was 0.25 cm™". To identify
the origin of any carbon containing product, all experiments were
carried out using isotopically labeled '*CO,. Gas phase '>*CO and
BCO can readily be differentiated by the characteristic ro-vibrational
bands in the 2200—2000 cm™ region. For monitoring of O, product,
the gas phase of the cell was probed by a quadruple mass spectrometer
(Pfeiffer model Omnistar 422).

3. RESULTS

3.1. Synthesis and Characterization of ZrOCo"-IrO,
Unit. In a typical ZrOCo"—SBA-15 sample (1.1 mol % Zr and
0.7 mol % Co), the majority of Co centers (>80%) are linked to
a Zr center via an oxo bridge according to our previously
reported EXAFS analysis. The selectivity is attributed to the
preferential reaction of the ZrOH groups with
[Co"(NCCHj;),CL,] precursor.*® The optical diffuse reflectance
spectrum of ZrOCo"—SBA-15 has a distinct spin—orbit triplet
of the *Ay(F) — *T(P) ligand field transition (500—700 nm)
for tetrahedral Co",, and a continuous Zr'¥OCot = ZrOCo™
metal-to-metal charge-transfer (MMCT) absorption tail from
the near UV throughout the visible region to ca. 600 nm, as
reported previously™ and shown in Figure S3.

When exciting the ZrOCo MMCT absorption at 458 or 355
nm in the presence of loaded [Ir(acac),], UV—vis DRS and FT-
IR spectroscopy revealed conversion of [Ir(acac);] on the SBA-
1S pore surface to an oxidized [Ir'(acac),]** group and free
acetylacetone ligand. As shown in Figure la, spectra of
ZrOCo"—SBA-15 with loaded [Ir(acac);] before (trace 1,
black) and after 355 nm illumination for 1 h at 127 mW cm™>
(trace 2, red) indicate loss of [Ir'(acac);] and growth of
[1r'"V(acac),]** along with free acac ligand. This conclusion is
reached by comparison with the optical spectra of authentic
samples of [Ir'(acac);], [Ir'(acacCl),]*" and free acac ligand
in toluene solution, shown in Figure S4. Illumination results in
decrease of the 317 nm peak of [Ir'"'(acac);] under growth of
the (partially overlapping) band of free acac that absorbs at 299
nm (284 nm in the case of acac in toluene solution (Figure
S4)). At the same time, the growth of [Ir'(acac),]** is
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Figure 1. (a) UV-vis DRS of ZrOCo-SBA-15 loaded with
[r'"(acac),] before (trace 1, black) and after 1 h photodeposition
(trace 2, red). Inset: Difference spectrum (2) — (1). Sample wafer was
S mg, [Ir(acac);] loading 0.045 mg, and 35S nm irradiation for 1 h
(127 mW cm™). (b) Visible region of spectra (a) on an expanded
scale for clarity. Samples were recorded under vacuum. Peak
wavelengths were determined by Origin computer program, and an
uncertainty of 1.0 nm was derived from the measurement of several
independent samples.

manifested by absorbance increase at 440 nm and longer
wavelengths (band extending to 650 nm), shown for clarity in
Figure 1b on an expanded scale. The assignment of the Ir'"
absorption is based on a comparison of the spectra of the
closely related authentic samples [Ir'(acacCl);] and
[1r'"V(acacCl),]**, and established spectral changes upon Ir'™
to Ir'"Y conversion as explained in the caption of Figure $4.**
The spectral changes induced by the photodeposition are most
clearly seen in the difference trace shown in the inset of Figure
la. They were only observed for [Ir'!(acac);] loaded into SBA-
1S containing ZrOCo binuclear units, but not when the
photodeposition process was attempted in single metal (Zr or
Co) or neat SBA-15 (Figure SS). These findings provide strong
evidence that the process is driven by light absorbed by the
MMCT chromophore.

The shift of each of the three Co spin orbit peaks of the
ZrOCo™ unit to higher energy upon photodeposition (656,
586, and 517 nm before, 649, 582, and 510 nm after
photodeposition, Figure 1b) is consistent with the formation
of a Co"=O—1Ir"" linkage because of the electron withdrawing
effect of Ir' on the bridging O. Figure S6 describes control
experiments which demonstrated that the blue shifts of 7, 4,
and 7 nm for the three peaks are significant compared to shifts
due to illumination of ZrOCo units or calcination for making Ir
oxide clusters. This explanation is analogous to the effect of
Zr™ on the 7 donation to Co” in the case of the ZrOCo"
linkage reported previously.”’ Photodeposition was also
achieved under visible light instead of 355 nm irradiation of
the ZrOCo" MMCT transition using 458 nm laser emission of
an Ar ion laser light (Figure S7). After calcination at 300 °C for
10 h under O, flow, the UV—vis bands of Ir-complexes
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disappeared completely while the absorption of IrO, grew in
(Figure $8).>°

The manifestation of the Ir photodeposition was corrobo-
rated by FT-IR spectroscopy. Infrared bands of [Ir'!(acac),]
loaded on ZrOCo"—SBA-15, shown in trace 1 of Figure 2a
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Figure 2. (a) FT-IR spectra of ZrOCo-SBA-1S loaded with
[Ir'"™(acac),] before (trace 1, black) and after 1 h photodeposition
with 355 nm light (127 mW cm™) (trace 2, red) in vacuum. The
spectrum after calcination is shown as trace 3 (blue). (b) Difference
FT-IR spectrum recorded before and after photodeposition for 10 min
(trace 4, orange), 30 min (trace 5, red), and 60 min (trace 6, green).
The 5 mg ZrOCo-SBA-15 pellet was loaded with 0.045 mg
[Ir'™(acac),).

agreed well with those of the solid complex dispersed in a KBr
wafer (Figure $9),* indicating that after loading into ZrOCo-
SBA-1S the structure of the complex remains intact. Upon
photodeposition using 355 nm laser emission, decrease of
[Ir'"™(acac),] bands at 1556, 1526, 1389, 672, 663, and 653
cm™"! was observed while absorptions grew in at 1690 (broad),
1587, 1507, and 1361 cm™'. Among the latter, the first three
bands are due to free acetylacetone/acetonate ligand®' while
the 1361 cm™' peak, most clearly seen in the difference
spectrum Figure 2b, is attributed to [Ir'"V(acac),]*. Infrared
monitoring confirmed the results already established by UV—
vis spectroscopy. FT-IR spectra obtained by photodeposition
using visible light (458 nm) confirmed the results (Figure S10).
Further, conversion of the Ir precursor to [Ir"(acac),]*,
manifested by growth of the 1361 cm™" band, is only observed
in SBA-1S5 containing the ZrOCo! units, but not for single
metal or bare SBA-15 samples (Figures S11; note that, in the
absence of the ZrOCo chromophore, the Ir'(acac); complex
itself is rendered photolabile by LMCT photoexcitation,
resulting in a decrease of its bands and the formation of free
acetylacetonate absorbing at 1367 cm™).

Upon calcination, the infrared peaks of the [Ir(acac);]
complex completely disappeared (trace 3 in Figure 2a),
resulting in the formation of Ir oxide nanoclusters. Spectro-

scopic analysis and the observed photochemical activity
(section 3.2 below) indicate that the ZrOCo binuclear units
remain intact after growth of the IrO, clusters. Far infrared
spectra of the calcined ZrOCo"—SBA-15 samples show no
growth of Co—O modes of Co oxide clusters. Specifically, no
growth is observed at 668 and 583 cm™' characteristic for
Co;0, (Figure S12), which is the Co oxide structure expected
to prevail under the applied calcination conditions.>** UV—vis
spectra (Figure S6) show that, after calcination, the Co"' centers
remain tetrahedral with the first coordination sphere essentially
unchanged (the spin orbit peaks are sensitive to coordination
change). Furthermore, despite the high dispersion of ZrOCo"—
IrO, units in the silica mesopores and the short penetration
depth of soft X-rays into the SBA-1S5 particles, XPS measure-
ments allowed us to confirm the oxidation state of Co?*, Zr*,
and Ir*" upon calcination, as shown in Figure S13. Photo-
chemical activation of CO, and reduction to CO is only
observed for samples that start out with ZrOCo units followed
by photodeposition of Ir and calcination to yield IrO, clusters
as shown in a series of FT-IR spectra in Figure S16 and
described in section 3.2 below. No photoreduction is observed
for IrO,, containing samples that have only one metal, Zr or Co.
Because the presence of both Zr and Co is required for
photochemical reaction to take place and the formation of a
MMCT chromophore requires a covalent oxo bridge of the two
metal centers as shown by our previous work, in particular, a
study of the TiOCo unit,** the only explanation for the
observed CO, photoreduction by ZrOCo" IrO, samples we can
conceive of is intact ZrOCo units after calcination. While the
precise structural arrangement and whether covalent bonding
between the Co and Ir center remains intact are not known, the
photochemical results demonstrate that there is electron
transfer communication between the Co donor center of the
ZrOCo unit and the IrO, cluster.

The analysis of high angle annular dark field (HAADF)
images recorded in the STEM (scanning transmission electron
microscopy) mode and energy dispersive X-ray (EDX)
measurements confirmed the formation of uniform IrO,
nanoclusters in the channels of ZrOCo"—SBA-15. The
HAADF image of Figure 3a shows the mesoscale silica
channels of a 0.4%(wt) Ir loaded ZrOCo"—SBA-15 sample
after photodeposition and calcination. The small bright spots
are Ir oxide nanoclusters (example marked by dotted circle),
which are absent in the same ZrOCo"—SBA-15 sample before
Ir loading, shown in Figure 3b. Inspection of close to 100
images revealed Ir oxide nanoclusters with an average diameter
of 1.8 + 0.1 nm (data points in the histogram shown in Figure
S14 were analyzed using Digital Micrograph (Gatan Micros-
copy Suite) program). Assuming IrO, stoichiometry, a cluster
of 1.8 nm diameter contains 96 Ir atoms based on the density of
the crystal.”” Hence, the ratio of ZrOCo chromophores and Ir
oxide clusters is 10:1.

3.2. Photochemical Reduction of CO, by H,O.
lumination at 355 nm (127 mW cm™2) of a pressed wafer
of ZrOCo"—SBA-15 containing Ir oxide nanoclusters (abbre-
viated ZrOCo"~IrO, SBA-15) loaded with a gas mixture of 760
Torr CO, and 100 mTorr H,O resulted in the formation of
BCO and O,. Figure 4 shows the absorbance growth of the ro-
vibrational bands of gas phase '>CO in the region 2075 to 2050
cm™" over a period of S h. No reproducible changes beyond the
CO growth were observed in other spectral regions aside from
an initial depletion at 1630 cm™' of adsorbed H,O due to
consumption, and desorption upon start of photolysis (Figure
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Figure 3. High angle annular dark field (HAADF) images of (a)
ZrOCo"~IrO, SBA-15 and (b) ZrOCo-SBA-15. (c¢) EDX measure-
ment showing the exclusive presence of Zr, Co, and Ir (Cu is due to

Cu grid).
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Figure 4. FT-IR monitoring of photoreduction of *CO, by H,O over
ZrOCo—IrO, SBA-15 (S mg pellet, 0.4 wt % IrO,). Difference FT-IR
spectrum (2075—2050 cm™") of gas phase *CO growth upon 355 nm
irradiation (127 mW cm™2) of ZrOCo"~IrO, SBA-15 for 1 h (black),
2 h (red), 3 h (blue), 4 h (green), and § h (pink) and ZrOCo"-IrO,
(no photodeposition) SBA-15 for 5 h (violet) in the presence of 760
Torr *CO, and 100 mTorr H,0O. Small bands at 2060.1, 2064.6, and
2069.1 are due to '2CO generated by the reaction of O split off from
B3CO, with adventitious carboneous residue present in SBA-15, as
described in previous work.”’

Sa; for completeness, mid-infrared spectra of several photolysis
experiments are shown in Figure S15). As shown in Figure Sa,
the growth of CO product is close to linear with time. The
slight deviation from a perfect straight line is consistent with
the fact that the natural line width of a ro-vibrational CO band
is significantly smaller (0.03 cm™) than the spectral resolution
of 0.25 cm™" of the FT-IR spectrometer. Taking into account
the systematic error caused by the limited spectral resolution,
the total amount of *CO produced over a 5 h photolysis
period was determined as 43.6 nmol, which corresponds to 46
turnovers per ZrOCo—IrO,, catalytic site.
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Figure 5. (a) Growth kinetics of "*CO (at 2065.9 cm™ band) and the
behavior of H,O adsorbed on ZrOCo—IrO, SBA-15 (intensity of 1630
cm™" band). The yield of *CO product after 5 h photolysis is 43.6
nmol corresponding to 46 catalytic turnovers at IrOCo—IrO, sites.
The error bars of the *CO growth represent the statistical uncertainty
of four experiments with samples from fresh batches. (b) Effect of
added H,0 concentration (initially indicated by the absorbance of the
1630 cm™' H,0 mode) on the production of *CO upon 355 nm
irradiation of ZrOCo-IrO, SBA-15 for 5 h photolysis. Inset:
Difference FT-IR spectrum (2075—2050 cm™") of gas phase *CO
growth for 5 h of ZrOCo"~IrO, SBA-15 in the presence (trace 1, red)
and absence (trace 2, black) of H,O upon 355 nm irradiation (127
mW cm™2).

A series of control experiments gave insight into key
properties of this photosynthetic system consisting of a
ZrOCo charge transfer unit coupled to an IrO, nanocluster
catalyst. Of foremost interest is the observation that, in the
absence of H,0, no *CO growth (and no O, growth, see next
paragraph) is observed, as shown in the water concentration
plot of Figure 5b. The result implies that electrons generated by
the oxidation of water enable the photoreduction of carbon
dioxide. Furthermore, if the Ir oxide nanocluster catalysts are
prepared in the ZrOCo-SBA-15 material without applying the
photodeposition step, that is, by direct calcination of ZrOCo-
SBA-15 loaded with [Ir'!(acac);], photochemical *CO product
growth is negligible, as shown in Figure 4, bottom trace
(violet). This finding strongly suggests that the photo-
deposition method indeed results in the proper spatial
positioning of the Ir oxide nanocluster close to the Co donor
center. Random formation of oxide clusters in the SBA-15
mesoscale channels does not lead to adequate coupling of Co
donor centers with the nanocluster for water oxidation.

As the CO product increases over a period of S h of
photolysis, the level of adsorbed H,O as monitored by the
bending mode at 1630 cm™" (Figure Sa, black curve) remains
unchanged with photolysis time following the initial loss at the
onset of illumination (mainly caused by the minor heating
(about 2°) by the laser emission). The finding indicates that
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adsorbed water is continuously replenished from the vapor
phase.

Additional control experiments summarized in Figure S16
confirm that no photoreduction of carbon dioxide occurs in the
absence of IrO, clusters, in the absence of the ZrOCo
chromophore, or when leaving a photoactive ZrOCo"~IrO,
SBA-15 sample in the dark.

The photochemical production of *CO by the ZrOCo"—
IrO, SBA-15 system was investigated by independently varying
H,O (Figure Sb) and IrO, concentrations (Figure S17). The
CO production rate in the presence of H,O (at 0.1 Torr) and
IrO, (at 0.1 mol % or 0.4 wt % with respect to silica) exhibits a
maximum beyond which the rates decreased with increasing the
concentration of each component. The finding that the CO,
photoreduction yield decreases with increasing IrO, loading is
consistent with the growing inner filter effect, as shown in
Figure S17b.

To further confirm the role of water as an electron donor, the
production of O, (m/z = 32) was analyzed by mass
spectroscopy. Figure 6a trace 1 shows the O, signal observed
when injecting into the mass spectrometer the gas content of
the sample cell after S h illumination of a ZrOCo"~IrO, SBA-
15 wafer in the presence of *CO, (760 Torr) and H,O (0.1
Torr). No O, signal outside uncertainty (at m/z = 32) was
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Figure 6. (a) Mass spectrum of O, produced after 355 nm irradiation
of ZrOCo—IrQ, SBA-15 for 5 h with *CO, and H,O (trace 1, red).
The control experiments were conducted under exactly the same
condition without H,O (trace 2, blue) or without photolysis (trace 3,
black). Traces represent the average of three experiments, each
conducted with a fresh ZrOCo—IrO, SBA-1S pellet. Experimental
conditions were [ZrOCo—IrO,, SBA-15] = 0.5 mg/pellet (with 0.4 wt
% IrO,), [**CO,] = 760 Torr, [H,0] = 0.1 Torr, illumination with 355
nm emission of a pulsed Nd:YAG laser at 10 Hz (127 mW cm™). (b)
Mass spectrum of '*0, and '°0, produced under identical
experimental conditions using *CO, and H,'O (trace 4, green).
Control experiment of identical sample but without photolysis (trace
S, purple). Traces represent the average of two experiments, each
conducted with a fresh ZrOCo—IrO, SBA-15 pellet.

detected when repeating the same experiment in the absence of
H,O (Figure 6a, trace 2). Furthermore, no O, was produced
under otherwise identical experimental conditions without
illumination (Figure 6a, trace 3). When conducting identical
photolysis experiments with H,'*O using '*C'0, as coreactant,
180, (m/z = 36) was detected (Figure 6b, trace 4), thus further
confirming that water is oxidized to O,. We conclude from
these findings that the generation of both CO and O, requires
photooxidation of H,O at ZrOCo"—IrO, units induced by
MMCT excitation of the ZrOCo chromophore.

4. DISCUSSION

The observed photoreduction of CO, by 355 nm excitation of
ZrOCo"—IrO, units using H,O as electron source is consistent
with our previous observations on the corresponding oxidation
and reduction half reactions. Water oxidation was observed in
aqueous suspension upon MMCT excitation at 458 nm of
TiOCr™ units coupled to an IrO, nanocluster catalyst. The
units were anchored in mesoporous AIMCM-41 and Na,S,04
used as sacrificial electron acceptor. For this photocatalytic
assembly, proper spatial arrangement of the IrO, cluster
adjacent to the Cr'™ donor center was achieved by spontaneous
(dark) reaction of [Ir™(acac),] with TiOCr units, with the
donor center in the Cr" oxidation state.>® Furthermore, studies
of water oxidation at nanosized IrO, clusters by an organo-
metallic visible light sensitizer, [Ru(bpy);]** (Ru*"/?* redox
potential: 1.24 V), showed that the overpotential for driving the
catalyst is at most 350 mV, or 8.5 kcal mol™! (pH 6).°7>°
Electrochemical measurements at 2 nm IrO, particles were
found to yield overpotentials of 250 mV (5.8 kcal mol™" at 0.5
mA cm™2),°*% and even lower values of 190 mV (at 1 mA
cm™?) were reported very recently for amorphous Ir oxide
films.>® Regarding the CO, reduction half reaction, CO,
splitting was demonstrated previously at a different Zr
containing heterobinuclear unit, namely, ZrOCu'** The
reaction was induced in ZrOCu'-MCM-41 mesoporous silica
loaded with 760 Torr CO, gas by Zr'VOCu' — Zr"OCu"
excitation with 355 nm photons and proceeded in the absence
of any sacrificial electron donor under stoichiometric oxidation
of Cu' to Cu". H,0 was the coproduct of CO.** Although CO
is trapped inside the mesoscale silica channels because of strong
coordination with Cu' centers, this example constitutes a
precedent for a MMCT unit with Zr acceptor capable of
reducing CO, to CO without involving a sacrificial acceptor.
The observed conversion of CO, to CO and O, by taking the
electrons from H,0 upon excitation of the ZrOCo"~IrO, unit
with a 355 nm photon is consistent with the energetics of the
reaction. The free energy of the reaction CO, - CO + 1/20,
(gas phase) is 62 kcal mol~.>”*° Given the energy of 355 nm
photons (80.5 kcal mol™"), the available energy for surpassing
the barriers for the multielectron transfer processes of water
oxidation to O, and CO, reduction to CO is 18.5 kcal mol™".
This value must be considered as an upper limit because of
likely vibronic/electronic relaxation within the ZrOCo unit
prior to charge transfer to the IrO, catalyst or electron transfer
to CO,. However, the estimated activation energy for driving
water oxidation catalysis with the IrO, cluster is just a few kcal
mol ™" according to the discussion of the previous paragraph. A
similarly accurate estimate for the activation of CO, by a Zr'™
center is not available. However, with reduction of CO, to CO
at transient Zr" in another endoergic MMCT-induced reaction
demonstrated previously (Zr™VOCu! converted to ZrVOCu'"),**
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the observed CO, splitting at ZrOCo"—IrO,, units with 355 nm
photons under electron donation by H,O is anticipated.

The quantum efficiency (QE) of CO, reduction to CO by
H,O is estimated according to

QF = 2N¢o

I\Iincident_photonsaﬂ

where N is the number of CO produced per second (1.45 X
10 571, Nipcident photons is the number of 355 nm photons per
second (2.3 X 10" s7'), a is the fraction light absorbed by
ZrOCo in SBA-15 at 355 nm (0.065), and f3 is the fraction of
ZrOCo which has an adjacent IrO, catalyst particle (0.001125).
The calculated efficiency QE is 0.17. It is assumed that only
photolysis light absorbed by those ZrOCo units which are
coupled to an Ir oxide nanocluster results in CO, reduction to
CO. While we have no direct measurement to confirm this
assumption, the total concentration of ZrOCo units of 1%
(relative to Si) implies that the average spatial separation
between the units is a too large for energy transfer to occur.
Although most likely fortuitous, it is interesting to note that the
QE of 17% is close to the value found previously for visible liéght
induced water oxidation at TiOCr"—IrO, units (13%).% Ir
oxide nanoclusters were of 2 nm size in this earlier study as
well, although the fraction # of TiOCr units with an adjacent
IrO, catalyst particle was much higher (0.1), most probably
because the spatially directed deposition of Ir precursor could
be conducted by a spontaneous (dark) rather than a
photoinduced redox process.*® As a consequence, the external
quantum efficiency, 2Nco/Nincigent_photons Was much higher for
the TiOCr—IrO, system (2.2 X 10~°) than for the ZrOCo"—
IrO, case reported here (1.3 X 107°).

The good photocatalytic quantum efficiency implies
favorable competition of charge transfer from the excited
ZrOCo unit to the Ir oxide catalyst cluster and to CO,
molecules compared with back electron transfer within the
light absorber. While monitoring of electron transfer of the
excited ZrOCo" chromophore by transient optical absorption
spectroscopy is rendered difficult by the intense and complex
ligand field spectrum of Co in its II and III oxidation states, we
have conducted such a study for the spectroscopically more
amenable TiOMn" unit anchored on mesoscale channel
surfaces of SBA-15 or a silica nanoparticle surface.*"**
Observation of the ligand field absorption of transient Ti
following MMCT excitation Ti'"OMn" — Ti""OMn"" revealed
a long lifetime for the excited MMCT state of 2.4 ys at room
temperature (in vacuum). A low activation barrier and a very
weak coupling of the electronic surfaces derived from a
temperature dependent kinetic study suggest sfin flip as the
origin of the slow back electron transfer process.** The fact that
most of the dozen or so heterobinuclear units investigated so
far act as efficient charge transfer chromophores for driving
redox reactions suggests that long (nano- or microsecond)
lifetimes of the excited MMCT state are typical for these units.
Because all units feature a transient Ti'" or Zr'" acceptor center
upon MMCT excitation, spin flip of the Ti or Zr valence
electron resulting in relaxation to a lower spin state is the most
likely mechanism responsible for spin forbidden transition
upon back electron transfer to high spin ground state. For the
ZrOCo" unit, intersystem crossing from the S = 3/2 high spin
excited Zr'"OCo™ state (prepared by spin-allowed photo-
excitation of the S = 3/2 ground state)35 to the S = 1/2 low
spin excited MMCT surface would result in a slow back
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electron transfer to ground state Z:VOCo™. Therefore, hole
transfer from transient Co™ in the S = 1/2 excited MMCT
state to the IrO, cluster is expected to be competitive with back
electron transfer within the ZrOCo unit. Fast reduction of Co™
to Co" by electron transfer from IrO, would extend the lifetime
of Zr'™ and thereby facilitate electron transfer to CO,. We
conclude that slow back electron transfer of the excited
Z™MOCo™ state is likely rendering hole transfer from Co to an
adjacent IrO, catalyst cluster competitive and considered to be
the key factor responsible for the good quantum efliciency of
CO, reduction by H,0.

A quantum efficiency of 0.17 in light of a back electron
transfer time of 1 s would imply a charge (hole) transfer time
from transient Zr'™OCo™ to the IrO, cluster of 6 ys. This is
one to 2 orders of magnitude faster than previously reported
hole transfer between a Ru bipyridine light absorber and IrO,
nanoparticle catalyst. For Ir oxide nanoparticles with anchored
Ru bipyridine sensitizer, Mallouk observed a hole transfer time
of 2.2 ms.*° Introduction of a benzimidazole-phenol electron
relay resulted in a substantial imgrovement of the transfer time
by approximately a factor of 3."°" On the other hand, for a Ru
polyoxotungstate catalyst electrostatically attached to Ru
bipyridine type chromophore, Hill et al* and the groups of
Bonchio and Scandola® reported very fast hole transfer of 1 ns.
A critical common feature of the ZrOCo—IrO, unit and the
molecular light absorber—catalyst systems reported in the
literature is the control of the spatial arrangement of the
catalyst in proximity of the chromophore by chemical or
photochemical methods. Regarding the photodeposition
method, it was initially employed for attaching metal
nanoparticle catalysts for hydrogen evolution to semiconductor
surfaces.®>”%* Examples for the photodeposition of metal oxides
as water oxidation catalysts on anodes include Co oxide on
ZnO® or nanostructured Fe,0,.% Interestingly, facet selective
photodeposition of noble metal and metal oxide clusters on
TiO, crystals was observed by Ohno et al.” Very recently, facet
selective photodeposition of metal oxide water oxidation and
noble metal reduction catalysts particles was demonstrated for
BiVO, crystals.”® While the spatial relationship between the Co
donor center and the IrO, nanocluster after the calcination step
cannot be evaluated based on the present spectroscopic results,
our observation of photocatalytic function exclusively in the
case of photodeposited clusters, but not for samples with
randomly distributed Ir oxide clusters demonstrates that the
photodeposition process is a necessary step for establishing
charge transfer contact between ZrOCo unit and catalyst.

The mechanism of four-electron oxidation of water
molecules at the IrO, nanocluster features an IrOOH surface
intermediate as detected in our recent rapid-scan ATR FT-IR
study in aqueous solution.>® The formation of the OO bond is
proposed to occur by nucleophilic attack of H,O on an Ir'=0
species,” similar to water oxidation at Co;O, nanoparticle
surfaces where OO bond formation of Co'™=0 moieties with
H,0O molecules has been investigated by time-resolved FT-IR
spectroscopy.”’ By contrast, no intermediate has thus far been
reported for CO, reduction at a transient Zr'"" center. The
energetically most accessible intermediate of one-electron
reduction of CO, is a HOCO radical (hydroxycarbonyl).”
Because an adsorbed CO, molecule on the silica pore surface in
the vicinity of a ZrOCo unit has a high probability of
interacting by hydro;en bonding with one of the many SiOH
groups (2—3 nm™?), ! it is reasonable to assume that formation
of a HOCO intermediate is the first reduction step.
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Dissociation of HOCO yields CO, which is known from time-
resolved step-scan FT-IR studies to escape from the SBA-15
channels into the gas phase rapidly, with a time constant of 344
us.”> The fate of the departing OH radical is either
disproportionation by reaction with another OH radical to
form H,0 and O, or, more likely, adsorption on the IrO,
catalyst surface followed by oxidation to O, In this context, it is
interesting to note that the fate of the departing O upon
photoreduction of CO, to CO depends on the nature of the
reagent, or catalyst, that delivers the electrons: For reduction of
CO, to CO at ZrOCu' units, '®0 labeling of carbon dioxide
directly demonstrated that the departing O of CO, ends up in a
H,0 molecule.®* If alkyl amine is used as sacrificial electron
source like in our study of the MMCT induced CO, reduction
half reaction of ZrOCo", the departing O is incorporated into
the organic donor (in the case of triethylamine in the form of
acetaldehyde product).*’ In the case of 266 nm O—Ti LMCT
induced CO, reduction by H,O at tetrahedral Ti centers inside
mesoporous silica Ti-MCM-41 where no electrons from a
donor or catalyst is available, disproportionation of OH radicals
is the only accessible path.”” Independent of the fate of the
departing oxygen, in all cases of photochemical CO, splitting to
CO in a mesoporous silica support including the ZrOCo"—
IrO, case reported here, the rapid escape of CO from the
mesoscale channels prevents back reaction from occurring,

The finding that for H,O concentrations above 0.1 Torr the
photochemical product yield decreases sharply is most likely
due to coordination of the Zr site with water molecules, thus
interfering with access of CO, molecules to transient Zr"". The
absence of a proton conducting membrane that separates not
only emerging intermediates and final products, but also
reactants from accessing the “wrong” catalytic site is a critical
next step to address.

5. CONCLUSIONS

In summary, photodeposition of an Ir oxide nanocluster at a
ZrOCo" binuclear unit under visible light excitation of the
MMCT transition affords charge transfer coupling of the Ir
oxide catalyst cluster with the Co donor center. The successful
coupling of the Co donor center to the water oxidation catalyst
is demonstrated by the observed CO, reduction to CO under
evolution of O, when illuminating the photocatalytic unit
exposed to a mixture of carbon dioxide and water vapor. The
origin of the CO and O, products were confirmed by isotopic
labeling of CO, and H,O. This is the first observation of a
closed photosynthetic cycle at an all-inorganic polynuclear
cluster featuring a molecularly defined light absorber.
Completion of the cycle implies a sufficiently short charge
transfer time between Ir oxide cluster and transient Co™ center
to compete successfully with Zr'"OCo™ — ZrVOCo" back
electron transfer. The reduced Zr™OCo" state so formed
renders the lifetime of the electron on the Zr center sufliciently
long for activation of CO, to occur, resulting in the splitting to
CO. Instant escape of the CO and O, products from the silica
pores effectively prevents back reaction.

As a single photon light absorber for driving the conversion
of CO, to CO and O, with its 62 kcal mol™ free energy of
reaction, the ZrOCo—IrO, system is limited to extreme blue
and near UV region despite the fact that the MMCT
chromophore absorbs light up to 550 nm. Therefore, coupling
of two heterobinuclear units in a two-photon scheme, one for
driving the CO, reduction and one coupled to a H,O oxidation
catalyst, is an important next step for enabling the use of
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photons across the visible region. Furthermore, separation of
water oxidation catalysis from the carbon dioxide reduction
chemistry by a proton conducting, gas impermeable membrane
is essential to minimize back reaction and prevent access of
reactants and intermediates to the wrong catalytic sites. The
development of nanoscale assemblies with these properties is in
progress in our lab.
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