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Abstract Earth abundant metal oxides play a central role
as catalysts in the essential chemical transformations of
sunlight to fuel conversion, which are the oxidation of
water and the reduction of carbon dioxide. The rapidly
growing interest in renewable fuel generation by using the
energy of the sun has recently led to substantial break-
throughs in the use of first row transition metal oxides as
catalysts for oxygen evolution from water. Substantive
improvements of rates and lowering of overpotentials have
been achieved by exploiting materials properties on the
nanoscale, or taking advantage of the synergy of multiple
metals. Moreover, knowledge derived from mechanistic
investigations with structure specific spectroscopy is
accelerating efficiency improvements. Monitoring by time-
resolved FT-infrared spectroscopy reveals the molecular
nature of active sites, while in situ X-ray and optical
spectroscopy under reaction conditions provides insights
into the electronic structure of the surface metal centers
participating in the catalysis. By combining the bond
specificity of vibrational spectroscopy with the metal
electronic structure specificity of optical, X-ray absorption
or photoelectron spectroscopy, a complete understanding
of active surface sites on metal oxides begins to emerge.
Charge flow driving the chemical transformations probed
by optical spectroscopy across time scales from ultrafast to
very slow reveals the processes that control the productive
use of charges delivered to the catalyst. Coupling of the
water oxidation catalysis at a metal oxide catalyst with carbon

M. Zhang - H. Frei (X))
Lawrence Berkeley National Laboratory, Physical Biosciences
Division, University of California, Berkeley, CA 94720, USA
e-mail: HMFrei @1bl.gov

@ Springer

dioxide reduction at a heterobinuclear chromophore, which
is the goal of the artificial photosystem approach, is dem-
onstrated by a well-defined all-inorganic polynuclear unit.

Keywords Heterogeneous catalysis - Photocatalysis -
Water oxidation - Spectroscopy - Surface reaction kinetics -
Oxide supports

1 Introduction

Metal oxides play a central role in two essential catalytic
transformations for the generation of renewable fuels from
abundant resources, which are the reduction of carbon
dioxide and the oxidation of water. When coupled together,
these two reactions constitute a sustainable cycle, since use
of the resulting fuel in a fuel cell or by direct combustion
regenerates the reactants CO, and H,O. If powered by the
sun, either in a single integrated system (artificial photo-
synthesis) or in a two-step configuration consisting of
photon to electricity conversion by photovoltaics coupled
to an electrolyzer, the cycle offers a path towards replacing
fossil resources by renewable fuels. Realization of such a
technology on a scale that will have an impact on global
fuel consumption (terawatt scale) requires catalysts that are
both robust and Earth abundant, properties shared by a
variety of metal oxides. In the past several years, sub-
stantial breakthroughs have been made in engaging abun-
dant metal oxides as efficient catalysts for water oxidation.
Promising developments in metal/metal oxide based
catalysis of carbon dioxide reduction are emerging as well.
Nevertheless, catalysts for converting carbon dioxide to a
fuel, especially a liquid transportation fuel with adequate
activity operating at acceptable overpotential are a formi-
dable challenge that has yet to be met.
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In the area of catalysts for water oxidation, recent effi-
ciency improvements have been particularly impressive for
first-row transition metal oxides. Taking early studies of
electro- or photon-driven Co and Mn oxide catalysts as
point of departure [1-16], development of nanostructured
forms of these oxides featuring very high surface areas
have dramatically increased turnover frequencies of O,
product formation per projected catalyst area [17—19]. The
need for high turnover frequency per projected area in
artificial photosynthesis is based on the requirement that
the catalyst should keep up with the incident solar flux in
order to minimize wasting of photons. Furthermore, con-
trolled substitution of Co or Mn by a second metal such as
Ca or Li, partly inspired by the Mn40,4Ca catalyst complex
of the natural photosystem (PS II) [20], was found to result
in marked rate enhancements compared to monometallic
oxides [21-24].

Understanding of reaction mechanisms at the liquid—
solid or gas—solid catalyst interface is the key for guiding
catalyst design and choice of reaction conditions for
boosting efficiency. High efficiency in the context of solar
light driven catalysis means conversion of a maximum
fraction of the photon energy to chemical energy of the
fuel, which requires that the catalyst operates close to the
thermodynamic potential of water oxidation. Equally
important, the majority of incident photons need to be
utilized productively for the chemical transformation of
water and carbon dioxide, especially at maximum solar
intensity. Particularly helpful is the direct observation of
surface chemical functionalities by structure specific
spectroscopies under reaction conditions. If conducted with
sufficient temporal resolution for capturing short lived
intermediates and monitoring their kinetic behavior,
knowledge can be gained about the kinetic relevancy and
the role of a given surface species in the catalytic cycle.

In this article, we will focus on recent advances in the
understanding of elementary catalytic steps of water oxi-
dation on metal oxides based on monitoring by time-
resolved FT-IR, steady state Raman, X-ray absorption and
emission, X-ray photoelectron and transient optical spec-
troscopy under reaction conditions. From such studies,
molecular level knowledge of surface intermediates is
emerging that allows comparison with analogous trans-
formations of homogeneous transition metal catalysts,
deepening our mechanistic insights. Knowledge of the
geometrical and electronic structure of the metal oxide
catalyst material and its surface is very important for the
understanding of structural motifs available for catalytic
transformations to take place, and of pathways for the
transport of charges from the location of injection to the
catalytic sites. The new level of detailed understanding of
catalytic mechanisms established by recent studies pro-
vides concrete guidance for improved designs of metal

oxide catalysts. While primarily focusing on water oxida-
tion, the article includes a discussion of a well-defined
polynuclear oxide unit that accomplishes the direct cou-
pling of the water oxidation chemistry with carbon dioxide
reduction, thereby closing the photosynthetic cycle.

2 Cobalt Oxide Water Oxidation Catalysts

In the past several years, exploration of cobalt oxides as
water oxidation catalysts has resulted in very substantial
advances in terms of efficiency of this oxide material and
the understanding of surface chemical functionalities
responsible for the activity.

2.1 High Turnover Frequency Through
Nanostructuring

Exploring the possibility of a several orders of magnitude
increase of the number of Co surface centers of a Co;0y4
particle through nanostructuring while at the same time
providing a robust scaffold for a stable dispersion of the
clusters, we developed crystalline Co30,4 nanorod bundles
in mesoporous silica SBA-15. This mesoporous silica
material consists of uni-dimensional channels of 8§ nm
diameter separated by walls of 2 nm thickness with inter-
connecting micropores. The synthesis consisted of wet
impregnation of Co nitrate precursor followed by calcina-
tion at 550 C [17, 18], resulting in the formation of
spheroid-shaped Co oxide nanoclusters shown in the TEM
image of Fig. 1a (4 wt% Co loading). Removal of the silica
scaffold by etching reveals a nanorod bundle structure of
the Co oxide cluster with the rods interconnected by small
bridges, confirming that the catalyst is a replica of the
SBA-15 pore structure (Fig. lc, d). The atomic structure of
the Co oxide clusters is crystalline Co30, (spinel) for both
the 4 and 8 wt% sample, as shown by the XRD pattern [17]
and most clearly evidenced by extended X-ray fine struc-
ture (EXAFS) data presented in Fig. 1b.

These high surface area clusters exhibit turnover fre-
quencies (TOF) per projected area for O, evolution from
water under mild conditions (pH 6) at room temperature
that exceed by far those of unstructured Co;0,4, micrometer
sized crystals. The activity of the Coz04 clusters in aque-
ous suspension was measured by driving the catalyst with a
visible light sensitizer using the established light absorber
[Ru(bpy)s]*" (bpy = 2,2'-bipyridine) in conjunction with
520827 as electron acceptor [16, 25]. The method involves
excitation of the Ru complex by visible light (476 nm),
resulting in instant oxidation to [Ru(bpy)s;]>", a moderate
oxidant (¢” = 1.24 V NHE) upon electron transfer to per-
sulfate. When encountering a CozO,4 cluster inside the
SBA-15 channels, holes are sequentially transferred to
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Fig. 1 Co30,4 nanocluster
catalyst supported on
mesoporous silica SBA-15.

a TEM image of SBA-15 loaded
with Co30,4 nanorod bundle

(4 wt%). b Co EXAFS data of
reference). The lower FT-
EXAFS peak intensity for
higher shells of the 4 % sample
is due to the small size of the
particles. ¢ Bare Co3;0,4
nanocluster after removal of the
SBA-15 silica material using
aqueous NaOH as etching agent.
d Cartoon of catalyst structure.
From Ref. 17, with permission

Co30,4 [17]. This sensitizer system is a convenient surro-
gate for catalyst activity evaluation and mechanistic stud-
ies, and is replaced by all-inorganic heterobinuclear light
absorbers in artificial photosystems as described in Sect. 6.
By measuring mass spectrometrically the O, gas buildup in
the head space of an aqueous suspension of SBA-15 par-
ticles loaded with Cos0, nanoclusters (abbrev. SBA-15/
Co304) upon visible light sensitization, the O, growth
shown in Fig. 2 was obtained. From the linear rise of O,
over the initial 30 min of photolysis for the SBA-15/Co30,4
(4 %) catalyst (Fig. 2, trace d) and the total number of
clusters suspended in the solution, a TOF of 1,140 O,
molecules s~ per Co304 nanocluster was calculated (the
levelling off of the O, buildup around 60 min of photolysis
is due to depletion of persulfate acceptor. Replenishing the
solution with acceptor resulted in continued water oxida-
tion at the original rate, indicating undiminished activity of
the catalyst) [17, 18]. The projection of the 35 nm diameter

@ Springer
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Fig. 2 Oxygen evolution in aqueous suspensions recorded by mass
spectroscopy of a SBA-15/NiO (8 %) serving as catalytically inactive
control. b Micrometer sized Co;0, particles. ¢ SBA-15/C0304 (8 %).
d SBA-15/Co304 (4 %). Measurements were conducted at pH 5.8 and
22 °C. From Ref. 17, with permission
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spheroidal cluster on a plane perpendicular to the solar
beam is 1,000 nm?, which gives a TOF per projected area
of the catalyst around one O, molecule s~' nm™2. A rate of
100 O, s™' nm™? is sufficient for keeping up with the
photon flux at maximum solar intensity (at noon in sum-
mer) [18]. Therefore, stacking of an average of 100 Co30,
clusters, which can readily be achieved by pressing a
powder of SBA-15/Co30, particles into a thin wafer
(150 pm thickness for 4 % loading) provides a catalyst
sample for water oxidation that is both kinetically and
thermodynamically competent (the overpotential is a
moderate 350 mV (1.24-0.89 V, £%(0,/H,0) = 0.89 V
NHE at pH 5.8).

Comparison of the water oxidation activity of the SBA-
15 supported Co3;0, nanostructured clusters with the
activity of micron size Coz0, particles (Fig. 2, trace b),
normalized to equal weight, reveals a 1,550 times higher
O, evolution rate for the 35 nm nanorod bundle catalyst.
The principal factor for the several orders of magnitude
higher rate of the nanostructured Cos0y, is the nearly 100
times greater number of surface Co centers per geometrical
oxide surface area. We attribute the additional factor of 16
larger TOF value for the nanorod bundle catalyst to the
correspondingly higher activity of its surface Co centers
compared to those of the um sized particle. The enhanced
activity could be due to a higher density of surface motifs
with adjacent Co™OH groups (Co™(OH)-O-Co™OH) in
the case of nanorod bundles in silica, which were recently
identified as highly active catalytic sites (Sect. 2.2).
Assuming that all surface Co centers of the crystalline
Co30,4 nanorod bundle are catalytically active, we calculate
an average TOF per surface Co center of of 0.01 O, s '
[17]. These findings have recently been confirmed and
expanded by work from other laboratories. For example, a
comparison of the water oxidation activity of surfactant-
free 3 nm Cos04 particles in aqueous pH 6 solution with
the same nanoparticles supported on SBA-15 using the
same visible light sensitization method, Grzelczak et al.
confirmed the significantly improved yields for the SBA-15
supported particles because of the prevention of particle
aggregation [26]. Jiao and his colleague reported the higher
activity Co304 nanoparticles inside SBA-15 as well.
Interestingly, the same Co3;0, nanoparticle catalysts in
mesoporous silica KIT-6 with its 3-dimensional network of
8 nm channels perform even better than in SBA-15, pre-
sumably because of more facile diffusion of sensitizer and
reactants in this more accessible channel system [27].

TOF values were subsequently reported for electrocat-
alytically driven cubical Co3;0O, nanoparticles (range
5-50 nm) under basic (pH 14) conditions. For these mea-
surements, the Co oxide crystals were supported by a Ni
foam anode [28]. According the electrochemical mea-
surements the TOF per nanoparticle increases linearly with

the accessible surface area of the particle. This finding
supports the conclusion that the catalytic activity is pro-
portional to the number of exposed Co centers. The ten-
fold higher TOF = 0.12 O, s~ per surface Co center at
pH 14 [28] compared to 0.01 at pH 6 is in agreement with
the more facile oxidation of hydroxide ion compared to
H,O under neutral or acidic conditions. The catalytic yield
dependence on the surface area of Co30,4 nanoparticles in
this same size range was recently confirmed under visible
light sensitized and close to neutral pH conditions [26]. In
our most recent studies of surfactant-free Co;0, nano-
crystals (5 nm diameter) or Co;0,4 nanotubes in aqueous
suspensions at pH 7-8, measurement of water oxidation
activity with the Ru(bpy); visible light sensitizer approach
revealed TOF values per surface Co center between 0.01
and 0.02 O, s7! [29-31]. Hence, nanostructured crystalline
Co30,4 proves to be a suitable catalytic material for water
oxidation in a variety of morphological forms, which
provides flexibility in developing various architectures for
integrating the water oxidation catalyst into complete
synthetic solar fuel conversion systems.

2.2 Molecular Nature of Active Surface Sites Revealed
by Transient FT-IR Spectroscopy

While the observed activity of surface Co centers is in the
proper range for designing catalyst morphologies that are
able to keep up with the solar flux, further improvement of
the rate to broaden the range of particle sizes and mor-
phologies requires detailed knowledge of the active sites.
Specifically, do most surface Co sites operate at TOF of
0.01-0.02 s~', or are there sites running at much higher
TOF while other surface Co centers barely contribute or
even play the role of spectators? If so, what is the nature of
the most active site? Knowledge of the structural motif of
the most active site(s) and understanding of the elementary
reaction steps is the key for guiding modifications of Co
oxide surfaces for maximizing the TOF.

To answer these questions, we have conducted a
mechanistic study of water oxidation on Coz0, surfaces by
time-resolved rapid-scan FT-IR spectroscopy using crys-
talline nanoparticles in aqueous solution [32]. A TEM
image of the catalyst particles at 1 A resolution is shown in
Fig. 3a [33]. The visible light sensitization method using
the [Ru(bpy)s]*"—persulfate system provided a straight-
forward means of pulsed charge (hole) delivery to the
Co30, catalyst particles, which is required for obtaining
temporally resolved spectra. An aqueous suspension of the
surfactant-free Co3;04 nanoparticles held at pH 8 was
placed on an attenuated total reflection (ATR) element (3
reflection diamond plate, Fig. 3b). Upon illumination of the
solution with a visible laser pulse (476 nm) of 300 ms
duration to excite the sensitizer, two infrared bands were

@ Springer
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Fig. 3 a Atomic resolution TEM image of 5 nm Co;0, crystallite.
b Sample configuration for rapid-scan ATR FT-IR spectroscopy. A
visible laser pulse (476 nm, 300 ms) excites the Ru(bpy)s; sensitizer

detected that exhibit very different kinetic behavior. One
species absorbs at 1,013 cm™' (Fig. 4Aa) and shows '®0
isotopic counterparts in pure H3*O at 995 and 966 cm™'
(Fig. 4Ab). The large, 47 cm™' isotope shift of the
966 cm~ ! band reveals an OO bond mode, while the
1,013 cm™! frequency indicates a superoxide structure that
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Fig. 4 Time resolved FT-IR monitoring of water oxidation catalysis
at Co30, nanoparticles. a FT-IR of superoxide intermediate Co™'—
(00)-Co™ at 5,850 nm after onset of a 300 ms photolysis laser pulse
a in Hi%0, b H®O (inset spectral trace after 5 laser pulses), ¢ D,0,
d control experiment, no Co30, present. Red superoxide bands, blue
S0, growth (reduced acceptor). b Co"V=0 intermediate in a H3°0,
b H}®0, ¢ D,0. ¢ Isotopic composition of O, gas accumulated in
headspace of H}®O solution measured by mass spectroscopy.
d Temporal behavior of superoxide (black) and Co'v=0 intermediate
(red). From Ref. 32, with permission
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Aqueous solution
476 nm laser pulse

Viewing areas

IR beam

in an aqueous suspension of Co;04 nanocrystals placed on a diamond
ATR element with 3 infrared reflections. Image a is from Ref. 33,
with permission

interacts with two Co centers [32, 34]. A modest D isotope
shift of 38 cm™' in D,O to lower frequencies (band at
975 cm ™!, Fig. 4Ac) signals hydrogen bonding interaction
of the superoxide moiety, most likely with an adjacent
CoOH (CoOD) group. As shown in Fig. 4D, this 3-electron
oxidation intermediate, which is just one charge transfer
step short of liberating O,, grows mostly during the 300 ms
light pulse and as long as oxidized sensitizer species per-
sist, but barely changes intensity afterwards. Evidently,
arrival of another charge (hole) by continued illumination
is required for the elimination of O, and restart of the
catalytic cycle, as illustrated in the proposed catalytic
scheme of Fig. 5. At the same time, electrochemical
measurements with an O,-sensitive Clark electrode indi-
cate evolution of O, in response to such a 300 ms light
pulse. Mass spectroscopic analysis of the gas accumulated
in the head space of the reaction vessel when using pure
HéSO showed a ratio of 1802 to '80'°0 of 8:1, with no
unlabeled '°0, detected (Fig. 4C). The isotopic composi-
tion of the final O, product agreed with the composition of
the superoxide intermediate after a mere 1,500 ms illumi-
nation (Fig. 4Ab, inset), which confirms that the surface
superoxide species is a kinetically competent intermediate
of the O, evolving catalytic cycle. Moreover, the complete
absence of unlabeled superoxide and '°0, gas product in
the H3*0 experiment indicates that the OO bond forming
step involves attack by a water molecule from solution
rather than direct coupling of two surface O of Co304
particles, a mechanistic question of much current interest in
the field of water oxidation catalysis.

A second intermediate was detected at 840 cm ™', which
does not exhibit an %0 or D isotope shift. In contrast to the
superoxide intermediate, the 840 cm™' species decays
spontaneously with a time constant of 1 s (Fig. 4B, D). The
band is attributed to a Co'" =0 intermediate formed by
oxidation of an octahedral Co™OH surface site in the first
electron transfer step [32]. The spontaneous decay is
assigned to O-O chemical bond formation upon
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Fig. 5 Proposed catalytic mechanism of water oxidation on Co3O4
surface. Top Fast Co;0, surface site. Bottom Slow Co304 surface site.
The OO bond-forming step with H,O in the fast cycle features the
cooperative effect of adjacent electronically coupled Co'V=O sites,
which is absent in the H,O addition reaction at the slow site. From
Ref. 32, with permission

nucleophilic attack of H,O to yield CoOOH hydroper-
oxide intermediate (Fig. 5). Because the reaction time of
1 s is much slower than the rise of the superoxide inter-
mediate (Fig. 4D), the 840 cm ™! Co'v=0 site cannot be a
precursor of the observed superoxide. Rather, the
840 cm ™' surface species belongs to a much slower cata-
lytic site of O, generation. While Co" =0 has not been
detected by vibrational spectroscopy before, Nocera and
Britt have reported observation of the functionality by ex
situ EPR measurement after electrochemical water oxida-
tion at a Co oxide catalyst obtained by electrodeposition
from a Co phosphate solution (Sect. 2.3) [35].

To identify the structural differences between the fast
site that generates a superoxide intermediate and releases
O, within 300 ms of driving the Co30, catalyst by visible
light sensitization, and the slow site that advances merely
to the Co'=0 state and then reacts with H,O, the various
crystal surfaces of Co304 and insights from Pourbaix
analyses of Co oxides reported in the literature were con-
sidered. Pourbaix analysis of electrodeposits of Co oxide
showed that the most active structural phase, formed at
applied electrochemical potentials sufficient for O, evolu-
tion from water, is a layered double hydroxide [36]. The
prevalent motif of this structure consists of adjacent

octahedral Co centers each with an OH group, linked by
oxo bridges [36]. Because all crystallographic facets of
Co30,4 have octahedrally coordinated Co™ centers linked
by an oxo bridge [37], OH terminated surfaces feature
many sites with this same Co™(OH)-0-Co™OH motif.
Therefore, we propose that the fast catalytic site consists of
two adjacent octahedral Co™ centers coupled by an oxo
bridge, each with an OH ligand. Following oxidation of the
two Co™OH centers to adjacent Co'V=O sites by two
sequential holes, nucleophilic attack of a water molecule
produces a CoOOH (hydroperoxide) functionality under
reduction of both Co centers to Co™ in a spin allowed,
near-geometry conserving process (Fig. 5, top). Oxidation
by a subsequent hole generates the observed superoxide
surface intermediate, and yet another hole expels O, and
restarts the cycle. Hence, the TOF of the fast site is at least
3 s_l, which is over 150 times faster than the estimated
average rate per surface Co. On the other hand, the slow
site (840 cm™' band) is proposed to originate from oxi-
dation of an octahedral Co™OH group that is not linked to
another Co™OH site, leading to an isolated Co"V=0 instead
(Fig. 5, bottom). Without the additional driving force
imparted by an electronically coupled second Co''=0 and
a spin flip imposed by reduction to Co", a much slower
0O-0 bond forming step is expected, as observed.

These molecularly defined surface intermediates,
observed here for the first time for water oxidation by an
Earth abundant metal oxide catalyst under reaction condi-
tions, provide the knowledge needed for modifying cata-
lysts to enhance efficiency. Specifically, ideas can now be
developed for increasing the density of octahedrally coor-
dinated Co™(OH)-0O-Co™OH sites on Co oxide surfaces,
which at this point has emerged as the most critical factor
for accelerating the catalytic cycle.

2.3 Electronic Structure of Metal Surface Centers
Monitored by X-ray Spectroscopy

The central role of oxo-bridged octahedral Co(OH)-O-
CoOH sites in the widely studied Co oxide electrodeposits
from Co”" solutions in phosphate electrolyte introduced by
Nocera and his colleague [38] was recognized by combined
electrokinetic and cyclic voltammetry studies. Specifically,
a fast, one-electron, one-proton equilibrium which pre-
cedes the O-O bond forming reaction is attributed to
Co™(OH)—-0—Co"Y=0 — Co"Y(=0)-0—-Co"™V=0 con-
version [39]. Ex situ electron paramagnetic resonance
spectroscopy (EPR) of these electrocatalytic films after
reaction showed the buildup of Co'Y=O sites by a
Serf = 2.27 signal characteristic  for Cov(S = 112)
(Fig. 6a) [35]. Moreover, a shift towards higher energy of
the X-ray absorption near edge structure (XANES) of the
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Fig. 6 Spectroscopy of electrodeposited Co oxide catalytic film. a Ex
situ EPR spectrum (4 K) of a Co oxide film that was exposed to an
applied potential of 1.34 V showing the Co" signal. From Ref. 35,
with permission. b XANES spectra of Co oxide film recorded in situ
during electrocatalytic water oxidation showing surface at open
circuit potential (magenta) and 1.25 V (red). As reference, bulk Co
oxide film at open circuit potential (cyan) and 1.25 V (blue) are
shown. From Ref. 40, with permission

Co K-edge was observed during electrocatalytic water
oxidation, indicating that the oxidation state of some
fraction of Co centers rises to IV under steady state con-
ditions (Fig. 6b) [40]. These EPR and X-ray spectroscopic
signals report on the electronic state of the metal center,
thereby complementing the chemical bond information
during the catalytic cycle that can be obtained by tempo-
rally resolved FT-IR spectroscopy. Future time resolved
(pulsed) EPR and transient X-ray spectroscopy studies on
such systems will likely provide new mechanistic insights
about the precise electronic structure of the metal centers at
each step of the catalytic cycle. This is particularly
important in light of possible extensive charge delocal-
ization across multiple Co centers as suggested by recent
multi-frequency EPR studies of a Co,(III*,IV)0, oxo-
bridged Co cubane model compound [41]. For under-
standing the dynamics of the wider domain structure of Co
oxide electrodeposits under catalytic conditions which may
influence reaction pathways, pair distribution function
analysis of X-ray scattering probes longer range distances
not accessible by EXAFS spectroscopy. The recent finding
by Tiede based a study of an amorphous Co oxide elect-
rocatalyst that distorted coordination geometries may
contribute to catalytic activity demonstrates the important
role of this technique [42, 43].

While no transient surface intermediates of (dark)
electrochemically driven water oxidation on Co oxide films

@ Springer

have been reported, structural phase transformations have
been uncovered in the case of Co3;0, when tuning the
applied potential towards levels needed for initiating
catalysis. It is known from Pourbaix analysis that at an
applied potential of +0.75 V. (NHE, pH 7) the Co30,
spinel phase transforms reversibly to the Co oxy hydroxide
phase (Co(O)OH) [44]. In situ Raman [45] and X-ray
spectroscopy [46] afford direct monitoring of the structural
change, with results in agreement with theory [47, 48].
Knowledge of the structural phase of the oxide catalyst at
the onset of catalytic activity is an important step towards
learning about the detailed mechanism.

2.4 Molecular Metal Oxide Analogues Contributing
to Mechanistic Understanding

Mechanistic comparisons of solid metal oxide catalysts with
molecular polynuclear metal oxo analogues, where avail-
able, provide valuable insights. Molecular catalysts for water
oxidation range from all-inorganic polyoxometalate clusters

featuring a Co oxide core [Co4(H,0),(PWOs4),] 197 149)
to a variety of organometallic complexes involving late
transition metals. Spectroscopic observations that provide
interesting comparisons with the Co;0, catalyst are avail-
able in particular for Ru based O, evolving catalysts. For
example, in the case of the extensively studied water oxi-
dation catalyst cis,cis-[(bpy)»(H,O)Ru™ORu™(H,0)(bpy)»]*
with a Ru—-O—Ru core (‘blue dimer’), a Ru¥(=0)ORu"(=0)
intermediate was found to undergo O-O bond formation
by nucleophilic attack of H,O to yield a hydroperoxide
intermediate

RuY(=0)ORu"(=0) + H,0 — Ru'"Y(OH)ORu"YOOH
— Ru"(=0)ORu™OOH + H'(1)

Both protonated and deprotonated form of the interme-
diate are directly observed by pairs of optical absorptions at
451, 750 nm and 482, 850 nm, respectively [50, 51].
This hydroperoxide forming step (1) is analogous to
the O-O bond forming step Co'V(=0)OCoV=0 —
Co(OH)OCo™OOH proposed for the Co;0, catalyst and
demonstrates the accelerating effect of adjacent, electroni-
cally coupled high valence oxo centers for O—O bond for-
mation. Single center Ru molecular catalysts are capable of
evolving O, evolution from water as well [52, 53]. Optical
and resonance Raman spectra of water oxidation interme-
diates of amononuclear Ru polypyridyl complex obtained by
electrochemical, stopped-flow and nanosecond pulse radi-
olysis experiments gave structural and kinetic insights on
intermediates supported by theory that provided an early
precedent for a single high valent metal oxo attacking H,O to
form an O-O bond [54]. Very recently, a mononuclear org-
ano Co complex was shown to oxidize water by forming the
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0-0 bond by nucleophilic attack of H,O on a Co"V—OH
moiety [55], closely reflecting the proposed mechanism for
single Co"V=0 sites on the Co;0, surface (Fig. 5).

3 Mn Oxide Water Oxidation Catalysts

Manganese oxides have received particular attention as
catalysts for water oxidation for a long time, in part
because of the unique role of this oxide in the natural
photosystem in the form of the CaMn4O, cluster [20].

3.1 Nanostructuring for High Turnover Frequency

Similar to the case of Co oxides, there is a history of the
use of Mn oxides as anode coatings for electrocatalytic
water oxidation, typically under high pH conditions [13].
Yet the early reports suggested that Mn oxides hold
promise for sufficiently fast water oxidation catalysts under
mild pH conditions as well if nano-sized clusters with high
surface area can be made. Using the same approach as in
the case of Co;0, of substantially increasing the number of
metal surface centers of Mn oxide particles by nanostruc-
turing, we explored crystalline Mn oxide nanostructured
clusters in mesoporous silica scaffolds [18, 19]. Synthesis
of highly nanostructured Mn oxide clusters of spherical
shape in silica material of type KIT-6 with its 3-dimen-
sional network of 8 nm diameter channels gave efficient
water oxidation catalysts under close to neutral pH condi-
tions. Figure 7a shows a TEM image of nanostructured Mn
oxide clusters inside a KIT-6 scaffold (8 %wt loading).
The clusters of 80 nm diameter with narrow size distribu-
tion replicate the internal KIT-6 mesopore support struc-
ture, which remains intact even after calcination at high
temperature. Mn K-edge X-ray absorption spectroscopy
provided detailed information on the atomic structure of

Fig. 7 Nanostructured Mn
oxide cluster catalyst inside
mesoporous silica KIT-6.

a TEM image of cluster
prepared by calcination at
800 °C. b Average oxidation
state of Mn for Mn oxide
nanoclusters prepared at
different calcination
temperature, derived from
K-edge energies. From Ref. 19,
with permission

the clusters, exploiting the fact that the K-edge position
depends linearly on the Mn oxidation state (shift to higher
energy with increasing oxidation state). As shown in
Fig. 7b, the average oxidation state varies with calcination
temperature, which allowed us to determine the structural
composition that gave the highest catalytic activity. A
component analysis study of the XANES signal based on
reference spectra of [B-MnO,, o-Mn,Os;, and Mns0y4
revealed the fractional composition of the mixed-phase
catalyst for each calcination temperature [19].

The cluster with the highest water oxidation activity as
measured by the visible light sensitization method
([Ru(bpy)3]2Jr — S,0¢>” system) discussed above (Sect. 2.1)
showed TOF = 3,330 O, s ' and consists of Mn,Ojs as the
dominant phase (80 %), with MnO, (14 %) and Mn30O,
(6 %) as minor phases. No degradation of activity or struc-
tural integrity of the Mn oxide nanoclusters was noted upon
several hours of O, evolution according to the XANES
spectra and ICP analysis of the solution after photolysis,
indicating reasonable stability under mild pH conditions.
Taking into account the geometrical area of the Mn oxide
nanocluster projected on a plane, we calculate TOF =
0.6 s~' nm~? projected area, not far from the 1 s~' nm ™2
value for Co;0,4 nanocluster catalysts. Therefore, the nano-
structured Mn oxide clusters supported by the KIT-6 meso-
porous silica constitute an environmentally friendly, stable
inorganic catalyst operating under mild aqueous conditions
and modest overpotential (350 mV). The silica environment
may play an important role in preventing the surface of the
metal oxide catalyst from restructuring, in addition to pro-
viding a stable dispersion that prevents agglomeration of the
catalyst particles over time. The large effect of surface area
enlargement by nanostructuring on the water oxidation
efficiency was recently confirmed by a direct comparison of
various Mn oxide morphologies in the absence of a sup-
porting silica scaffold [56].
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3.2 Mn Electronic State Monitored In Situ by Optical
and X-ray Spectroscopy

Optical monitoring of water oxidation catalysis at MnO,
nanoparticles driven electrochemically has recently pro-
vided the first observation of intermediate species formed
on the catalyst surface [57]. As shown in Fig. 8, an optical
absorption band with a maximum at 510 nm is detected by
diffuse transmission spectroscopy at the aqueous-solid
interface of a 5-MnO, nanoparticle film attached to a
transparent oxide anode (fluorine doped tin oxide, FTO) at
potentials of 1.2 V SHE and higher. At this threshold
potential, O, evolution is observed. The band is assigned to
the d—d transition of Mn>" centers, which was corroborated
by the use of a chemical probe [57]. However, the chemical
functionality of the surface site associated with the Mn>"
signal awaits identification by a structure specific spec-
troscopy, which will be required for determining the role of
the intermediate in the catalytic water oxidation cycle.
For another type of Mn oxide catalyst electrodeposited
on a Au/Ti electrode suitable for in situ X-ray absorption
spectroscopy (XANES and EXAFS) under electrocatalytic
conditions, Jaramillo and coworkers have identified distinct
structural phases present under water oxidation and oxygen
reduction conditions for one and the same electrodeposit
[58, 59]. The XANES spectrum of the Mn oxide catalyst
film measured under O, reduction conditions (0.7 V RHE,
pH 13), shown in Fig. 9a agrees well with that of a Mn3O,
reference sample whose structure is depicted in Fig. 10a.
The shift of the K-edge to lower energy, Fig. 9a, signals
reduction of the metal to Mn" with the observed edge
energy closely matching the valence of 2.7 for Mn;0,4. The
structural assignment is further supported by comparison of
Mn K-edge EXAFS measurements for the catalyst under

O, evolution conditions with Mn;O; EXAFS data,
0.04 - 10 Potential
b | (Vvs.SHE)

0.02

0.00

AAbsorbance

400 600 800
Wavelength / nm

Fig. 8 Diffuse transmission optical absorption spectroscopy of Mn
oxide nanoparticles under electrocatalytic conditions. Changes of the
8-MnO;, film with increasing potential in the range 1.2-1.8 V SHE are
shown. Spectra at 1.2 and 1.8 V are colored blue and red,
respectively. From Ref. 57, with permission
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Fig. 9 XANES spectroscopy of Mn oxide catalytic film deposited on
Au/Ti-electrode under reaction conditions. a MnO,/Au-SizN, film
poised at 0.7 V overlaid with reference materials MnO, Mn3;0,,
0-Mn,03, and y-Mn(O)OH. b MnO,/Au-Si3;N, film poised at 1.8 V
overlaid with reference materials Mn;O,4, a-Mn,Os3, birnessite, and
B-MnO,. From Ref. 58, with permission
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Fig. 10 Schematic showing crystal structures of a Mn30, consisting
of octahedral (light blue) and tetragonal (dark blue) Mn sites.
b Birnessite structure consisting of sheets of edge-sharing MnOg
octahedra with cations and water intercalated into the interlayer
space. From Ref. 58, with permission

although the amplitudes of the sample are considerably
lower due to polycrystallinity with small domain sizes of
the electrodeposit (Fig. 11a). In contrast, the XANES
profile of the same MnOjy electrodeposit under water oxi-
dation conditions (1.8 V RHE, pH 13) shifts to higher
energy and is similar to the a-Mn,Oj3 phase (Fig. 9b). The
profile most closely agrees with that of H™ and Mg*"
birnessite phases with a layered structure and an average
Mn oxidation state of 3.7 whose cartoon structure is shown
in Fig. 10b. More accurately, composition analysis indi-
cates birnessite (80 %) and Mn3;0,4 (20 %) [58]. Agreement
of the EXAFS traces of Mg" birnessite and the catalyst
under O, evolution conditions is excellent (Fig. 11b).
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Fig. 11 EXAFS spectroscopy of Mn oxide catalytic film deposited
on Au/Ti electrode under reaction conditions. a MnO,/Au-Si3;Ny film
poised at 0.7 V overlaid by reference materials Mn3;04 and o-Mn;Os.
b MnO,/Au-Siz;O4 film poised at 1.8 V overlaid by reference
materials Mn30,4, o-Mn,Os3, and birnessite. From Ref. 58, with
permission

This first in situ observation of birnessite Mn oxide
structure as the catalytically active phase under water
oxidation conditions furnishes an important link to several
recent reports of ex situ XANES measurements on other
catalytically very active Mn oxide and CaMnOy prepara-
tions that reveal birnessite structure [21, 22, 60]. Surface
chemical functionalities formed during the water oxidation
cycle have not yet been observed for these Mn oxide cat-
alysts, but knowledge of the structural phase during reac-
tion is an important step towards a mechanistic
understanding. The flexible layers of octahedral MnOg of
the birnessite structure surrounded by water (Fig. 10b)
offer a very large surface for catalytic Mn sites interacting
with H,O molecules.

4 Ir Oxide Catalyst: Combining Bond Specificity
of Infrared Spectroscopy with Metal Electronic
Structure Specificity of XPS

Ir oxide is the only known metal oxide catalyst for water
oxidation that performs efficiently and stably in acid as
well as base [61]. The oxide is used in commercial elec-
trolyzers [62] and has been explored as a catalytic com-
ponent in a various electrochemical cells [1, 63],
photoanode assemblies [64] and integrated artificial pho-
tosystem designs [65, 66]. Large scale use of this noble
metal oxide as water oxidation catalyst is prohibited by its
scarcity, but mechanistic understanding will be valuable
given the observed high efficiency. Direct absorption of

light by IrO, nanoparticles (2 nm) (Ir d—d transition in the
visible or O(p)—Ir(d(e...)) charge transfer in the UV) in the
presence of an electron acceptor is capable of inducing
water oxidation (though inefficiently) and has provided
insights into those electronic properties of the oxide that
enable water oxidation catalysis [67]. Visible light-on/off
rapid-scan FT-IR monitoring in the ATR mode (light pulse
of 1 s duration) of an aqueous solution of Ir nanoparticles
(pH 6) in the presence of the [Ru(bpy)3]2+ sensitizer and
persulfate electron acceptor system showed a band at
830 cm™' (H,O) that only appeared during the light-on
period, as shown in Fig. 12a [68]. The same experiments in
D0 and DI*0O-D°O isotopic mixtures revealed two
bands with '®0 shifts of 25 and 50 cm™ !, respectively,
characteristic of '80-'°0 and '®0-'0 peroxide bond
modes (Fig. 12b). A 30 cm ™! D shift in DO identified the
intermediate as a surface hydroperoxide (IrOOH). The fact
that the bands appear only during the laser pulse (1 s
duration) but vanish instantly when the light is off is
consistent with the known TOF of 6-10 s~' for H,O oxi-
dation at IrO, [63, 69, 70] and confirms that the interme-
diate is a kinetically relevant species of the catalytic water
oxidation cycle [68]. The observed frequency of the OO
mode does not allow us to identify the metal oxidation state
of the IrOOH group. Nevertheless, based on the expecta-
tion that IrOOH is formed by nucleophilic attack of H,O on
IrV=0, the oxidation state is likely Ir'"'OOH (OO bond
formation by nucleophilic attack of H,O on an oxo group
results in a formal 2-electron reduction of the metal). A
recent ambient pressure XPS study of electrocatalytic
water oxidation on IrO, nanoparticles under steady state
conditions by Nilsson indicates the formation of Ir centers
at catalyst surface [71]. Hence, with the direct observation
of the hydroperoxide intermediate by FT-IR spectroscopy
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Fig. 12 Rapid-scan FT-IR spectra of IrOOH (hydroperoxide) surface
intermediate of water oxidation at Ir oxide nanoparticle—aqueous
solution interface. a 610 ms (photolysis light on) and 1,830 ms
spectra (light off). b Top 610 ms time slices of experiments in D3°O.
Middle D033 %) + D20(66 %). Bottom 1,830 ms time slice
(light off) of experiment in D3°0. From Ref. 68, with permission
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Fig. 13 Mechanism of OO bond forming step of water oxidation at Ir
oxide surface. From Ref. 68, with permission

and the detection of Ir¥ by XPS in aqueous media under
reaction conditions, key features of the catalytic cycle
begin to emerge, allowing us to propose the partial
mechanism shown in Fig. 13. A surface IrOOH interme-
diate on IrO,(110) has been predicted by quantum chemi-
cal calculations [72]. Furthermore, an identical mechanism
has been proposed for single Ir center molecular catalysts
for water oxidation [73].

While the spectroscopic observations pertain only to the
first (of four) charge transfer intermediates with the sub-
sequent steps from I'OOH to O, still to be uncovered,
these results, together with those of the Co3;0, study begin
to establish the molecular identity of surface intermediates
and detailed elementary reaction steps of water oxidation
on metal oxide surfaces. Specifically, the findings confirm
the dominant role of nucleophilic attack of H,O on an
electrophilic oxo metal site in O—O bond formation over a
possible alternative path of direct coupling of adjacent oxo
metal sites M=0 + O=M — O, + M + M) to liberate
02.

5 TiO,, SrTiO; and Fe,O3; Photocatalysts: Monitoring
Light Induced Charge Flow Driving Chemical
Transformations at the Catalyst Surface

Some metal oxides, notably TiO,, SrTiO3, Fe,03 and WO;3
combine the light absorption, charge separation and cata-
lytic function in a single crystalline material. Because of
the built-in light absorption property, these systems offer
the most straightforward approach for elucidating the ele-
mentary steps of charge transport across the oxide bulk to
the catalyst surface and the subsequent processes that
induce chemical reaction. In the case of films of TiO,
(rutile) particles (30-50 nm) exposed to aqueous solution
under UV excitation, in situ steady state FT-IR spectros-
copy in the ATR mode has revealed two surface interme-
diates, namely TiOOH and TiOOTi [74]. Figure 14a shows
the growth of the O-O stretch mode of the hydroperoxide
intermediate (TiOOH) with a maximum at 838 cm™' in
acidic solution (pH 2.4) under continuous photolysis.
Experiments were conducted as half reactions by using a
sacrificial acceptor for capturing the TiO, conduction band
electrons before they can recombine with transient valence
band holes. A second surface intermediate absorbing at
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812 cm™! exhibits most pronounced growth over the first
few minutes of photolysis and is dominant in alkaline
solution (pH 11.9), as shown in Fig. 14b. It is attributed to
the O-O stretch of a TiOOTi surface site. Spectral identi-
fication of both surface intermediates is supported by '*O
isotope labeling studies [74]. The proposed mechanism
features hole transfer to a bridging O of a TiOTi surface
moiety (note that hole capture by Ti'¥ metal centers is
energetically not possible) followed by nucleophilic attack
of H,O under concurrent breaking of a Ti—-O bond. Cou-
pling of adjacent Ti—O radical sites is proposed to result in
the observed TiOOTi site, as shown in Fig. 15. The for-
mation of the surface hydroperoxide intermediate in acidic
solution and its absence under basic conditions is explained
by partial hydrolysis of the TiOOTi group at low pH.
Transfer of two additional holes liberates O, and restarts
the photocatalytic cycle.

Using transient optical absorption spectroscopy over the
entire time range from picosecond to seconds, Durrant and
coworkers have monitored the behavior of holes generated
upon UV excitation of TiO, (anatase) films. Transient
holes with an absorption maximum at 460 nm with life-
times of several seconds are detected and their kinetic
behavior attributed to the rate-limiting water oxidation step
of the catalytic cycle [75, 76]. Cuk and coworkers, working
with single crystal n-SrTiO3 as a highly efficient pho-
toanode for water oxidation, combined the tuning of an
applied potential with surface sensitive ultrafast optical
spectroscopy to selectively monitor the charge transport
processes across the surface-Helmholtz layer interface of
the alkaline solution under operating conditions [77]. As
shown in Fig. 16, the time dependence of the optical
absorption of the photo-generated valence band hole at
800 nm indicates a process with a single rate constant that
has an exponential dependence on the surface hole poten-
tial (from 3 ns to 8 ps over a 1 V potential increase). This
result implies a single hole transfer step initiating water
oxidation and reveals the associated activation barrier. The
process, which is assigned to oxidation of hydroxide ion to
OH radical and observed here as a separate process for the
first time, is set apart from all subsequent hole transfers,
which are much slower [77]. In light of the infrared results
[74] and the mechanism proposed in Fig. 15 (and ignoring
the fact that SrTiO; is used in the transient optical work),
the subsequent slow process might be the formation of a
TiO(h™")Ti site. These results set the stage for temporally
resolved infrared monitoring under reaction conditions for
uncovering the chemical identity of the surface function-
ality that is formed.

Transient optical spectroscopic measurements at the
widely investigated Fe,O5; (hematite) water oxidation cat-
alyst reveal long-lived absorptions in the 600-800 nm
region (milliseconds to seconds) upon bandgap excitation,
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Fig. 14 FT-IR spectroscopy of TiO, (rutile) particles in aqueous
solution under photocatalytic conditions. a TiO, film in contact with
aqueous solution at pH 2.4 recorded at 1, 10, 20, 30, 40 min. After
start of UV illumination. The arrow indicates the direction of the
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Identical illumination protocol as in a but in pH 11.9 solution using
loaded Pt particles as electron acceptor. Broken trace The Pt/TiO,
sample was exposed to acidic (pH 2.4) conditions after UV irradiation
experiment, confirming that the 812 cm™' species is unique for
alkaline conditions. From Ref. 74, with permission

Fig. 15 Proposed reaction HZO
mechanism for photocatalytic
water oxidation at TiO, (O % 0O- OH coupling 0-0 ,p
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which are attributed to holes involved in the catalysis [78].
Identification of the surface chemical functionality by
vibrational spectroscopy is not yet available and the
mechanistic meaning of the signal is currently under
debate. One proposed assignment is that of a high valent
FeV=0 surface intermediate that subsequently would

undergo electrophilic attack H,O to yield a hydroperoxide
intermediate [79]. There is convincing evidence for the
same mechanism of O-O bond formation for O, evolving
organo iron catalysts [80, 81].

Future investigations based on combined transient
optical and transient vibrational spectroscopy on how
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transferred charges induce catalytic transformations on the
metal oxide surface need to be expanded to systems in
which light absorption and catalytic function are separated.
Initial systems for which hole transport from light absorber
to metal oxide catalyst has already been established by
transient optical measurements (observed times are milli-
seconds or less, in some cases ultrafast) include TiO,—IrO,
[82], GaN:ZnO-CoO, [83], [Ru(bpy);]*"-polyoxo-meta-
late ([{Rus04(OH)2(H20)4}(¥-SiW10036)21 *7) [84], and
[Ru(bpy)s]* IO, [85].

6 Closing the Catalytic Cycle of Water Oxidation
at Metal Oxide Particle with Carbon Dioxide
Reduction at Heterobinuclear Site

Water oxidation to molecular oxygen is a mandatory
reaction of any photosynthetic process because it provides
the electrons and protons that enable the formation of a fuel
upon reaction with carbon dioxide. As an example, we
discuss here the coupling O, evolution from water at a
metal oxide catalyst with carbon dioxide reduction at an
all-inorganic, oxo-bridged heterobinuclear light absorber
[66].

Oxo-bridged, all-inorganic heterobinuclear units cova-
lently anchored on a silica surface possess metal-to-metal
charge-transfer (MMCT) absorptions that extend deep into
the visible region. The optical absorption originates from
the overlap of the d orbitals of the two metal centers. Units
with appropriate redox potentials are capable of driving a
water oxidation catalyst, others reduce CO, to CO or for-
mate. Todate, a dozen different systems featuring Ti or Zr
as acceptor and a first or second row transition metal as
donor center have been developed [86-97]. The detailed
structure of several units on the surface of mesoporous
silica supports, including the ZrOCo" system shown in

(a)

Fig. 17 Photosynthetic unit for CO, reduction by H,O consisting of a
binuclear ZrOCo" charge-transfer light absorber coupled to a 2 nm Ir
oxide nanocluster catalyst. a Schematic of assembly. b UV-Vis
diffuse reflectance spectra of ZrOCo" unit anchored in the channels of
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Fig. 17a has been determined by EXAFS spectroscopy [66,
96, 97]. Typical metal-to-metal distances are around 3.4 A.
The optical MMCT absorption Zr'YOCo" — Zr'OCo™,
shown in Fig. 17b, extends from the UV into the visible
region with an onset around 550 nm. The ability of most
binuclear units to drive MMCT induced redox reactions is
attributed to an unusually long lifetime of the excited
charge transfer state which has its origin in ultrafast spin
crossover after light absorption that results in slow back
electron transfer. In the case of the TiOMn" system, the
lifetime was determined as 2.4 ps at room temperature by
transient optical absorption spectroscopy [95, 98].

In an attempt to couple a metal oxide nanocatalyst for
water oxidation with a heterobinuclear MMCT unit for
accomplishing CO, reduction by electrons donated by
H,0, we have developed a photodeposition method for
coupling a binuclear light absorber to an Ir oxide nano-
cluster. The ZrOCo" unit was selected because it was
found to reduce vapor phase CO, to CO and formate upon
visible or UV excitation of the charge transfer state in the
presence of triethylamine as a sacrificial donor [97]. Since
transient Co'™ center generated upon excitation of the
MMCT state has an oxidation potential around +1.8 V, it
should be possible to simultaneously drive a water oxida-
tion catalyst with this unit. Development of a photodepo-
sition method for proper positioning of an Ir oxide
nanocluster catalyst adjacent to the Co donor center of a
ZrOCo unit in the channels of mesoporous silica SBA-15
allowed us to synthesize polynuclear units consisting of a
ZrOCo charge-transfer chromophore coupled to an IrO,
nanocluster catalyst. The spatially directed assembly of the
Ir oxide clusters was monitored by optical and FT-IR
spectroscopy, and their size of the 2 nm established by
HAADF-STEM imaging and EDX measurements [66].

When illuminating the MMCT absorption of ZrOCo"-
IrOy units supported on SBA-15 loaded with a gas mixture

0.0

200 300 400 500 600 700 800
Wavelength (nm)

mesoporous silica SBA-15 (black trace 1). The red trace (2) shows
the spectrum of isolated Co™ centers anchored on SBA-15. Inset
Difference spectrum ZrOCo™ minus Co™ sample showing the metal-
to-metal charge-transfer absorption. From Ref. 97, with permission
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of '>CO, and H,0 with 355 nm light, growth of '>CO and
O, product was observed by in situ FT-IR spectroscopy and
mass spectrometry, respectively. As shown in Fig. 18a, gas
phase '>CO product grew in linearly (a partial ro-vibra-
tional spectrum is presented). The CO is formed inside the
8 nm diameter silica channels and desorbs into the gas
phase with a 340 ps escape time according to a previous
transient FT-IR study [99]. Oxygen gas is detected mass
spectrometrically (Fig. 18b). When conducting the photo-
chemical experiment with a mixture of 13C1602 and Hégo,
isotopically labeled '®0, was detected as well (Fig. 18c),
establishing water as the electron source for CO, reduction.
No CO or O, product appeared when omitting H,O, which
further confirmed that water serves as electron source.
Also, no CO or O, was produced when conducting pho-
tolysis in the presence of all components but omitting the
photo-deposition procedure for preparing the IrOy clusters.
Hence, photodepositon is a required step for establishing
charge transfer coupling between the Co donor of the light
absorber and the Ir oxide catalyst. The observed conversion
of CO, to CO and O, (AG® = 62 kcal mol ') with H,O as
electron source under illumination with 355 nm photons is
consistent with the energetics of the reaction and in
agreement with our previous results on the corresponding
oxidation and reduction half reactions [66]. The quantum
efficiency is estimated at 17 % assuming that there is no
energy transfer between individual photocatalytic sites.
This is the first observation of CO, photoreduction by H,O
at an all-inorganic polynuclear light absorber-catalyst
assembly with a molecularly defined chromophore. The
system shows that direct coupling of a metal oxide catalyst
for water oxidation with an inorganic charge transfer
chromophore for CO, reduction is feasible, and opens up
detailed exploration of elementary charge transfer and
catalytic steps of the complete cycle with vibrational,
optical and X-ray techniques.

7 Conclusions

The discovery of new nanostructured forms of first row
transition metal oxides in the past several years, foremost
of Co and Mn that function as remarkably active water
oxidation catalysts has attracted the attention of a number
of catalysis groups to the challenge of elucidating the step-
by-step mechanisms of the four-electron transfer chemistry
at the aqueous solution-solid interface. For Co;04, bond
modes of a superoxo and an oxo Co'V species were
detected by infrared spectroscopy, with the role of the
surface intermediates in the catalytic cycle identified by
their temporal behavior under reaction conditions. Ex situ
EPR measurements of Co oxide electrodeposits revealed
the formation of Co'v surface species, and steady-state
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Fig. 18 Spectroscopy of photoreduction of CO, by H,0 at ZrOCo"—IrO,
unit anchored in SBA-15. a Growth of infrared bands of gas phase '*CO
upon illumination (355 nm) of the MMCT absorption in the presence of a
gaseous mixture of 13C0, and H,O0. The bottom trace shows that no
product growth is observed upon illumination if the Ir oxide nanocluster is
synthesized without the photodeposition procedure. b Trace 1 Detection
of O, product by mass spectroscopy. No O, is formed in the absence of
H,O (trace 2) or without illumination (trace 3) for otherwise identical
samples. ¢ Mass spectra of %0, and '°0, produced under identical
experimental conditions using 13C0, and H2®O (trace 4). Trace 5 shows
control in the absence of illumination. From Ref. 66, with permission
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in situ X-ray spectroscopy confirmed that the oxidation
state of Co rises above III under electrocatalytic oxygen
evolution. In situ monitoring of XANES spectra for iden-
tifying structural phases present under electrocatalytic
conditions has been particularly insightful in the case of
Mn oxide catalysts. Rapid-scan FT-IR measurements and
ambient pressure XPS results of Ir oxide water oxidation
catalysts illustrate the need to probe bond modes and metal
electronic structure with these complementary techniques
in order to understand the chemical functionalities formed
in the catalytic cycle.

When combined with temporally resolved optical
monitoring of charge delivery to the catalytic surface site
as demonstrated in the case of Fe,O;3 or SrTiO; photocat-
alysts, future experiments will explore the detection, by
vibrational spectroscopy, of molecular surface intermedi-
ates formed by specific charge injection events along the
catalytic cycle. Such measurements are the key for pin-
pointing kinetic bottlenecks and provide the information
needed for redesigning surface sites to improve efficiency.
Furthermore, by combining temporally resolved infrared
spectroscopy of surface intermediates with monitoring of
the electronic structure of the metal oxide surface using
ultrafast hard and soft X-ray free electron laser sources will
greatly enhance our understanding of these multi-electron
catalytic processes. The recent demonstration of time-
resolved X-ray emission spectroscopy for elucidating the
O,-forming step of Nature’s water oxidation cycle at the
CaMn,40, cluster of Photosystem II provides an inspiring
example of the use of the emerging ultrafast X-ray free
electron laser techniques [100]. Such efforts will play a key
role in accelerating progress towards efficient metal oxide
catalysts for water oxidation, and the coupling to carbon
dioxide reduction.
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