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ABSTRACT: The development of economic water oxidation catalysts is a
key step toward large-scale water splitting. However, their current
exploration remains empirical to a large extent. Elucidating the correlations
between electronic properties and catalytic activity is crucial for deriving
general and straightforward catalyst design principles. Herein, strongly
correlated electronic systems with abundant and easily tunable electronic
properties, namely La1−xSrxBO3 perovskites and La2‑xSrxBO4 layered
perovskites (B = Fe, Co, Ni, or Mn), were employed as model systems
to identify favorable electronic structures for water oxidation. We
established a direct correlation between the enhancement of catalytic
activity and the insulator to metal transition through tuning the electronic
properties of the target perovskite families via the La3+/Sr2+ ratio. Their
improved photochemical water oxidation performance was clearly linked
to the increasingly metallic character. These electronic structure−activity
relations provide a promising guideline for constructing efficient water oxidation catalysts.

■ INTRODUCTION

Visible-light driven water splitting is a promising strategy to
directly convert solar energy into clean and storable hydro-
gen.1−4 One of the major challenges associated with its
implementation on a large scale is the development of robust
and economic catalyst to drive the kinetically demanding water
oxidation half reaction.5,6 This has promoted the exploration of
earth-abundant transition metal (Co, Fe, Mn, Ni, Cu, etc.)
based compounds for both homogeneous7−11 and heteroge-
neous12−21 water oxidation catalysis.
Deeper insight into the four-electron transfer mechanism of

water oxidation (2H2O → O2 + 4H+ + 4e−) is requested to
substantially promote the targeted design and synthesis of
water oxidation catalysts (WOC).22 However, such mechanistic
studies remain a great challenge so far, especially for
heterogeneous systems. In contrast, optimization of materials
performance via tuning of their electronic properties is a
general strategy in catalysis (e.g., via doping, heterojunctions,
structural tuning etc.). These approaches are now extended on
oxide-related oxygen evolution/reduction catalysts for establish-
ing activity-related electronic property descriptors, e.g., the
oxidation states of the active metal centers,23−26 MOH bond
strengths,27 eg electron configurations,28 surface affinity to
oxygen species,29 and O p-band energy levels.30

Currently, lithium battery materials such as LiMn2O4,
31,32

LiCoO2,
14,33−35 LiCoPO4,

36 and Li2MnP2O7
37 oxides are

intensively studied for water oxidation, because their structure

and electronic properties (e.g., valence states of the active metal
centers, surface eletrophilicity, Co 3d-O 2p hybridization, eg
configuration, and hole mobility) can be easily tailored through
delithiation. Recently, we observed significant enhancement of
water oxidation activities for both spinel-type and layered
LiCoO2 oxides after delithiation, and their enhanced activity
was correlated to the improved charge carrier mobility.38

On the way to general electronic properties-catalytic activity
relations, catalytically active model systems with well-defined
and easily tunable electronic structures are highly sought-after.
Herein, we newly target strongly correlated electronic systems
for photochemical water oxidation. Perovskite or layered
perovskite oxides containing Fe, Co, Mn, and Ni transition
metal centers are known as typical strongly correlated electron
systems featuring strong Coulomb repulsion between the 3d
electrons, which entails various electronic phenomena, such as
orbital ordering and electron localization.39 The title com-
pounds excel through facile options to tune their charge
transport and magnetic properties through modifying the 3d
electronic interactions as a function of temperature, pressure,
magnetic/electrical fields, or composition. This has given rise to
manifold interesting physical properties, such as metal to
insulator transitions, high temperature superconductivity and
colossal magnetoresistance. Nevertheless, the electronic proper-
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ties underlying these physical properties remain widely
unexplored for catalysis to date. In principle, these charge
transport and magnetic properties may potentially affect the
catalytic efficiency,40 especially for photochemical reactions41

involving charge transfer processes.
Many perovskite-type compounds are among today’s most

prominent materials with versatile applications, e.g., in catalysts,
superconductors, data storage media, gas sensors, solar cells, or
solid oxide fuel cells, due to their outstanding structural and
compositional flexibility.42−46 ABO3-type perovskite oxides
contain alkaline-earth or lanthanide cations on the A site and
tri- or tetravalent transition metal cations on the B site. The 3D
network of corner-sharing BO6 octahedra (Scheme 1) lends the

perovskite motif considerable flexibility for compositional
variations entailing structural distortions. Introduction of
heteroatoms on the A or B sites can lead to valence state
changes and structural adjustments (e.g., BO bond length
and BOB angle, cf. Scheme 1) which can modify the
electronic properties47 through influencing the interactions
between the 3d electrons of the B site atoms.
In the following, we explore the flexible electronic properties

of strongly correlated electron systems, i.e., La1−xSrxBO3 and
La2‑xSrxBO4 (B = Fe, Co, Mn, or Ni; A = La and Sr), for
photochemical water oxidation. Through tuning their electronic
structure via the La3+/Sr2+ ratio on the A site and tracking the
water oxidation performance, we link the enhanced catalytic
activity directly to the emerging metallic character.

■ RESULTS AND DISCUSSION
We started from La1−xSrxFeO3 (A = La and Sr, B = Fe),
because the title compound series can accommodate the entire
Sr content range from x = 0 to 1. Formation of phase pure
perovskite structures of La1−xSrxFeO3 (x = 0, 0.25, 0.5, 0.75,
and 1) was verified through matching of their powder X-ray
diffraction (PXRD) patterns with the standard pattern of
LaFeO3 (JCPDS card No. 37−1943, cf. Figure 1). Increasing Sr
contents lead to a gradual structural transition from
orthorhombic (0 ≤ x ≤ 0.2) via rhombohedral (0.4 ≤ x ≤
0.7) to cubic (0.8 ≤ x ≤ 1.0) symmetry.48 This structural
adjustment is also evident from a peak shift toward higher
angles (cf. (240) reflection in Figure 1), as well as from the
gradual disappearance of the (101) reflection and the
appearance of (111) reflections (Figure S1).

The photochemical water oxidation activity of La1−xSrxFeO3
was evaluated according to a standard protocol using
[Ru(bpy)3]

2+ as photosensitizer and S2O8
2− as sacrificial

electron acceptor. The produced oxygen in solution was online
monitored with a Clark electrode (Figure 2a), while the oxygen
diffused to the headspace was detected by GC (Figure S3).
Comparably low oxygen amounts (below 50 μmol L−1) evolved
from the first three samples with x ≤ 0.5. A further increase of
the Sr2+ content resulted in significant improvement of the
corresponding water oxidation activities, and equilibrium
oxygen concentrations of 286 and 615 μmol/L were achieved
for La0.25Sr0.75FeO3 and SrFeO3, respectively. GC detection of
oxygen in the headspace further confirmed this trend. TOF
values were calculated based on the initial 50 s irradiation
before significant oxygen diffused to the headspace. A sharp
TOF increase set in from x = 0.75, and the maximum TOF
observed for SrFeO3 is 2.4 × 10−3 per sec per iron which is 16.5
times higher than that of LaFeO3 (Figure 2b). Comparison to
the reported TOF values of binary iron oxides shows that
SrFeO3 can outperform them in the [Ru(bpy)3]

2+/S2O8
2−

standard assay (Table S1). However, it should be emphasized
that absolute performances are difficult to compare between
different studies as the applied protocols49 or even the specific
test conditions used for the same protocol can significantly
influence the catalytic activities.
Importantly, substantial improvement of the water oxidation

performance was observed from x = 0.75 to 1, i.e.,
corresponding to the composition range where the cubic
perovskite was formed. In the course of this structural
adjustment, increased Fe valence states, shortened FeO
bond lengths and straightened FeOFe bond angles (closer
to 180°) generally lead to an insulator to metal transition, as
evident from FT-IR spectra (Figure 2c). The disappearance of
characteristic FeO stretching vibrations around 560 cm−1 for
both La0.25Sr0.75FeO3 and SrFeO3 indicates the emergence of
metallic properties with strong reflectivity toward infrared
light.50 Noteworthy, this electronic structure transition goes
hand in hand with the improvement of water oxidation activity
for x ≥ 0.75. To clarify their possible correlation, the electronic
properties of La1−xSrxFeO3 are subjected to a comprehensive
analysis in the following.
X-ray absorption near edge spectra (XANES) were recorded

at the Fe K-edge to trace the electronic structure changes as a
function of Sr2+ content. A pre-edge absorption peak (orange

Scheme 1. Tuning the Electronic Properties of La1−xSrxBO3
and La2−xSrxBO4 (B = Fe, Co, Mn, or Ni; A = La and Sr) via
the La3+/Sr2+ Ratio for Photochemical Water Oxidation

Figure 1. PXRD patterns of La1−xSrxFeO3 (MoKα1 radiation; bottom:
standard pattern of LaFeO3 (JCPDS card No. 37−1943). Structural
transitions are labeled as follows: O (orthorhombic, Pnma), R
(rhombohedral, R3̅c), and C (cubic, Pm-3m), respectively.
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area in Figure 3a, enlarged in Figure 3b) at 7117 eV is assigned
to the quadrupole-allowed 1s to 3d transitions. The increasing
absorption intensity of this peak with higher Sr contents is a
characteristic indication for an increasing hole concentration in
the Fe 3d bands. Furthermore, the saturation effect observed at
x ≥ 0.75 is consistent with the disappearance of the
characteristic IR absorption bands at 560 cm−1 for
La0.25Sr0.75FeO3 and SrFeO3 and points to the presence of
less strongly bound charge carriers.51

The absorption maximum arising from dipole-allowed 1s to
4p transitions continuously decreases with increasing Sr
content (cf. absorption intensity difference relative to LaFeO3
spectrum in Figure 3a (bottom)). This trend corresponds to
the gradual formation of a metallic band structure with
delocalized electrons and increasingly covalent FeO
bonds.51 In contrast to La0.25Sr0.75FeO3, SrFeO3 exhibits a
more significant broadening of the 1s → 4p peak (Figure 3a)
together with a ligand-to-metal charge transfer band (around
7123 eV, Figure S2). This provides further evidence for
increasingly metallic properties of SrFeO3, giving rise to its
superior water oxidation activity compared to La0.25Sr0.75FeO3.
Fe K-edge extended X-ray absorption fine structure provides

detailed information about the local structure around the Fe
atoms (cf. Fourier transforms in Figure 4a). The first peak
represents the interaction between Fe and first shell of oxygen
atoms. A continuous decrease of the peak intensity goes hand
in hand with a peak shift from R = 1.53−1.47 Å when x
increases from 0 to 0.5. For x ≥ 0.75, both peak intensity and
positions remain nearly constant, analogous to the saturation
effect observed for the intensity of the 1s to 3d transitions. The
FeO bond lengths derived from the R value of the first peak
(Figure 4b) match well with the Rietveld refinement results
(Table S4). The continuous decrease of FeO bond lengths
from x = 0 to 0.75 indicates the gradual oxidation of Fe3+ to
Fe4+ and increasingly covalent FeO bonds. The constant
FeO distance trend from x = 0.75 to 1.00 is most likely due
to the rhombohedral to cubic symmetry transition.
While previous works proposed a strong influence of the

valence states of active metal centers on the water oxidation
activity,23−25,52 the present catalytic results cannot be solely

Figure 2. (a) Oxygen evolution during photochemial water oxidation
with La1−xSrxFeO3 (oxygen was monitored online by a calibrated Clark
electrode in solution, the error bars were estimated based on water
oxidation tests in triplicate: 4 mg La1−xSrxFeO3, 5.25 mM Na2S2O8,
and 1.33 mM [Ru(bpy)3]

2+ were dispersed in 8 mL of 0.05 M
phosphate buffer (pH 7), irradiation: 460 nm LED (5000 l×)), (b)
TOF trend as a function of the Sr content (TOF values were
calculated based on the initial 50 s irradiation before significant oxygen
diffused to headspace), and (c) insulator to metal transition monitored
by FT-IR spectroscopy at room temperature.

Figure 3. (a) Fe K-edge X-ray absorption spectra of La1−xSrxFeO3, and
(b) zoom into the 1s to 3d transition absorption. The bottom section
of (a) displays the absorption intensity difference of La1−xSrxFeO3 (x =
0.25, 0.5, 0.75, 1.00) relative to LaFeO3.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b10215
J. Am. Chem. Soc. 2016, 138, 1527−1535

1529

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10215/suppl_file/ja5b10215_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10215/suppl_file/ja5b10215_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b10215


explained with the iron valence state changes: La0.5Sr0.5FeO3
and La0.25Sr0.75FeO3 with higher Fe valence states than LaFeO3
do not exhibit notably higher water oxidation activities (Figure
2a).
The electronic structure transitions are also evident from a

remarkable change of the surface affinity to oxygen species
(Figure 5). O 1s spectra for La1−xSrxFeO3 are composed of two
major peaks corresponding to lattice oxygen (∼528.7 eV) and
to surface absorbed oxygen species (∼531.7 eV), respectively.
Importantly, a significant reverse of the proportions of these
two peaks sets in for x ≥ 0.75. Furthermore, both
La0.25Sr0.75FeO3 and SrFeO3 exhibit slight peak shifts compared
to La1−xSrxFeO3 perovskites with lower Sr contents (x = 0,
0.25, and 0.5), namely lattice oxygen peaks at ca. 0.3 eV lower
and surface oxygen peaks around 0.2 eV higher binding
energies. The enrichment of surface oxygen species after the
insulator to metal transition is consistent with the theoretically
predicted stabilizing effect of metallic band structures on
surface oxygen species.53

The XPS valence band spectra mainly consist of the Fe 3d
and O 2p states which cannot be well resolved into their
respective features (Figure S9). Increasing the Sr content leads
to decreased intensity of the Fe 3d state at around 2−4 eV and
a more prominent O 2p state from 5 to 7 eV. However, for x ≥
0.75, the O 2p states become more distinct, and the intensity of
the two shakeup satellites at around 10 and 12.5 eV increases.
These strong satellite features were also observed on previously
reported SrFeO3

54 and other highly correlated metallic oxides,
such as high-Tc superconducting copper oxides.55

In line with a previous study,56 temperature-dependent
susceptibility measurements (Figure 6) indicate that both

LaFeO3 and La0.75Sr0.25FeO3 are nearly antiferromagnetic over
2−300 K range, while La0.5Sr0.5FeO3 experiences a slight
ferromagnetic to antiferromagnetic transition around 200 K
(Neél temperature). In contrast, SrFeO3 displays a sharp
ferromagnetic to antiferromagnetic transition at 128 K, which
indicates a clearly defined electronic state (i.e., purely metallic
before the ferromagnetic to antiferromagnetic transition).
La0.25Sr0.75FeO3 exhibits a complex magnetic behavior located
in-between SrFeO3 and La0.5Sr0.5FeO3, thus implying an

Figure 4. (a) Fit of the extended X-ray absorption fine structure of
La1−xSrxFeO3 against the perovskite structure, and (b) resulting Fe
O bond lengths. The green and purple areas in (b) represent literature
FeO bond length ranges for Fe(III) and Fe(IV), respectively.51

Figure 5. O 1s XPS spectra of La1−xSrxFeO3 (dashed lines around
528.7 and 531.7 eV represent lattice oxygen and surface absorbed
oxygen species, respectively).

Figure 6. Temperature-dependent magnetic susceptibility of
La1−xSrxFeO3 measured from 2 to 300 K (solid line: field cooling;
dashed line: zero field cooling).
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intermediate electronic state giving rise to room temperature
magnetic behavior between ferromagnetic and antiferromag-
netic properties. The broad Neél transition temperature range
from 120 to 175 K is either due to the complex electronic
structure of La0.5Sr0.5FeO3 or associated with a phase transition
from cubic to rhombohedral.57 The partially metallic character
of La0.25Sr0.75FeO3 at room temperature is consistent with its
notably lower water oxidation activity compared to SrFeO3.
Moreover, the slightly higher magnetic moment (2−300 K

range) of La0.5Sr0.5FeO3 compared to LaFeO3 and
La0.75Sr0.25FeO3 corresponds well with its significantly weaker
FT-IR absorption band at 560 cm−1 as well as marginally higher
oxygen evolution activity, indicating the onset of the insulator
to metal transition. Noteworthy, the metallic properties are
strongly related to the presence of ferromagnetism which
facilitates 3d electron delocalization through double exchange
effects. Furthermore, ferromagnetic centers may also act as
stronger binding sites for triplet oxygen molecules, thereby
accounting for the increased affinity of the metallic compounds
to surface oxygen species. Thus, a clear correlation between
ferromagnetism, metallic properties and water oxidation activity
can be established.
Recent studies revealed that some oxide-type WOCs can

undergo surface amorphization and compositional changes after
electrochemical water oxidation.35,58 Therefore, we examined
the morphology and composition of SrFeO3 (the most active
WOC among the La1−xSrxFeO3 series) by HR-TEM and EDXS
analyses, respectively (Figure 7). Comparison of the
representative HR-TEM images of SrFeO3 before (Figure 7a)
and after (Figure 7d) photochemical water oxidation clearly
shows that no significant morphology changes occurred.
EDXS analyses of both particle surface and bulk

compositions indicate a nearly constant intensity ratio of
1.2−1.3 between the Sr L and Fe K peaks of SrFeO3 both
before (Figures 7b,c) and after (Figures 7e and f) photo-
chemical water oxidation. Furthermore, linear EDXS mapping
across a SrFeO3 nanoparticle after water oxidation (Figure S10)
reveals a constant Sr L/Fe K ratio around 1.3 as well. These
results indicate that Sr and Fe remain evenly distributed
throughout the ent i re par t ic les , in contras t to
Ba0.5Sr0.5Co0.8Fe0.2O3 which exhibits significant surface Ba2+

and Sr2+ leaching and amorphization after electrochemical
water oxidation.59

Furthermore, the concentrations of Sr and Fe ions in
solution after photochemical water oxidation with SrFeO3 were
analyzed by ICP-MS, and minor amounts of dissolved Sr and
Fe ions were detected (Table S3). Interestingly, this leaching-
related phenomenon was also observed even after reference
aging tests with SrFeO3 in standard [Ru(bpy)3]

2+/S2O8
2−

photochemical water oxidation media without light irradiation.
Comparable amounts of both Sr and Fe were detected in
solutions after photochemical water oxidation and dark aging,
respectively. This implies that the observed leaching phenom-
ena are not caused by the water oxidation process. Our previous
study on LiCoO2 demonstrated that leaching of redox-inert Li+

cations can influence its photochemical water oxidation
activity.38 However, Sr losses in the present materials are
much lower compared to the extent of Li leaching from
LiCoO2, because the significantly smaller Li+ ions are much
more mobile in this battery material.38

La1−xSrxCoO3 perovskites as another typical strongly
correlated electronic system were studied for comparison
here. They exhibit an insulator to metal transition point at x ≈

0.260 and show similar trends to La1−xSrxFeO3 with respect to
both water oxidation activities and electronic structure
evolution (Figure 8).
While the insulating LaCoO3 displays two characteristic IR

absorption bands (Figure 8b) at around 400 cm−1 and 500−
600 cm−1 arising from OCoO bending and CoO
stretching vibrations,61 metallic La0.8Sr0.2CoO3 exhibits no
absorption at around 400 cm−1 and a much weaker absorption
band in the 500−600 cm−1 range.
Further incorporation of Sr2+ only results in a slightly

stronger background reflection for La0.6Sr0.4CoO3 in the 380−
1000 cm−1 region, which corresponds well with the minor
increase of metallic properties beyond x = 0.2.62 The insulator
to metal transition at x = 0.2 goes hand in hand with a
significantly enhanced oxygen evolution for La0.8Sr0.2CoO3
compared to LaCoO3 (Figure 8a). Temperature-dependent
magnetic susceptibility measurements indicate that LaCoO3 is
slightly paramagnetic (Figure 8c) with most Co3+ centers in low
spin states (LS: t2g

6eg
0). The insulator to metal transition at x =

0.2 is clearly reflected by a para- to ferromagnetic transition at
around 240 K (cf. inflection points in the upper curves of
Figure 8c). A further increase of the Sr content to 0.4 results in
marginally increased magnetism, which matches well with the
trends of both FT-IR spectra and water oxidation performance.
A slight shift of the Co 2p XPS peak toward higher binding

energy after Sr2+ doping (Figure S12) indicates the partial
oxidation of Co3+ to Co4+ which goes hand in hand with hole

Figure 7. High resolution TEM images and EDXS spectra of SrFeO3
before and after photochemical water oxidation: HR-TEM images
before (a) and after (d) photochemical water oxidation; particle
surface and bulk points for EDXS analysis before (b) and after (e)
photochemical water oxidation; EDXS spectra before (c) and after (f)
photochemical water oxidation (blue and red: surface and bulk
analyses, respectively).
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doping in the Co 3d bands. This is in line with the increased
amount of paramagnetic centers observed in temperature-
dependent susceptibility measurements (Figure 8c). O 1s
spectra of La1−xSrxCoO3 (Figure S11) display a very similar
trend to La1−xSrxFeO3 in the course of the electronic structure
transition. While the lattice oxygen peak (∼529 eV) intensity of
insulating LaCoO3 is higher compared to adsorbed oxygen
species (∼531.5 eV), this ratio is completely inverted for the
metallic compounds La0.8Sr0.2CoO3 and La0.6Sr0.4CoO3.

In following, we further investigated the electrochemical
performance of La1−xSrxCoO3 compounds. In contrast to
photochemical water oxidation, the influence of the Sr content
on the electrochemical performance of La1−xSrxCoO3 is not
comparably significant (Figure S23). Most likely, catalytic
activities under electro- and photochemical conditions are
limited by different factors. Indeed, a recent key study on
manganese oxides49 revealed different activity trends under
photochemical ([Ru(bpy)3]

2+/S2O8
2−), chemical ((NH4)2[Ce-

(NO3)6] as oxidant) and electrochemical water oxidation
conditions. The anodic bias applied in electrochemical water
oxidation is expected to facilitate the charge transfer across the
bulk catalyst. Additionally, in situ XAS studies of manganese
oxides63 and amorphous cobalt oxide64,65 electrocatalysts
demonstrated that their metal centers undergo a bulk valence
change. Electrochemical methods thus modify the electronic
properties or even the structural properties58 of the investigated
compounds in situ. The oxidation of Co3+ to Co4+ in the bulk
of LaCoO3 under electrochemical conditions may play an
analogous role to Sr doping of LaCoO3, thereby accounting for
the comparable electrochemical water oxidation activity trends
between both La1−xSrxCoO3 series. Moreover, the realignment
of the band structure under the applied bias may also change
the interface electron transfer rate.
La1−xSrxMnO3 provides further evidence for the correlation

between electronic structure and water oxidation activity. Both
water oxidation activity trends (Figure S13a) and FT-IR spectra
(Figure S13c) match well with the transition from para-
magnetic insulator (0 ≤ x < 0.2) to ferromagnetic metal (0.2 ≤
x < 0.5) which is reverted into a paramagnetic insulator at
higher Sr contents (x ≥ 0.5).66 The O 1s XPS spectra (Figure
S13b) of La1−xSrxMnO3 display the expected proportional
intensity increase of the signal related to surface oxygen species
after the insulator to metal transition. However, it is far less
significant compared to La1−xSrxCoO3 and La1−xSrxFeO3. This
is likely due to the less pronounced metallic character of
La0.8Sr0.2MnO3, as evident from a strong remnant FT-IR
absorption band at around 563 cm−1.
Layered A2BO4 (B = Ni, Co) perovskites were studied for

comparison as well. They exhibit a similar structural motif with
insertion of an additional AO layer between the layers of {BO6}
octahedra, giving rise to characteristic A2BO4 stoichiometries
(Figure S14). In contrast to the ABO3 perovskites with a 3D
{BO6} network, the metallic properties of layered perovskites
are dimensionally restricted to the corner-sharing {BO6} layers
due to their separation by the insulating AO layers.
Consequently, the observed improvement of water oxidation
activity for La2−xSrxNiO4 (Figure S15a) and La2−xSrxCoO4
(Figure S16a) upon Sr2+ doping is less significant compared
to La1−xSrxCoO3, La1−xSrxFeO3, and La1−xSrxMnO3.
Generally, photochemical water oxidation with the standard

[Ru(bpy)3]
2+/persulfate protocol proceeds via four basic steps

(Scheme 2a): (1) excitation of [Ru(bpy)3]
2+ at around 460 nm;

(2) oxidative quenching of excited [Ru(bpy)3]
2+* by persulfate

to form [Ru(bpy)3]
3+; (3) hole (h+) injection from [Ru-

(bpy)3]
3+ into the WOC and regeneration of [Ru(bpy)3]

2+; (4)
hole accumulation and transport by the WOC for subsequent
water oxidation. Although the detailed steps of water oxidation
mechanisms remain under intense investigation, the basic role
of the oxide-type WOC in the process is well-defined: (a)
collection and transport of the oxidative equivalents from
single-electron [Ru(bpy)3]

3+ oxidants to the catalytically active
centers; (b) transfer of the cumulated oxidative equivalents to

Figure 8. La1−xSrxCoO3 as photochemical water oxidation catalyst: (a)
Photochemical oxygen evolution monitored online by a calibrated
Clark electrode in solution (catalytic tests: 10 mg La1−xSrxCoO3, 26.25
mM Na2S2O8, and 1.33 mM [Ru(bpy)3]

2+ were dispersed in 8 mL of
0.1 M phosphate buffer (pH 7); irradiation: 460 nm LED (5000 l×));
(b) insulator to metal transition monitored by FT-IR spectroscopy at
room temperature; (c) temperature-dependent susceptibility measured
from 2 to 300 K (solid line: field cooling; dashed line: zero field
cooling).
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both molecular water and intermediate species related to
oxygen evolution, as well as (c) facilitation of OO bond
formation.
In this study, we provide substantial evidence for a

correlation between the insulator to metal transition and the
enhancement of water oxidation activity. LaMO3 and La2MO4
(M = Co, Fe, Mn, or Ni) are known as Mott insulators with
strong Coulomb repulsion between the 3d electrons of the M
metal centers which results in an energy gap (denoted as U in
Scheme 2b) and renders the 3d electrons strongly localized.
Hole doping by La3+/Sr2+ substitution broadens the bandwidth
W of the 3d orbitals up to closing the energy gap U at a critical
doping content. This corresponds to the insulator to metal
transition point which renders the 3d electrons highly
delocalized, so that metallic properties emerge.
It stands to reason that metallic properties enhance the hole

accumulation and transfer properties of WOCs due to (a)
enhanced hole mobility across the bulk of the WOC and (b)
faster interface hole transfer from [Ru(bpy)3]

3+ to the WOC
through realignment of the valence band. Moreover, the
stronger affinity between the metallic compounds and surface
oxygen species, as evident from O 1s XPS spectra, is likely to
stabilize intermediate oxygen species during water oxidation
and to facilitate the interface electron exchange between WOC
and the oxygen species as well as the subsequent OO bond
formation. Thus, the major roles of the WOC are strengthened
by the metallic band structure, which consistently explains the
improved water oxidation activity upon the insulator to metal
transition.

■ CONCLUSIONS
The electronic properties of strongly correlated electronic
systems, namely La1−xSrxBO3 perovskites and La2−xSrxBO4

layered perovskites (B = Fe, Co, Ni, or Mn), were explored
for photochemical water oxidation. Gradual substitution of La3+

by Sr2+ leads to an insulator to metal transition which goes
hand in hand with the significant enhancement of water
oxidation activity. This introduces metallic properties as a
promising design parameter for water oxidation catalyst
construction. Strongly correlated electron systems excel
through a versatile and easily accessible set of electronic
properties, such as localized 3d electrons and orbital ordering.
This toolbox of electronic structures can be selectively tuned
toward targeted interactions with surface adsorbed molecular
species, e.g., interface electron exchange and stabilization of
intermediate species. These new perspectives render strongly
correlated electron systems promising for the systematic
exploration of electronic structure−activity relations in
heterogeneous catalysis.

■ EXPERIMENTAL SECTION
Sample Preparation. All samples were synthesized via a

conventional sol−gel method as follows: 6 mmol of the respective
metal nitrate salts in the required stoichiometric ratio, 24 mmol citric
acid and 3 mL glycol were dissolved in 200 mL deionized water. The
as-prepared solution was stirred and condensed at 90 °C into a gel
which was further decomposed at 180 °C for 5 h to form a foam-like
precursor. This precursor was subjected to subsequent calcinations
(650 °C + 5 h for La1−xSrxBO3 (B = Fe, Co, and Mn) and 900 °C + 2
h for La2−xSrxBO4 (B = Co, Ni) in air atmosphere to obtain the final
products. La1−xSrxCoO3 was reground and subjected to a second
calcination (650 °C + 5 h) in pure oxygen atmosphere to improve the
phase purity. The ramp rate for all calcinations was set as 5 °C/min,
and the samples were naturally cooled down to room temperature in
the oven after calcination.

Photochemical Water Oxidation. Tests were conducted
according to a well-established [Ru(bpy)3]

2+/S2O8
2− protocol. First,

a suspension was prepared by ultrasonic dispersion of the water
oxidation catalyst, [Ru(bpy)3]Cl2 (Sigma-Aldrich, 99.95%) photo-
sensitizer and Na2S2O8 (Sigma-Aldrich, ≥ 99.0%) in 8 mL buffer in a
10 mL vial. Next, the suspension was degassed with helium to remove
O2 in both solution and the head vial in the dark. An LED lamp (460
nm wavelength) with tunable intensity was used as visible light source.
Oxygen produced in solution was monitored online with a calibrated
Clark electrode (Unisense) and the oxygen diffused to the headspace
was detected by gas chromatography (Agilent 7820A packed with a 3
m × 2 mm molecular sieve 13X 80−100 column) as follows: 100 μL
samples of gas from the head vial were injected into a gas
chromatograph using a gastight microliter syringe (Hamilton 1825
RN) during intervals of several minutes. Helium was chosen as carrier
gas to increase the detection sensitivity of O2. Gases were detected
with a thermal conductivity detector (Varian) operated at 200 °C.
Oxgyen contamination by air was subtracted according to N2 peak
area.

Characterization. Powder X-ray diffraction patterns (PXRD
patterns) were recorded on a STOE STADI P diffractometer
(reflection mode, step size: 0.3°/step, 60 s/step) with Mo Kα1
radiation. Fourier transformed infrared (FT-IR) spectra were collected
on a Bruker Opus spectrometer at room temperature. XPS spectra
were measured on Thermo ESCALAB 250 with a monochromatic Al
Kα as X-ray source. The C 1s peak at 284.6 eV was set as the reference
for all XPS peak position calibrations. Prior to XPS measurements, all
samples were dried overnight at 80 °C in a drying oven. Magnetization
measurements were conducted on a 7 T Quantum Design MPMS XL
SQUID at a magnetic field of 1.0 T in the temperature range 2−300 K
in both zero field and field cooling modes. The mass susceptibility was
calculated according to χ = M/(H·m) (M: magnetization, H: field
strength, m: sample mass). Fe K-edge X-ray absorption spectroscopy
(XAS) was performed at the ESRF beamline. La1−xSrxFeO3 samples
were measured as solid samples dispersed in cellulose in transmission
mode. For all experiments, an iron metal foil was used as calibration

Scheme 2. Influence of the Insulator to Metal Transition on
the Photochemical Water Oxidation Activity in Strongly
Correlated Electronic Systemsa

a(a) Photochemical water oxidation cycles with [Ru(bpy)3]
2+ as

photosensitizer and persulfate as electron acceptor; (b) band structure
evolution upon insulator to metal transition.
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standard. Energy calibration, background removal, and Fourier
transformation of XAS spectra were performed with the Athena
software and EXAFS fits were performed with the Artemis software.67
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