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yl groups on these catalysts has been suggested to be the dominant factors affecting water oxidation activity com-
pared to the other parameters such as oxidation states of manganese and crystal structure.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The photo(electro)chemical splitting water into hydrogen and oxy-
gen has attracted tremendous attention in recent years because of its
great potential in solar energy conversion and storage applications [1].
In respect to hydrogen evolution reaction, a two-electron-transfer pro-
cess, oxygen evolution reaction is more complex, which involves four-
electron-transfer process. Currently, owing to the slow four-electron
transfer rate and the high activation energy barrier for O0—O bond for-
mation, the oxygen evolution is the main obstacle limiting the efficiency
of overall water splitting [2]. Searching environmentally-friendly and
efficient oxygen evolution catalysts (OECs) is an urgent and challenging
task among the solar water splitting community.

In nature, a Mn4CaOs cluster as the oxygen evolving complex in pho-
tosystem II (PS II), has been identified as the catalytic site for the four-
electron involved water oxidation [3]. Inspired by the natural photosyn-
thesis process in PS II, synthetic manganese-containing compounds are
thought to be very promising candidates as functional water oxidation
catalysts to mimic the role of Mn4CaOs cluster in water oxidation [4].

* Corresponding author.
E-mail address: zhangguan@hitsz.edu.cn (G. Zhang).

http://dx.doi.org/10.1016/j.catcom.2016.10.035
1566-7367/© 2016 Elsevier B.V. All rights reserved.

Various nanostructured solid manganese oxides (MnOy) including
MHOZ, Mn203, Mn304, MnOx, MnO, Ml’l3(PO4)2'3H20, CaMn204-XH20
and amorphous Ca,MnOy have been synthesized and tested as OECs in
either electrochemical or photochemical systems [5-12].

Recently, oxygen deficient CaMnOs _ ; compounds have been re-
ported as electrocatalysts for oxygen evolution/reduction reactions
[13,14]. The results suggest that the oxygen-deficient CaMnOs _ 5 com-
pounds are promising and inexpensive bifunctional catalytic materials
for reversible oxygen reduction and evolution reactions. Therefore, it
is highly desirable to further investigate the oxygen-deficient
CaMnOs _; as the OECs in a photochemical system for potential applica-
tion in solar water splitting. In this work, we have synthesized CaMnO3
and Ca;Mn;0s5 perovskite nanoparticles and evaluated their photocata-
lytic performance in water oxidation with a-MnO, nanorods as a refer-
ence sample.

2. Experimental
2.1. Catalysts preparation

The synthesis of CaMnO3 was done by a sol-gel method with citric
acid as complexing agent and detailed procedure was shown in
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supporting information. The as-prepared CaMnOs; powder was reduced
under Ar-5% H, at 400 °C for 3.0 h in a tube furnace to get single phase
Ca;Mn,05 powder. Nanostructured 5-MnO, was prepared according to
the literature [15].

2.2. Characterization of catalysts

The reflective XRD pattern was recorded on a PANalytical X-ray dif-
fractometer with graphite-monochromatized Cu K, radiation (A =
1.5418 A), employing a scan rate of 1.5°-min™' in the 26 range of 10°
to 100°. The microstructures of samples were inspected by scanning
electron microscopy (SEM) on a JEOL 6700F scanning electron micro-
scope. X-ray photoelectron spectroscopy (XPS) was performed using
an X-ray photoelectron spectrometer (a monochromated Al KR x-ray
source, thermos Escalab 250). The BET surface area of the samples
were determined based on the N, adsorption isotherms at 77 K with a
Coulter Omnisorp 100 CX apparatus.

2.3. Photochemical water oxidation experiments

Photochemical water oxidation experiments were performed in a
0.65 L home-made quartz reactor equipped with a water jacket for
cooling. A typical water oxidation experiment was carried out using
[Ru(bpy)3]Cl,-6H,0 (100 puM) as a photosensitizer, Na,S,0g (10 mM)
as sacrificial electron acceptor in 100 mL borate buffer solution (pH 9)
along with the catalyst (25 mg). The reactants were purged with Ar
for 1 h to remove all dissolved oxygen from the aqueous solution. The
quartz reactor was then illuminated using a 250 W iron-doped halide
UV-vis lamp with an ultraviolet cutoff filter (>420 nm). The evolved ox-
ygen gas in the headspace of reactor under irradiation was then exam-
ined intermittently using an online gas chromatograph (Agilent 3000
Micro Gas Chromatograph).

3. Results and discussion
3.1. Characterization of catalysts

Pure CaMnOs was prepared via a sol-gel process and single phase
Ca,Mn,05 was obtained through the reductive calcination of as-pre-
pared CaMnOs under 5% Ho/Ar atmosphere according to the literature
[14]. a-MnO, nanorods were prepared by thermal treatment of layered
8-MnO,, at 600 °C for 3 h [15]. Fig. 1 displays the powder XRD patterns
and their structures of the different manganese oxide samples. The
CaMnOs sample exhibits typical orthorhombic (Pnma) phase structure
(JCPDS No. 76-1132), whereas the peaks of CaMnOs3 are splitted at
around 26 of 34°, 48° and 60° after reduction, which can be indexed to
a different structure (Pbam) of Ca;Mn,0s5 (JCPDS No. 76-1133). In addi-
tion, the intensities of CaMnOs peaks were slightly reduced after reduc-
tion due to the crystal distortion and oxygen vacancy formation. The
peaks of MnO, can be assigned to a-MnO, (JCPDS 44-0141) with a te-
tragonal phase. The intensities and widths of the diffraction peaks of
a-MnO, are slightly lower and broader than that of CaMnOs because
of the relative lower temperature synthesis. The reason that we chose
a-MnO, nanorods as a reference is that nanostructured a-MnO, nano-
tubes and nanowires have been early reported as the efficient OECs [5,
6]. For CaMnOs, each Mn atom is coordinated by six oxygen atoms
with forming MnOg octahedra structure. In contrast, all the MnOg octa-
hedra are transformed into MnOs square pyramids in Ca;Mn,0s5 due to
the loss of oxygen atoms. However, the framework of the perovskite
structure is maintained for the Ca,Mn,0s. The microstructures of the
manganese oxides observed by SEM were shown in Fig. S1. The calcium
manganese oxide samples are porous, with an average primary particle
size about 50-300 nm. The a-MnO, nanorods displayed uniform mor-
phologies with diameters of approximately 50 nm and length of
300 nm. Furthermore, the BET surface areas of CaMnOs3, Ca,Mn,0s5
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Fig. 1. XRD patterns and illustration of crystal structures of a-MnO,, CaMnOs and
Ca;Mn,05 (green spheres indicate calcium cations). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

and MnO, were determined to be about 5.19 m?/g, 5.67 m?/g and
22.67 m?%/g, respectively.

3.2. Water oxidation tests

A well-established Ru(bpy)%*—szog* sacrificial water oxidation
system was employed to evaluate the photocatalytic performance of
manganese oxides [ 16]. Firstly, experimental conditions for oxygen gen-
eration were optimized with varying the concentration of electron ac-
ceptor (Na,S,0g) and dye sensitizer (Ru(bpy)sCl,) with a-MnO,, as a
model catalyst. As shown in Fig. 2a, the concentration of S,0%~ varied
from 1.0 mM to 50 mM. The highest O, yield was obtained with
10 mM S,05 ™~ as the electron acceptor. Further increase of the concen-
tration of S,05 ™ reduced the O, yield, probably because the generation
of [Ru(bpy)s]> ™ oxidant was too fast to efficiently oxidize water on o-
MnO; catalyst, as the water oxidation reaction catalyzed by ot-MnO, is
the rate-limiting step in the overall process. Alternatively, the strong ox-
idants would oxidize the organic ligand to decompose the Ru-dye as a
competitive reaction [16]. Fig. 2b depicts the effect of concentration of
Ru(bpy)3™ on the evolution of oxygen. The O, yield markedly increased
with increasing the concentration from 25 puM to 100 uM. However, fur-
ther increasing the concentration of Ru(bpy)3™ to 200 pM slightly en-
hanced the O, yield. Therefore, the conditions of employing 10 mM
S,03~ and 100 uM Ru(bpy)3™ dye were screened out for performing
the water oxidation. Under the optimized conditions, different manga-
nese oxide samples were tested for the O, evolution as shown in Fig.
2c. The O, yields normalized by Mn atoms on the basis of same quantity
of catalyst mass indicated that Ca,Mn,0Os is the most active catalyst,
whereas CaMnOs; and MnO, samples exhibited similar performance.
In addition, the activities of heterogeneous catalysts are strongly affect-
ed by surface areas of solid catalysts [17]. Thus, in most cases, the water
oxidation activities among different samples are compared after nor-
malization by the surface area. As shown in Fig. 2d, the normalized O,
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Fig. 2. Visible light photochemical oxygen production with (a) varied concentrations of Na,S,0g using 50 M Ru dye sensitizer; (b) varied concentrations of Ru dye sensitizers with 10 mM
Na,S,0s; (c) oxygen production from different catalyst samples with 10 mM Na,S,0s and 100 uM Ru dye sensitizer; (d) Normalized oxygen evolution activity by surface area. All the
experiments were performed with 25 mg catalyst in 100 ml pH = 9.0 aqueous buffer solution.

evolution efficiency of the three samples is followed with the order of
Ca;Mn;,05 > CaMnOs > a-MnO,. As shown in Table 1, the TOFs of
Ca;Mn,05 sample is 2-3 times higher than those of the CaMnOs and
MnO, nanorods, and the TOFs of Ca;Mn,05 normalized by surface
area is about one order of magnitude higher than that of MnO, nano-
rods, which confirms that Ca;Mn,0s is the most active catalyst for
water oxidation.

The cyclic voltammetry (CV) measurements of manganese oxide
samples in 0.1 M aqueous NaOH solution were shown in Fig. S2. A
thin TiO, layer was used as a supporting layer for deposition of different
Mn catalysts. The sharp increase of anodic currents at 0.6 V-0.9 V (vs.
Ag/AgCl) can be assigned to water oxidation reaction. The onset poten-
tials for water oxidation are ca. 0.70 V, 0.72 V and 0.72 V for Ca,Mn,0s,
CaMnOs; and MnO,, respectively. Compared to the onset potential of
bare TiO, electrode for the water oxidation (~0.80 V), all the manganese
oxide samples exhibited lower onset potentials, confirming that all the
manganese oxide samples work as water oxidation catalysts. Oxygen-
vacant Ca;Mn,05 exhibits reduced onset potential and increased anodic
current compared to CaMnOs and MnO,. Furthermore, the O, evolution
experiments were repeated up to 3 cycles (2 h for each cycle) with the
same batch of the catalyst for evaluating the stability of catalysts. As
shown in Fig. S3, the O, yields were dramatically reduced over 50%

Table 1
Apparent turnover frequency (TOF) of manganese oxide catalysts and selected structural
parameters.

Catalyst BET TOF? TOF® Avg. Mn—O distance
(m%*g) (s (surface) (A)
(s'm™?)
CaMnOs; 5.19 0.56 x 107> 4.3 x 107° 1.900
Ca;Mn,05 5.67 1.70 x 107> 12 x 107* 1.912
a-MnO, 227 083x107° 15x107°  1.892
nanorods

2 Oxygen evolution rate normalized by manganese atom during the first 15 min reac-
tion after photoirradiation (>420 nm) of an aqueous buffer solution (pH 9, 100 ml) con-
taining 25 mg catalyst, 10 mM Na,S,0g and 100 uM Ru(bpy)sCl,.

b TOF normalized by manganese atom with same surface area.

and 70% for the CaMnO3 and Ca,Mn,0s5 samples respectively, whereas
the a-MnO, exhibited the relatively stable performance during the 3 cy-
cles' tests.

3.3. Mechanism analysis

To explore the reasons that are responsible for the enhanced water
oxidation activity of Ca,Mn,0s and the rapid deactivation of calcium
manganese oxides during the repeated tests. A further investigation
on the chemical states and composition of surface Mn, Ca and O of dif-
ferent catalysts before and after reaction was performed by XPS analy-
sis. The Mn 2p peaks of all the samples are similar (Fig. S4), which can
be deconvoluted into a mixture of Mn>* and Mn*™. There was no sig-
nificant difference for the samples before and after reaction. It is unex-
pected that the surface Mn in CaMnOs contains a large portion of
Mn3*. The surface composition might be slightly different from the
bulk composition. The Ca/Mn atomic ratio is approximately 0.6 accord-
ing to the XPS analysis (Table S1), implying that the surface of CaMnO3;
is composed by a mixture of MnO, and CaMnOs. Thus, a large fraction of
Mn>* would be present on the surface of CaMnOs. On the other hand,
the Ca/Mn atomic ratio on the surface of Ca,Mn,0s is approximately 1
(Table S1), in consistent with the theoretical molecular composition.
The high temperature reduction process relocated the distribution of
Ca and Mn atoms. The presence of Mn>* on a-MnQ, sample is owing
to the occupation of K* ions into the ®-MnO, nanorods during the syn-
thesis, which has been well reported before [6]. Since the oxidation
states of Mn are not clearly distinguished among the tested samples,
the role of Mn oxidation states in water oxidation could not be inferred.
In addition, the contents of calcium ions were significantly reduced even
at pH = 9 buffered condition for the CaMnOs3 (~50%) and Ca;Mn;0s5
(100%) after reaction, respectively (Fig. S5 and Table S1). The dissolu-
tion of calcium cations was also observed for CaMn,0,4-nH,0 during
water oxidation process [11]. Due to the dissociation of calcium cations,
the surface structure of CaMnO3 and Ca;Mn,05 samples would be dom-
inated by MnOy or Na,MnOy, due to the replacement of calcium ions by
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sodium ions in buffer, which results in the change of water oxidation
efficiency.

Furthermore, the deconvoluted O 1s spectra of different samples be-
fore and after reaction shown in Fig. S6 and Table S1 are quite different.
The O 1s binding energies of the OH~ and 0%~ components correspond to
531.1 eV and 528.8 eV, respectively. Among these samples, the intensity
of hydroxyl peaks follows the order of Ca,Mn;05 > CaMnO3 > MnO,.
After reaction, the intensity of hydroxyl peaks was markedly reduced
for CaMnO3 and Ca,Mn,0s samples. The dissolution of calcium ions dur-
ing the repeated tests could lead to the change of surface hydroxyl
group on CaMnOs and Ca,Mn;0s. Thus, we propose that the water oxi-
dation activities of different samples are strongly correlated with the
concentration of surface adsorbed hydroxyl groups, according to the
water oxidation and XPS analysis results. The increased fraction of sur-
face hydroxyl groups in Ca,Mn,0s enhanced the water oxidation effi-
ciency. The significantly reduced water oxidation activity for CaMnOs3
and Ca;Mn,0s5 could be assigned to the reduction of surface adsorbed
hydroxyl groups.

The process of O, evolution from water oxidation on a metal cen-
tered catalyst can be expressed as shown in [Eqs (1)-(4)]. The formation
of 0—O bond in —OOH adsorbate on metal ions (step 3) and the depro-
tonation of the oxyhydroxide group to form peroxide ions (step 4) are
regarded as the rate-limiting steps [18].

M™ 4 HyO-—-M" D+ —OH + H' + e~ (1)
M(n+1)+_OH___M(n+1)+ _OZf + H* e~ (2)
M+ 02" 4 Hy0---M™ —00H™ + H' +e— (3)
M™ —QOH ---M™ D+ —0,%~ 4 H* 4 e~ (4)

Accordingly, the O, evolution process on a manganese center from
Ca,Mn,05 was proposed as shown in Scheme 1. Removing lattice oxy-
gen atoms from CaMnOs3 perovskites leads to the change of coordination
structure from octahedral to tetrahedral as shown in Fig. 1. The average
distance of Mn—O bonds in Ca,Mn,05 is much longer than those in
CaMnOs3 and a-MnO, due to the Jahn-Teller distortion (Table 1). An in-
creased structural distortion arising from oxygen vacancies in
Ca;Mn,05 would be beneficial for adsorption of OH™ ions onto the ox-
ygen vacant site on MnOs subunit, which results in formation of
MnOs—OH— octahedral unit (step 1) as demonstrated by XPS analysis
[18]. The overlapping of ez orbital of Mn®* and the O-p,; orbital of OH—
also improves the formation of 0—O bond and the deprotonation of the

H H H H
\O/ \O/
O/ o*
|M o

Oﬁ?o (H' + &) On_M1a0 2H' +¢) O
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Scheme 1. Illustration of the proposed water oxidation process on a MnOs sub-unit in
Ca;Mn,0s.

oxyhydroxide group (step 3 and 4) [18]. These key structural character-
istics of Ca,Mn,05 reduced its onset potential on electrochemical water
oxidation and improved its O, evolution efficiency compared to
CaMnOs and a-MnO,.

4. Conclusions

In summary, Ca,Mn,0s as a biomimetic water oxidation catalyst was
evaluated in both photochemical and electrochemical systems. The in-
creased structural distortion arising from oxygen vacancies in
Ca,Mn,05 would be beneficial for adsorption of OH™ ions onto the oxy-
gen vacant site on MnOs subunit, which was proposed as the main rea-
son to improve its water oxidation performance in comparison with
CaMnOs and MnO,. Further structural modification of the calcium man-
ganese oxides is suggested to improve their stabilities.
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