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ABSTRACT: Pure phase manganese oxides have been widely studied as water
oxidation catalysts, but further improvement of their activities is much challenging.
Herein, we report an effective method to improve the water oxidation activity by
fabricating a nanocomposite of Mn3O4 and δ-MnO2 with an active interface. The
nanocomposite was achieved by a partial reduction approach which induced an in
situ growth of Mn3O4 nanoparticles from the surface of δ-MnO2 nanosheets. The
optimum composition was determined to be 38% Mn3O4 and 62% δ-MnO2 as
confirmed by X-ray photoelectron spectra (XPS) and X-ray absorption spectra
(XAS). The δ-MnO2−Mn3O4 nanocomposite is a highly active water oxidation
catalyst with a turnover frequency (TOF) of 0.93 s−1, which is much higher than
the individual components of δ-MnO2 and Mn3O4. We consider that the enhanced
water oxidation activity could be explained by the active interface between two
components. At the phase interface, weak Mn−O bonds are introduced by lattice
disorder in the transition of hausmannite phase to birnessite phase, which provides active sites for water oxidation catalysis. Our
study illustrates a new view to improve water oxidation activity of manganese oxides.
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■ INTRODUCTION

Water splitting is recognized as a promising approach to
produce low-cost and sustainable hydrogen fuel.1,2 However,
the oxidation of water to oxygen is much more difficult than the
hydrogen evolution reaction, which limits the application of
water splitting.3,4 In nature, water oxidation takes place in the
presence of Mn4CaO5 clusters in photosystem II (PS II);5,6 this
precedent inspired the study of manganese oxides as water
oxidation catalyst.7,8 Many kinds of manganese oxides were
discovered to be efficient water oxidation catalysts;9−13 even so,
further improving the catalytic activity of these oxides is still
highly challenging due to the structure limitation of existing
manganese oxides.
It is anticipated that the manganese−oxygen bond is the

decisive structural feature in determining the water oxidation
activity of manganese oxides.14,15 Usually, manganese oxides
with a more flexible or weaker Mn−O bond exhibit better
activity for water oxidation catalysis.16,17 Owing to the weak
Mn−O bond, bixbyite Mn2O3 with Jahn−Teller distorted edge-
sharing Mn(III)O6 octahedron is indicated to be the best water
oxidation catalyst among single manganese oxides.8,18 However,
recent improvements on Mn2O3 activity completely originated
from the increase of surface area; very few are associated with
the structure innovation. In addition, amorphous manganese

oxide (AMO) with flexible structure is another typical water
oxidation catalyst,9,19 while the water oxidation activity of AMO
reported hitherto could not catch up with that of nano-Mn2O3.

8

The water oxidation activity of manganese oxides is difficult to
improve because a weaker Mn−O bond means a more unstable
stucture. Therefore, to design an efficient new water oxidation
catalyst of manganese oxide, one has to stabilize the weak Mn−
O bond without loss of structural stabilization of the target
manganese oxide.
Nanocomposite consists of different materials usually

exhibiting special interface structures between component
materials, which results in unique properties and wide potential
applications in many fields.20,21 For example, Degussa (Evonik)
P25 TiO2, a typical composite of anatase and rutile particles,
displays an enhanced photocatalytic performance over pure
anatase and rutile due to the interface interaction.22−24

Molecular dynamics simulations have revealed a lattice disorder
at anatase−rutile interfaces,25,26 and the rutile TiO6 octahedron
structure could even be formed at the anatase side during the
phase transition of anatase to rutile. The disordered interfacial
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region stabilizes a higher charge density and further enhances
the photocatalytic activity.26 Thus, designing and fabricating a
composite with an active interface of specific structure and
electronic states can improve the catalytic activity of materials.
Although the catalytic mechanisms of photocatalysis and

water oxidation are different, the structure advantage of
anatase−rutile TiO2 is worthy of imitation. Manganese oxides
have many structural similarities to titanic oxides. The basic
structure units of most manganese oxides are MnO6
octahedra,16 just as the TiO6 octahedra in anatase and rutile.
More importantly, the disordered structure widely exists in
manganese oxides due to the rich linkage modes of MnO6
octahedra and the variety of Mn oxidation states.27,28 Thus,
manganese oxide nanocomposite is predicted to have a special
disordered interface, and the weak Mn−O bonds at the
disordered interface could improve the water oxidation activity
substantially. Moreover, we proposed that the weak Mn−O
bonds at the interface might be stabilized in the transition of
two different lattices; then, a stable manganese oxide with a
much more unstable Mn−O bond can be obtained.
Hausmannite Mn3O4 and birnessite δ-MnO2 are both

manganese oxides with edge-sharing MnO6 octahedra, and
their water oxidation activities are much lower than that of
Mn2O3. However, when Mn3O4 and δ-MnO2 are combined
together to form a composite, it is highly possible to form much
weak Mn−O bonds just like that of anatase−rutile TiO2, which
may give rise to an enhanced water oxidation activity.
In this work, we utilized a facile reduction approach that

induced hausmannite Mn3O4 nanoparticles with in situ growth
from pure birnessite δ-MnO2 nanosheets to form the δ-MnO2−
Mn3O4 nanocomposite. The nanocomposite showed a much
better water oxidation activity than pure δ-MnO2 and Mn3O4.
The enhanced activity should be related to the weak Mn−O
bond at the phase interface that provides active sites for water
oxidation.

■ EXPERIMENTAL SECTION
Materials. Chemicals KMnO4 (99.5%), NaHCO3 (99.5%),

Na2SiF6 (99%), Na2S2O8 (98%), ethyl acetate (99.5%), and NaBH4
(96%) were purchased from Sinopharm Chemical Reagent Co. Ltd.
[Ru(bpy)3]Cl2·6H2O (98%) was purchased from J&K Scientific Ltd.
Commercial Mn2O3 (99%, ∼325 mesh) was purchased from Sigma-
Aldrich, and Mn3O4 (M111159, Mn ≥ 71.0%, BET surface area 5−7
m2/g) was from Aladdin. All reagents and solvents were used as
received.
Synthesis Procedures. δ-MnO2 nanosheets were prepared, just

following the procedure reported by Pal at al.29 Namely, 3.16 g of
KMnO4 was dissolved in 750 mL of deionized water, and the solution
was moved into a 1 L round-bottom flask. Then, 200 mL of ethyl
acetate was added into the above KMnO4 solution to form a biphasic
system. The flask was kept in a water bath with refluxing devices at
80−85 °C for 10 h; brown δ-MnO2 precipitates were formed at the
bottom of the flask. The products were washed with deionized water
several times, and dried in a lyophilizer.

A 0.2 g portion of the as-prepared δ-MnO2 was ultrasonicated to
disperse in 50 mL of deionized water. Then, 20 mL portions of NaBH4
aqueous solution with concentrations of 0.25, 0.75, and 1.25 M were
added to the suspensions, respectively. The suspensions were stirred
for 30 min at room temperature. The obtained samples were washed
with deionized water for several times, dried in a lyophilizer, and
annealed at 200 °C for 5 h. The three products are named MnOx-1,
MnOx-2, and MnOx-3 (Table 1). In order to obtain a nano-Mn3O4
sample with the same morphology as a Mn3O4 nanoparticle in a
nanocomposite, an overdose reductant (2.5 M NaBH4) was added to
reduce 0.2 g of as-prepared δ-MnO2; other operation procedures
followed that mentioned above. A portion of δ-MnO2 nanosheets was
also heated at 200 °C for 5 h for comparison.

Photochemical Water Oxidation Tests. A typical Ru(bpy)3
2+−

Na2S2O8 system was used to characterize photochemical water
oxidation properties.30 A 5 mg portion of the as-prepared sample
was added to a photolysis vessel containing 20 mL of Na2SiF6−
NaHCO3 buffer with 2 mM Ru(bpy)3

2+ and 10 mM Na2S2O8; the
concentration of sample was 250 ppm. The vessel was illuminated with
a 300 W xenon lamp with filters for UV (420 nm cutoff). Dissolved
oxygen concentration was measured by a Clark-type oxygen electrode
at 20 °C controlled by water recirculator.

■ RESULTS AND DISCUSSION

XRD was used to identify the crystallinity and structure of the
as-synthesized manganese oxide samples, and corresponding
SEM images were given on the right (Figure 1). XRD patterns
of δ-MnO2 nanosheets compare well with standard data of the
birnessite phase.9,31 Crystal facets (001), (002), (100), and

Table 1. Mn Oxidation States, BET Surface Areas, and TOFs of the Samples

sample reductant conc Mn oxidation state SBET
b molecular formulac TOFd

δ-MnO2
a 4.1 96 K0.05MnO2·2H2O 0.02

MnOx-1 0.25 M 3.7 110 MnO1.9·2.7H2O 0.53
MnOx-2 0.75 M 3.5 112 MnO1.8·2.7H2O 0.93
MnOx-3 1.25 M 3.3 97 MnO1.6·2.9H2O 0.76
nano-Mn3O4 2.5 M 2.7 44 Mn3O4·6.3H2O 0.39

aδ-MnO2 was an annealed sample. bSurface area determined by BET measurement (m2 g−1). cMolecular formula calculated from ICP-AES data.
dTurnover frequency (TOF) of oxygen molecules rate per catalytic sites (mmolO2 molMn

−1 s−1).

Figure 1. Powder XRD patterns and SEM images of δ-MnO2, MnOx-
1, MnOx-2, and MnOx-3. Standard XRD data for hausmannite Mn3O4
(PDF 24-0734) was put beneath for comparison. Yellow arrows in
SEM image of MnOx-1 pointed to nanoparticles.
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(110) appeared at d-spacings of 7.04 Å (11.95°), 3.68 Å
(24.18°), 2.42 Å (37.06°), and 1.41 Å (66.08°), respectively.
Weak peak intensities were indicative of lower crystallinity of
ultrathin 2-dimensional materials than bulk materials.29 SEM
images showed that δ-MnO2 was folded as a 2-dimensional
nanosheet, in keeping with the results of Pal at al.29 TEM
images of δ-MnO2 were shown in Figure S1.
XRD patterns of MnOx-1, MnOx-2, and MnOx-3 showed an

increase in the Mn3O4 (hausmannite, PDF 24-0734) phase, as
followed by a decrease in δ-MnO2 phase (Figure 1). MnOx-1 is
mainly composed of δ-MnO2 phase, while peaks of (001) and
(002) planes faded, suggesting a partial collapse of the layered
structure. A broad peak appeared at around 2θ of 53°,
indicating that some interlayer Mn(III)O6 octahedron
structures were formed.32 MnOx-2 was a mixed-phase material
that contained Mn3O4 and δ-MnO2 phases, while MnOx-3
mainly consisted of the Mn3O4 phase. This result indicates that
δ-MnO2 tends to be reduced to Mn3O4 with the dosage
augment of reductant. IR graphs further confirmed this
conclusion (Figure S2). For the SEM images (full images in
Figure S4), nanoparticles with diameter of 30−40 nm gradually
appeared, while the nanosheets gradually disappeared from
MnOx-1 to MnOx-3. Few nanoparticles were found in MnOx-1,
and MnOx-2 consisted of a merely equal ratio of nanosheets
and nanoparticles, while MnOx-3 was constructed by mostly
nanoparticles. The progress of nanoparticles increasing and
nanosheets wearing off corresponds to the changing trend of
the δ-MnO2 and Mn3O4 phases shown in XRD patterns (Figure
1). XRD and SEM data for nano-Mn3O4 were shown in Figure
S6. The morphology of nano-Mn3O4 is in accordance with that
of a nanoparticle in MnOx-2 and MnOx-3, indicating that the
nanoparticle was Mn3O4.
The detailed morphology and composition of MnOx-2 were

studied by HRTEM. As shown in Figure 2a, the nanoparticles
distributed evenly on the surface and inside the folded structure
of nanosheets, in accordance with that observed by the SEM

image for MnOx-2. The nanosheets and nanoparticles
combined so firmly with each other that an individual
nanoparticle or nanosheet could not be found. With a zoom
in on the red square of Figure 2a, Mn3O4 nanoparticles are
clearly shown (Figure 2b). Since single nanoparticles did not
exist, fast Fourier transform (FFT) was used to define the
structure of the crystal. FFT results indicate the presence of
(321) and (211) planes of Mn3O4. The interface of the
nanosheet and nanoparticle is shown in Figure 2c, which is the
orange square in Figure 2b. The nanosheets are concluded to
be δ-MnO2 as the d-spacing of around 2.43 Å for (100) is
shown. Among the interface, we incidentally found that a piece
of the δ-MnO2 nanosheet is partly covered over the Mn3O4
nanoparticle, and their lattice fringes finally overlapped together
(green square in Figure 2c). This phenomenon may reflect a
formation mechanism of the nanocomposite. That is, during
the reduction progress, some interlayer MnO6 octahedra
gradually occurred, and then layers of δ-MnO2 nanosheets at
this position collapsed and formed Mn3O4 nuclei; eventually,
the nuclei grew and expanded to Mn3O4 nanoparticles. As a
consequence, some δ-MnO2 nanosheets were covered over
Mn3O4 nanoparticles in the expansion progress. Figure 2d
shows the detailed lattice of the interface, which is the green
square of Figure 2c. One can see that the lattice fringes of δ-
MnO2 are not parallel at the interface, as demonstrated by the
yellow arrows. The last few MnO6 octahedra of δ-MnO2 near
the interface are obviously influenced by the Mn3O4 lattice, and
thus become distorted. This indicates that the interface of the
δ-MnO2−Mn3O4 nanocomposite is lattice disordered.
Brunauer−Emmett−Teller (BET) surface areas of δ-MnO2,

MnOx-1, MnOx-2, MnOx-3, and nano-Mn3O4 were estimated
to be 96, 110, 112, 97, and 44 m2 g−1, respectively (Table 1).
Comparing these with the electron microscope images of these
samples, we concluded that the high surface area of the
nanocomposite mainly originated from δ-MnO2 nanosheets,
while nano-Mn3O4 also showed a relatively high BET surface.
Oxidation states of Mn ions in δ-MnO2 nanosheets and

manganese oxide catalysts were analyzed by XPS. Binding
energy of Mn 2p and Mn 3s were shown in Figure 3. Mn 2p1/2
and Mn 2p3/2 peaks of δ-MnO2 nanosheets were at 654.3 and
642.7 eV. The shape and binding energy of Mn 2p3/2 peaks are
consistent with those reported for birnessite MnO2.

33,34 For the

Figure 2. HRTEM images of MnOx-2: (a) general view; (b) Mn3O4
nanoparticles (red square in panel a), and fast Fourier transform
(FFT) of nanoparticle district; (c) interface of δ-MnO2 nanosheets
and Mn3O4 nanoparticles (orange square in panel b); and (d) detailed
lattice of the interface (green square in panel c). The lattice fringes of
δ-MnO2 are not parallel at the interface.

Figure 3. XPS of δ-MnO2, MnOx-1, MnOx-2, and MnOx-3. (a) Mn 2p
spectra. (b) Mn 3s spectra. The variations in the XPS data indicate the
changes of Mn oxidation states of samples.
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Mn 2p3/2 spectrum, a characteristic peak of Mn(III) locates at
641.0 ± 0.2 eV; no peaks are observed in our spectrum at this
binding energy, which implies the absence of Mn(III).33

Therefore, the oxidation state of manganese was around +4. In
contrast, the binding energies of MnOx-1, MnOx-2, and MnOx-
3 were lower than those of δ-MnO2 nanosheets. An obvious
peak appeared at 641 ± 0.2 eV, and its area ratio increased from
MnOx-1, to MnOx-2, to MnOx-3, indicating that the oxidation
state of Mn ions in MnOx-1, MnOx-2, and MnOx-3 gradually
decreased (Figure 3a).
However, XPS of Mn 2p is very complicated since the Mn 2p

spectrum of every single Mn oxidation state actually consists of
several peaks.33,34 Thus, accurate oxidation states cannot be
obtained by Mn 2p spectra. Meanwhile, the particular multiplet
splitting of Mn 3s peaks was capable of distinguishing Mn
oxidation states.35,36 The Mn 3s spectrum has two peaks caused
by the coupling of nonionized 3s electron with 3d valence-band
electrons; the magnitude of peak splitting is in proportion to
the oxidation state. According to the data reported by V. R.
Galakhov et al.,37 the energy separation of Mn 3s peaks from
Mn(IV) oxides to Mn(III) oxides was 4.4−5.3 eV. For
comparison, the energy separations of Mn 2s for δ-MnO2,
MnOx-1, MnOx-2, and MnOx-3 were 4.33, 4.64, 4.85, and 5.07
eV (Figure 3b), suggesting the Mn oxidation states of 4.1, 3.7,
3.5, and 3.3 for these samples in sequence (Table 1). From the
XPS data, it is shown that the Mn oxidation state decreased
gradually along with the increase of reductant dosage, which
conforms to the composition change of samples. As the
oxidation states of δ-MnO2 and Mn3O4 are settled, the
theoretical composition of samples could be calculated from
the average oxidation state of manganese. The theoretical ratio
of δ-MnO2 and Mn3O4 phase in MnOx-1, MnOx-2 and MnOx-3
was 0.80:0.20, 0.62:0.38, and 0.44:0.56, respectively (calculated
in Mn ion ratio). Compared to SEM images, the calculated
components ratios of MnOx-2 and MnOx-3 corresponded to
their morphologies, but MnOx-1 obviously contains less than
20% Mn3O4. We considered that, in MnOx-1, interlayer
Mn(III) caused the decrease of the Mn oxidation state, which
could be the crystal seed for Mn3O4 nanoparticles when the
reduction intensity was higher.
Mn K-edge spectra of δ-MnO2, MnOx-2, and commercial

Mn3O4 were comparatively studied to analyze the detailed
structure and chemical information (Figure 4). The XANES
measurements, shown in Figure 4a, followed the trend of
oxidation state changes observed from XPS characterization.
When δ-MnO2 was reduced to MnOx-2, an obvious negative
shift was observed in the edge position, indicating the reduction
of the Mn oxidation state. With reference to the edge position
and shape of commercial Mn3O4 XANES, MnOx-2 was a
mixed-phase material consisting of δ-MnO2 and Mn3O4. From
the linear combination fitting, the composition of MnOx-2 was
determined to contain 40.9% Mn3O4 and 59.1% δ-MnO2,
significantly closer to the XPS data analysis. It is noteworthy
that the fitting curve was perfectly accordant with the actual
curve of MnOx-2 with an R-factor of 0.000 174. Therefore,
MnOx-2 had no other phases except for Mn3O4 and δ-MnO2.
To further confirm the structure and composition of MnOx-

2, EXAFS data were studied (Figure 4b). Just like the phase
composition proved by XRD and XANES, the EXAFS
spectrum of MnOx-2 was evidently composed of δ-MnO2 and
Mn3O4. The MnOx-2 spectrum showed all characteristic peaks
of two phases, and the intensity of every peak was weaker than
that of the individual phase. Nevertheless, MnOx-2 showed an

abnormally weak EXAFS peak in the R′ = 3.1 Å region, despite
the peak shape that corresponds to the intermediate state of δ-
MnO2 and Mn3O4. This can be explained by smaller particle
size of MnOx-2, which was opposed to the extended crystal
structure in 2-dimensional δ-MnO2 and commercial Mn3O4.

38

Simultaneously, the peak of the R′ = 5 Å region in MnOx-2
EXAFS was much weaker than those for both δ-MnO2 and
commercial Mn3O4, which likely originated from the Mn−
Mn−Mn multiple scattering,39 suggesting that MnOx-2 has a
smaller crystal size in each phase.38 Thus, XAS spectra
confirmed the conclusion of XRD and TEM, demonstrating
the as-prepared MnOx-2 sample was a mixture phase of δ-
MnO2 and Mn3O4. The only structural difference between the
δ-MnO2−Mn3O4 nanocomposite and δ-MnO2−Mn3O4 me-
chanical mixture lies on the interface structure.
Photochemical water oxidation experiments were conducted

in buffered deoxygened aqueous solution (pH = 5.8), with
Ru(bpy)3

2+ as photosensitizer and Na2S2O8 as a two-electron
acceptor. The catalytic activities of all samples were tested
under visible light illumination. The δ-MnO2 was the annealed
sample for comparison. As shown in Figure 5, TOFs of all
samples were measured at the criterion of oxygen evolution rate
per catalysis center (mmolO2 molMn

−1 s−1), and the TOF values
were calculated from the data of 1−2 min of the oxygen
evolution curves. The blank was the control group, indicating
that the Ru(bpy)3

2+−Na2S2O8 system could not produce
oxygen without catalyst. The results of photochemical water
oxidation measurements are listed in Table 1. MnOx-2 showed
the highest activity of 0.93 s−1, better than 0.53 s−1 for MnOx-1
and 0.76 s−1 for MnOx-3, while TOFs of δ-MnO2 (0.02 s−1)
and nano-Mn3O4 (0.39 s−1) are much lower. The oxygen

Figure 4. (a) Comparison of XANES collected on δ-MnO2, MnOx-2,
and commercial Mn3O4. The blank curve was the linear combination
fitting curve of MnOx-2; it was boldfaced for visual purposes. (b)
EXAFS of δ-MnO2, MnOx-2, and commercial Mn3O4.
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evolution rates follow such a sequence: MnOx-2 > MnOx-3 >
MnOx-1 > nano-Mn3O4 > δ-MnO2. In addition, TOF of MnOx-
2 was 7.1 times that of commercial Mn2O3 (0.13 s

−1), as shown
in Figure S5.
It is well-documented that δ-MnO2 and Mn3O4 were not

high-activity manganese oxides in comparison to Mn2O3.
16

However, when δ-MnO2 and Mn3O4 are combined to form a
nanocomposite, an activity much higher than individual phase is
obtained, which is even comparable to that of nano-Mn2O3.

18 It
is worth investigating why the nanocomposite is highly active.
Obviously, the simple coexistence of two phases is not the
reason for high activity. A mechanical mixture of δ-MnO2 and
nano-Mn3O4 with molar ratio corresponding to that of MnOx-2
was prepared. The TOF value of the mechanical mixture was
merely between δ-MnO2 and nano-Mn3O4, which does not
match that for MnOx-2 (Figure S7). The interlayer Mn(III)O6
octahedra could be the alternative active centers for water
oxidation, which may widely exist in MnOx-1, but Mn(III)O6
octahedra are located inside the Mn(IV)O6 octahedra layers;
this structure prevents the contact of active centers and water,
leading to a decrease in overall activity for water oxidation.40 As
a result, TOF of MnOx-1 was much lower than the
nanocomposite material of MnOx-2.
The distinction of mixed-phase nanocomposite samples

(MnOx-2, MnOx-3) and mechanical mixture laid on the
combination mode; Mn3O4 nanoparticles were grown in situ
from δ-MnO2 nanosheets. SEM and TEM images clearly show
that δ-MnO2 nanosheets and Mn3O4 nanoparticles are tightly
bonded together. We consider that the lattice of δ-MnO2
nanosheets and Mn3O4 nanoparticles directly bond with each
other at the interface. The basic structural units of δ-MnO2 and
Mn3O4 are both edge-sharing MnO6 octahedron, which is the
foundation of the structural combination. However, the
structural parameters of their MnO6 octahedra are different:
the Mn(III)O6 octahedron in Mn3O4 is Jahn−Teller elongated,
while the Mn(IV)O6 octahedron in δ-MnO2 is much more
regular. Thus, similar to the anatase−rutile interface,26 a highly
disordered structure will be able at the interface to show weak
and flexible Mn−O bonds. According to Dismukes et al.,16 a

weak and flexible Mn−O bond is in favor of water oxidation;
the unstable MnO6 octahedra at the interface are much more
active than MnO6 octahedra in bulk δ-MnO2 and Mn3O4. In
addition, both δ-MnO2 and Mn3O4 lattices beside the interface
are stable, so that the weak Mn−O bonds at the interface are
stabilized in the transition of two different lattices. Thus, a
stable manganese oxide with a weak Mn−O bond is formed.
Simultaneously, manganese ions at the interface should have a
mixed valence of Mn(III) and Mn(IV) due to different Mn
oxidation states of δ-MnO2 and Mn3O4. This electronic state of
the nanocomposite interface may contribute to high water
oxidation activity as the manganese ions in the PSII cluster are
also the mixed valence of Mn(III) and Mn(IV).41,42 Thus, the
high activity of mixed-phase nanocomposite samples should be
caused by a weak Mn−O bond and the mixed valence of Mn at
the phase interface of δ-MnO2 nanosheet and Mn3O4
nanoparticle, which conforms to the structural character of
the PSII cluster. A simplified mechanism schematic illustration
is shown in Figure 6.

MnOx-3 was a nanocomposite material as well. MnOx-3
contains 56% Mn3O4 phase as compared to that of 38% for
MnOx-2. MnOx-3 contained more Mn3O4 phase, while its water
oxidation activity was lower than that of MnOx-2. As observed
from SEM images, Mn3O4 nanoparticles in MnOx-3 were more
separated from δ-MnO2 nanosheets. As the reduction intensity
of MnOx-3 was stronger than MnOx-2, we consider that, during
the fabrication process of MnOx-3, more Mn3O4 crystal seeds
formed and grew into nanoparticles. As a result, many δ-MnO2
nanosheets that were bonded with Mn3O4 nanoparticles
transformed into Mn3O4 phase completely, leading to a
decrease in interface active centers, and therefore a declined
water oxidation activity.

■ CONCLUSIONS
New manganese oxide nanocomposites consisting of Mn3O4
nanoparticles and δ-MnO2 nanosheets were fabricated via a
facile partial reduction method. Mn3O4 nanoparticles were
grown in situ from δ-MnO2 nanosheets when the δ-MnO2
nanosheets precursor was partially reduced. The photochemical
water oxidation activity of nanocomposites was far beyond
those of the components, Mn3O4 or δ-MnO2. Moreover, the
nanocomposite with a composition of 38% Mn3O4 and 62% δ-
MnO2 gave the highest TOF value of 0.93 s−1, which is

Figure 5. Photochemical water oxidation tests of δ-MnO2, MnOx-1,
MnOx-2, MnOx-3, and commercial Mn3O4. The black curve was a
blank test without a sample.

Figure 6. Schematic illustration of the mixed-phase nanocomposite for
photochemical water oxidation. Light gray, gray, and dark gray balls
represent Mn(IV), Mn(III), and Mn(II) ions. Red and green balls
represent oxygen and hydrogen atoms.
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comparable to nano-Mn2O3. The reason for enhanced catalytic
activity observed from the new nanocomposites could be
attributed to the weak Mn−O bond at the interface due to the
disordered structure in the lattice transition from Mn3O4 to δ-
MnO2. The stable lattice of Mn3O4 and δ-MnO2 besides the
interface stabilized the disordered structure and formed a stable
material. The results reported in this work provide a new
method for improving the water oxidation activity of
manganese oxides. Since the structure and exposed area of
active interface can be further optimized, nanocomposite
material still has huge potential for water oxidation.
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