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A general redox procedure was successfully developed for the
controlled synthesis of substituted cobalt oxides with hierarchical
flower-like nanostructures comprising unique Y-shaped interconnec-
tions. The substitution and nanostructures synergistically enhance the
material’s electrochemical activities for highly efficient sensing of H,0,.

Controlled synthesis of complex nanostructures for achieving
specific compositions, morphologies, and phases provides the
unique opportunities to manipulate a material’s properties and
performances for specific applications." However, achieving all
these control requirements in one synthetic procedure is challen-
ging, and even more difficult for multi-component materials. Redox
reaction is generally a stoichiometric process because the number of
electrons transferred in a particular reaction is highly restricted.
This characteristic leads to the potential to control elemental ratios
in multi-component products. With a proper design of the redox
reagents, the desired substitutes can be delivered into the host
materials via the redox reactions to accomplish specific composi-
tions, phases, and even nanostructures simultaneously in one step.
Nevertheless, systematic studies of this concept for the controlled
synthesis of multi-component nanomaterials are rarely reported.
Cobalt oxides are versatile materials for emerging fields, such as
clean energy, biomaterials, and catalysis.” Nanostructured cobalt
oxide hydroxide (CoOOH) and Co;0O, materials have remarkable
electrochemical properties for applications in batteries, fuel cells,
sensors, and others.>* For many of these applications, high surface
area and conductivities of materials are essential. Structural
substitution is known as an effective approach to enhance the
conductivities and add more functionalities to the materials,
particularly with the mixed-valence species (e.g. MnO,, CrO,, etc.). In
addition, structural substitution could assist in the formation of
high surface area features to facilitate the interfacial electrochemical
reactions. For the production of highly efficient cobalt oxides, novel
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and general approaches for structural substitution and high surface
area nanostructures are highly desired.

In this work, general redox procedures utilizing metal-containing
oxidants (eg MnO,  and CrO, %) for the controlled synthesis
of substituted cobalt oxide materials are demonstrated. The redox
reactions between Co®* and metal-containing oxidants were
designed for the occurrence of structural substitution with a narrow
range of composition variation, as well as the formation of porous
three dimensional flower-like nanostructures. The results show that
this concept could be general for developing novel substituted metal
oxide nanomaterials with highly efficient electrocatalytic activities.

The nanostructured cobalt manganese oxide hydroxide (CMOH)
materials were prepared first via the one-pot reactions of cobalt
sulfate and potassium permanganate at 100 °C for 24-hour. The XRD
results of CMOH are shown in Fig. 1a, exhibiting a single phase
corresponding to the CoOOH structure (JCPDS-07-169). The scan-
ning electron microscopy (SEM) images of CMOH show the 3D
flower-like nanostructures with three levels of hierarchical structures
(Fig. 2a). The primary structure is referenced to the layered crystal
structure of the CoOOH phase. The secondary structure is the 3D
flower-like nanoscale features with the thickness of the nanoflakes
being 5-10 nm (Fig. 2a). The spherical morphology with diameters
around 0.5-1 um is defined as the tertiary structure. In the high
magnification SEM images (Fig. 2b), the unique Y-shaped subunits
of the secondary structure are revealed, and labelled by the green Y
mark in Fig. 2¢c. The multiple and complex interconnections between
these Y-shaped subunits, as demonstrated by the interconnection of
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Fig. 1 The XRD patterns of the as-obtained cobalt manganese oxide hydroxide
(CMOH) (a), and the spinel cobalt manganese oxide (CMO) after the calcination (b).
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Fig. 2 The electron microscopy images of manganese substituted cobalt oxides:
(a) the SEM images of CMOH; (b) the higher magnification images of the
secondary structure in CMOH materials; (c) the marks of Y-shaped interconnec-
tions corresponding to the image in (b); (d) TEM images of CMOH; (e) the HR-TEM
images corresponding to the white square area in (b); (f) the SEM images of CMO
obtained after the calcination of CMOH.

the blue and red Y marks, result in the networks of flower-like
nanostructures. Such Y-shaped secondary structures have not been
clearly identified in substituted cobalt oxide systems. The contin-
uous networks of the Y-shaped interconnections lead to the dense
microspherical tertiary structure without hollow cores, as confirmed
by the TEM images (Fig. 2d). The high resolution TEM images show
a 0.44 nm spacing of the lattice fringes in CMOH (Fig. 2e), corres-
ponding to the interlayer dy; in the CoOOOH structure as the primary
structure. No additional phases/impurities of cobalt or manganese
oxides were observed in the XRD, SEM, and TEM results. The
elemental analyses using EDXS show the presence of cobalt and
manganese with a homogeneous distribution in CMOH (Fig. S-1, see
ESIt), indicating the success of manganese substitution via
metal-containing oxidants. The appearance of unique Y-shaped
interconnections is different from the isolated, flat, and hexagonal-
shaped particles of pure CoOOH materials with metal-free
oxidants (e.g. ClO~, H,0,, NO,, etc.) reported in the literature,”
clearly showing that manganese substitution alters the growth
mechanism of the materials.

To understand the possible growth process of the flower-like
nanomaterials in CMOH, a series of time- and temperature-
dependent experiments were conducted. The results of time-
dependent experiments (Fig. S-2, ESIT) show that the spherical
aggregations with the diameters of 100-150 nm were rapidly
generated after a 0.5 hour reaction, but flower-like nanostructures or
Y-shaped interconnections were not clearly observed. The samples
obtained after a one hour reaction exhibit the porous nanostruc-
tures on the surface with the average particle diameter around
300 nm. With the further proceeding of reactions to two-hours, the
Y-shaped subunits and flower-like nanostructures were observed
with enlarged diameters. After the extension of the reaction time to
4 and 8 hours, the development of flowerlike structures was
complete with a continuous growth of the tertiary structure. The
XRD results (Fig. S-3, ESIT) suggest that the COOOH phase was
formed right after the 0.5 hour reaction. The temperature-
dependent experiments show that the growth of flower-like
nanostructures is sensitive to the reaction temperatures
(Fig. 3). The origin (or seeds) of Y-shaped subunits was observed
at 60 °C. Within the temperature range of 80-150 °C, the higher
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Fig. 3 The morphological evolution of CMOH with various reaction tempera-
tures: (a) 60 °C, (b) 80 °C, (c) 120 °C, (d) 150 °C, and (e)—(f) for 200 °C.

reaction temperatures assist the growth of the volume of nanoflakes
with the internal spacing expansion between each Y-shaped
interconnection. At the elevated temperatures, complex and
highly porous secondary structures can be fully resolved by the
Y-shaped features. At 200 °C, the presence of impure phases/
materials is observed from two different morphologies, nano-
wires (Fig. 3e) and microspheres (Fig. 3f), and inhomogeneous
elemental distribution (Fig. S-4, ESIt), showing the synthetic
limits of CMOH due to impurity formation.

The CoOOH-structure materials are versatile precursors to
obtain functional cobalt oxide derivatives. Nevertheless, the
thermal stability issues of the Y-shaped secondary structure, such
as phase separation/re-precipitation particularly for binary metal
oxides, need to be considered if additional thermal treatments are
required for the phase transformation. After a thermal treatment
of CMOH at 500 °C for 6 hours, the XRD patterns show that the
CoOOH structure can be transformed to a cubic spinel Coz0,
structure without the presence of impure phases (Fig. 1b). The
SEM images of these spinel cobalt manganese oxide (CMO)
materials show no significant changes in the Y-shaped networks/
flower-like nanostructures (Fig. 2f), demonstrating the promising
stability of the secondary structures in binary CMOH as the general
precursors for various substituted cobalt oxide materials. This is
particularly important for many binary materials that cannot be
directly prepared with the Y-shaped nanoscale networks if 3D
nanostructures are desired. The specific surface areas of CMO and
CMOH are summarized in Table S-1 (ESIT). After the calcination,
an increase in surface area is observed in CMO samples. The
increased percentages (~40%) are very similar between the CMO
samples with different cobalt-to-manganese ratios, suggesting that
certain phase transformation mechanisms coupled with the new
surface exposure processes could be involved.

The CMO materials with highly porous Y-shaped features
and structural substitution are superior candidates for electro-
chemical sensing applications. The detection of hydrogen peroxide
provides valuable biological signals regarding enzymatic reactions
catalyzed by various oxidases, such as glucose oxidase and
peroxidase.*”® Thus enzyme-free sensing of H,0, reduction
was selected as the model reaction to test the electrochemical
activities of CMO materials. The cyclic voltammetry (CV) results
in Fig. 4a show that the CMO modified electrodes exhibit greatly
enhanced H,0, reduction currents than those of commercial
Co030,4, demonstrating the strong electrochemical activities of
CMO for H,0, reduction. The effect of the Y-shaped secondary
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Fig. 4 The electrochemical studies of CMO materials for H,O, sensing. (a) The
cyclic voltammograms of various electrodes in the phosphate buffer solution
(PBS) with 1 mM H,0,; (b) the amperometric response of 24-hour CMO electro-
des with the successive injection of H,O, to 0.1 M PBS at an applied potential of
—0.6 V; the inset presents the comparison of calibration curves of 24-hour CMO
(black line) and commercial Co304 (blue line).

structure on electrochemical performance is investigated through
the activity comparison of CMO prepared with different reaction
times (0.5 and 24-hour, Fig. S-2, ESIT). The 24-hour CMO samples
with the matured flower-like nanostructures show much higher
currents than the 0.5-hour CMO samples, demonstrating the
enhancement role of the 3D flower-like nanostructures.

The amperometric responses of the 24-hour CMO modified
electrodes show rapid and sensitive signals to the changes in
H,0, concentrations (Fig. 4b). The comparison of the calibration
curves between the 24-hour CMO and commercial Co;0, shows
that the sensitivities of 24-hour CMO are around 9 times greater
than that of the commercial Co;0,. The presence of porous
Y-shaped interconnections contributes to the 2.6-times increase
in sensitivity observed from the comparison of 0.5-hour and
24-hour CMO (Fig. 3b and S-5, ESIf). These results explicitly
show the important impacts of hierarchical nanostructures and
substitution on superior electrochemical activities.

Several CMOH materials prepared with different substitution
levels of Mn were conducted (Co/Mn from 3 to 10) to further
understand the formation pathway. The elemental analysis results
show that only a small decrease in Mn contents was measured in
these CMOH products even with the dramatic drops in the Mn”*
amount used in the preparation procedure (Table S-2, ESIT), giving
a good control of elemental compositions compared with other
doping approaches. In addition, no products can be generated in
the absence of Mn”" under the same synthetic conditions. These
results together indicate the dual roles of metal-containing
oxidants: redox reagents and substitute delivery. The redox
reaction between Co>* and Mn”" results in the small variation
of Co/Mn ratios in the products due to the specific electron
transfer process. In the lowest Mn content tests (Co/Mn = 10), the
Co/Mn ratios of the products are very close to 3. The XPS results
also confirm the presence of Co®* and Mn*" in the CMOH
(Fig. S-6, ESIY), suggesting the following redox relationship:

3Co*" + Mn”* — 3Co®" + Mn** (1)

To preliminarily verify the generality of the structural substitution
concept via metal-containing oxidants, another redox example of
Co®" and Cr®" was carried out. The formation of nanostructured
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microspheres with assembly of flake-like particles was successfully
obtained with the CoOOH structure (Fig S-7, ESIT). The EDXS
results also confirm the structural substitution of chromium.
The absence of Y-shaped interconnections indicates that
the formation of unique nanostructures is dependent on the
substitute species. The generality and effectiveness of the redox
routes utilizing metal-containing oxidants for diverse binary
metal oxide nanomaterials is demonstrated.

In summary, we first reported the unique hierarchical
nanostructures with Y-shaped interconnections in highly active
Mn substituted cobalt oxide materials, and demonstrated the
proof-of-concept utilizing a redox process to perform composition-
specific structural substitution. The control of the hierarchical
nanostructures/Y-shaped features can be achieved via selection of
certain reaction time and temperatures. The high surface area
nanostructures and Mn substitution result in CMO materials with
superior electrochemical activities for H,O, biosensor applications.
Diverse nanostructures are awaiting to be explored with different
substitute species. Further development of various substituted
metal oxide systems for sensors, catalysis, and clean energy
applications is being actively pursued.
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