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摘要 

 利用簡單之氧化還原方法將錳金屬參雜於鈷氧化物中並形成高表面積之三維

奈米結構鈷錳金屬氧化物(CMO)，具有元素均勻分布及多重價態混價性質使其具

有高導電度特性(1.5  10
-2

 S cm
-1

)，其導電度相較於一般鈷氧化物提升將近一千

倍。利用溫度與時間作為變因，延長反應時間可使鈷錳氧化物之粒徑大小明顯增

加，該金屬氧化物之表面結構因溫度上升明顯變多，且在反應溫度為 200
 o

C 時有

雜相產生，故推測具兩個不同生長機制存在此氧化還原過程中。 

石墨烯具高表面積與導電度之特性，常與金屬氧化物反應形成混成材料，且

該混成材料可提升金屬氧化物之催化效能。在金屬氧化物經過表面修飾後，添加

氧化石墨烯與金屬氧化物混成後再以水熱還原為石墨烯 -鈷錳金屬氧化物

(G-CMO#1, G-CMO#2, G-CMO#3)。此外針對不同石墨烯含量在過氧化氫還原的效

能上有不同的效果，相較於 CMO 在過氧化氫偵測之靈敏度(0.23 A mM
-1

)與線性

範圍(0.5 mM -30 mM)，石墨烯混成樣品(G-CMO#3)大幅提升氧化氫偵測的靈敏度

(11.01 A mM
-1

)，但較小的線性範圍(5 M -0.5 mM)。在本篇推測乃因石墨烯與

CMO 之奈米結構之間的關係以及石墨烯的含量所導致之差異。 

 

關鍵字：多重混價、鈷錳金屬氧化物、石墨烯、混成、電催化 
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Abstract 

A simple redox reaction was successfully conducted for the controlled synthesis of 

3D flower-like cobalt manganese oxides (CMO) accompanying unique Y-shaped 

subunits with homogeneous elemental distribution and mixed-valence features, 

attributing to the highly conductive and reductive properties for electrochemical 

catalysis for sensing hydrogen peroxide and oxygen reduction reaction (ORR). The 

diameters and the nanoflakes of CMO spheres grew with the prolonged reaction time 

and raised temperatures. In addition, the nanowire impurity was obtained with reaction 

temperature at 200
o
C for 24 hours. These results indicate that there two different growth 

paths dependent on the reaction temperatures. 

Graphen with high conductivities and surface areas was used to generate the 3D 

flower-like graphene-cobalt manganese oxide composites (G-CMO) the optimal H2O2 

and ORR performance. The surface treatment on CMO materials was first modified to 

possess counter charge to attract graphene oxide. Next, the as-obtained GO-CMO 

composites were treated hydrothermally to generate the reduced graphene oxide 

(G-CMO) composites. The sensitivity of G-CMO composites G-CMO#3 (11.01 A 

mM
-1

) is much higher than that of CMO. The linear range of G-CMO#3 (5 M to 0.5 

mM) is shorter than that of CMO (0.5 mM -30 mM). These results may due to the 

maturity of nanostructures on CMO and the graphene contents of G-CMO composites. 

 

Keywords: mixed-valence, cobalt manganese oxide, graphene, hybridization, 

electrochemical catalysis. 
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1. Introduction 

1-1. Controlled synthesis of controlled synthesis in binary metal oxides 

Controlled synthesis is a concept of obtaining specific goals, such as unique 

morphology, specific crystal facets…etc, by changing conditions during the 

occurrence of reactions.
1
 The normal controlled synthesis includes shape-control,

2-10
 

size-control,
11,12

 crystal facet control,
13,14

…etc. Complicated systems in materials for 

specific applications can be demonstrated by controlled synthesis. To obtain a good 

morphology, uniform crystal phase, and specific elemental composition with a 

simple one-pot synthesis, however, is very difficult. Besides, to get better efficiency 

for wide applications such as electronics and fuel cells, homogeneous elemental 

distribution and mixed-valence feature in binary metal oxide materials are promising 

low-cost candidates, but difficult to manage. The co-precipitation
15-17

 is widely used 

to produce binary metal oxides, but it is difficult to control the homogeneity in binary 

metal oxide system due to different precipitation rates (Ksp) among various metal 

ion precursors.  

 

1-2. Redox method for binary metal oxides 

Materials obtained by redox method may overcome the issue in homogeneous 

composition.
18

 A redox reaction is highly restricted due to the appropriate redox 

potential and electron transfer numbers between the electron donating precursors and 

electron accepting precursors.
18

 The intrinsically homogeneous composition of the 

materials will occur when they react with each other. The mixed-valence feature 

could be generated when redox reactions occur as well. 
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1-3. Applications of cobalt oxides 

Due to the energy shortage and public health issues, high performance materials of 

photoelectronics and biosensors are desired. High conductivity and multiple valence 

states are necessary in materials generating the high performance for applications. 

For instance, the noble metals and their composites are those materials with high 

conductivity and multiple valence states. Nevertheless, the high cost and scarcity of 

noble metals limit their practical applications for sensors and electronics. On the 

other hand, the semiconductor transition metal oxides are good candidates to replace 

the noble metals in many applications due to excellent stability and low costs.  

Cobalt oxide materials with spinel structure and mixed-valence structure are 

widely used in capacitors,
16,19,20

 batteries,
21-23

 fuel cells,
15,24-27

 and biosensors.
28-31

 

Cobalt oxides are synthesized conventionally by precipitation,
32

 microwave-assist 

reflux method,
20,33

 chemical vapor deposition method,
34

 solvothermal method,
22

 and 

thermal decomposition.
35,36

 The following statements to illustrate the methods of 

producing cobalt oxide: 

Precipitation method
32

 (Fig. 1) is defined that basic solutions, such as NaOH, KOH, 

NH4OH, and urea solution, are added into cobalt (II) precursor solutions. The 

obtained precipitates are cobalt hydroxides (Co(OH)2). After calcination of Co(OH)2, 

cobalt oxides (Co3O4) are produced. Microwave-assist reflux method
20,33

 (Fig. 2) is a 

concept of modified precipitate method. The basic solutions, such as NaOH, KOH, 

NH4OH, and urea solution, are added into cobalt (II) precursor solutions. The 

mixture solutions are refluxed via microwave to produce Co(OH)2. After calcination 

of Co(OH)2, the cobalt oxides (Co3O4) are produced. Solvothermal method
22

 is a 

route to make all precursor ions in the mixture solution react with each other under a 

high pressure atmosphere. After the interaction of cobalt ions under a high pressure 
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atmosphere, the Co3O4 was obtained. Thermal decomposition
35,36

 is the Co (II) 

precursor powders, such as cobalt acetates, cobalt chlorides, are heated under high 

temperature in ambient atmosphere to generate cobalt oxide products. For good 

performance in these applications, high conductivities and surface areas are desired. 

However, these conventional methods mentioned are not easy to control the 

composition of dopant with good conductivities. 

 

 

 

 

Fig. 2 Schematic illustration of precipitation method 

to form cobalt oxides 

 

Fig. 1 The schematic of microwave-assisted reflux 

equipment.
20

 

Cobalt oxides 
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To obtain the high conductivity, manganese was doped into spinel cobalt oxide 

with redox procedure to get cobalt manganese oxides (CMO). The strong oxidant, 

potassium permanganate (KMnO4) consumes the electrons of cobalt sulfate (CoSO4), 

and forming cobalt manganese oxide hydroxide (CMOH) with homogeneous 

elemental distribution and mixed-valence feature. After calcination of CMOH, CMO 

was obtained with spinel structure of CMO. The eletrochemical activities of CMO 

for sensing H2O2 and oxygen reduction reaction are presented further. In addition, 

the time- and temperature-dependent reactions were performed to optimize the 

performance of CMO materials and discuss the growth mechanism of CMO. 

 

1-4. Graphene hybridization 

1-4-1. Purpose of using graphene 

For improving the electrochemical activities of CMO for sensing hydrogen 

peroxide and oxygen reduction reaction, highly conductive graphene is a good 

candidate to hybridize with CMO. Due to excellent properties of graphene, including 

good charge mobility, high surface area and conductivities, and large mechanical 

strength,
37-39

 hybridization of graphene with other material is an effective way to 

enhance the performance in many applications.
40,41

  

 

1-4-2. Methods of preparing graphene 

There are several ways to produce graphene. Micromechanical cleavage
42

 (Fig. 3) 

is performed by sticky tapes and repeating exfoliation of graphite to form fewer layer 

graphene. Chemical vapor deposition method
43,44

 (Fig. 4) is used to produce single 

layer graphene with CH4 and H2 on metal substrates at high temperature under 
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vacuum atmosphere. Liquid phase exfoliation
45-47

 (Fig. 5) is done by ultrasonication 

of graphite with organic solvents, such as DMF, NMP, DMSO… etc. After 

sonication, the fewer layer graphene in the top of the suspension is obtained by 

centrifuge. Hummer’s method
48-50

 (Fig. 6) is a convenient, low-cast, and time-saving 

procedure to produce massive amount of graphene oxide. Then the graphene oxide 

can be further reduced to get reduced graphene oxide (rGO). These rGO can be used 

as the precursor for graphene composite materials. In our strategy, the Hummer’s 

method was used to produce graphene oxide and hybridization with CMO due to the 

massive amount of graphene oxide and simple preparation procedure of graphene 

oxide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Schematic illustration of micromechanical 

cleavage to form graphene. 

Fig. 4 Schematic illustration of CVD method to 

form graphene. 

Fig. 5 Schematic illustration of liquid phase 

exfoliation to form graphene. 

Fig. 6 Schematic illustration of the Hummer’s method to form graphene. 
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1-4-3. How to synthesize the graphene-metal oxide composites 

The normal method to synthesize of graphene-metal oxide composites is adding 

the graphene oxide solution into the precursor solutions of metal oxides.
51-55

 

Graphene nanosheets often are the substrates to support metal oxides. The 

graphene-based composites have high surface areas, but graphene contents are not 

easy to manage in this procedure. 

1-5. Novelty and importance in this research 

The homogeneous elemental composition and mixed-valence cobalt manganese 

oxides (CMO) was prepared by highly restrict redox method. Graphene-CMO 

composites were produced by two-step method. First, CMO was generated, next, 

graphene covered on the surface of CMO. This tow-step method can provide a 

prototype to improve the performance of the optimized metal oxide materials for 

electrochemical applications with controlling the contents of graphene without 

destroying the metal oxide materials. 
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2. Experimental Section 

2-1. Reagents 

Cobalt sulfate heptahydrate (CoSO4  7H2O), potassium permanganate (KMnO4), 

potassium chromate (K2CrO4) and Nafion solutions (5% in alcohols with 20% water) 

were provided from Sigma-Aldrich. Sulfric acid (98%) and hydrochloric acid (32%) 

was obtained from BASF Taiwan Ltd. Graphite powders (200 mesh) was supplied by 

Uni Region Bio-Tech. (3-aminopropyl)-diethyl-methylsilane (APTMS) was 

purchased from Alfa Aesar. Hydrogen peroxide solution (30%) was bought from 

Katayma Chemical Industry Company. Dopamine (DA), ascorbic acid (AA), urea 

acid (UA), glucose, and acetaminophenol were purchased from Acros Organucs. 

Potassium hydroxide (KOH) was supplied by Nihon Shiyaku Industry Company. 

Sodium dihydrogen phosphate (NaH2PO4) and disodium hydrogen phosphate 

(Na2HPO4) were bought from Panreac Co. 

2-2. Synthesis 

2-2-1. 3D Flower-like Cobalt - Manganese Oxide (CMO) 

A purple solution was yield by mixing CoSO4‧7H2O (8.08 mmol) and KMnO4 

(2.69 mmol) with 71 mL deionized water. The black precipitates were obtained after 
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cobalt precursor and manganese precursor mixed for 30 seconds. For hydrothermal 

treatment, the solution was transferred to a 125 mL Teflon-lined autoclave. The 

reaction was carried out at 100
o
C for 24 hours and the resulting black precipitates 

were cleaned by washing with D.I. water for several times and then dried at 60˚C for 

12 hours. The dried powder is cobalt manganese oxide hydroxides (CMOH) 

characterized by XRD. CMOH was calcined at 500
o
C for 6 hours to generate cobalt 

manganese oxide (CMO) materials. For investigating the growth mechanism, the 

time- and temperature-dependent experiments were carried out. Time-dependent 

experiments were performed with different time intervals from 0.5, 1, 2, 4, 8, 12, and 

24 hours at 100

C. Temperature-dependent experiments were carried out with 

different temperatures at 60

C, 80


C, 100


C, 150


C, and 200


C for 24 hours. The 

samples are defined as CMOH-60, CMOH-80, CMOH-100 (CMOH), CMOH-150, 

and CMOH-200. After calcination of CMOH materials, the obtained metal oxides are 

defined as CMO-60, CMO-80, CMO-100 (CMO), CMO-150, and CMO-200.  

2-2-2. Cobalt – Chromium Oxide Hydroxide (CCOH) 

Cobalt-chromium oxides were synthesized by reacting CoSO4‧7H2O (8.08 mmol) 

and KCrO4 (2.69 mmol) in 71 mL D.I. water to form a yellow solution, and the black 

precipitates were formed after cobalt precursor and manganese precursor mixed for 1 
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minute. The following steps of synthesizing CCOH were repeated from the 

preparation procedure of CMOH. 

2-2-3. Graphene Oxide (GO) 

Graphene oxide was synthesized from graphite based on the modified Hummers 

method.
48

 Graphene oxide was prepared by mixing the flake graphite powder (1.0 g), 

sodium nitrate (0.5 g), and concentrated sulfuric acid (100 mL) for 30 min. Then 

potassium permanganate (6.0 g) was added into the mixture slowly under an ice bath. 

After the ice bath was removed, the reaction temperatures were brought to 50
o
C for 

16 hours. Deionized water (200 mL) and 23 mL of hydrogen peroxide were added 

into the suspension. Next, the suspension was filtered and washed with HCl (500 mL) 

and D.I. water to pH 6. The graphene oxide was exfoliated by ultrasonication 

(Branson S-450A with 400 W) for 30 min, followed by centrifugation with 14,000 

rpm for 10 min to generate thin GO for hybridization with CMO. 

2-2-4. G-CMO nanocomposites 

First, CMO powder (0.4 g) was dispersed in 200 mL of ethanol by sonication 

(Elma E60H Elmasonic, 500 W) for 30 min. Afterward, suspension of CMO was 

mixed with 2 mL of (3-aminopropyl)- diethyl-methylsilane and refluxed at 80
o
C for 

12 hours. The precipitates were sufficiently rinsed with ethanol to wash away any 
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APTMS residue, and the resulting powder is APTMS-CMO. Different volume (50 

mL, 100 mL, and 200 mL) of GO suspension with a concentration (0.2 mg mL
-1

) was 

added into positively charged APTMS-CMO dispersion. After mixing for 30 min, the 

mixture was refluxed at 100
o
C for 24 hours to yield GO-CMO. For the reduction of 

GO in GO-CMO, the GO-CMO nanocomposites were hydrothermally treated at 

180
o
C for 1 hour to produce rGO-CMO (G-CMO). G-CMO#1, G-CMO#2, and 

G-CMO#3 are defined as the different volume (50 mL, 100 mL, 200 mL) of GO 

suspension for hybridization with CMO. Besides, the CMO-60 was hybridized with 

GO to generate immature G-CMO#3. 

2-3. Characterization   

2-3-1. Scanning electron microscopy (SEM) studies 

The dispersion of powder specimens in ethanol was dropped on a clean silicon 

wafer. The SEM studies were carried out by a Zeiss Supra 55 Gemini FE-SEM with 

a Schottky emitter operating at 1 kV and 5 kV with a beam current of 10 A. The 

EDS experiments were done with X-MAX 20.  

2-3-2. Transmission electron microscopy (TEM) studies 

The powder specimens were dispersed in ethanol to form a suspension. The 

dispersion was dropped on the cupper grid (400 mesh) for TEM studies. 
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High-resolution TEM images were obtained in a Tecnai F20 Field Emission Gun 

Transmission Emission Microscope at 200 kV. 

 

2-3-3. Crystalline analysis  

Bruker D2 Phaser diffractometer with a CuKα X–ray source was used to obtain 

XRD patterns. Material powder was loaded on a sample holder, and the scan range 

5 85degree (2).  

2-3-4. BET studies  

Nitrogen adsorption–desorption isotherms were measured with a Micromeritics 

ASAP 2010 instrument. The Brunauer–Emmett–Teller (BET) method was used to 

calculate the surface areas. The pore size distributions were derived from the 

Barrett–Joyner–Halenda (BJH) method. 

2-3-5. TGA analysis  

Contents of graphene in G-CMO composites were studied with thermogravimetry 

analysis (TGA). TGA was carried out using PerkinElmer TGA4000 thermal analyzer 

in O2 with a flow rate of 20 mL/min at temperatures ranging from room temperature 

to 900°C with a heating rate of 10 °C min
−1

. 
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2-3-6. Conductivity:  

The 0.15 g sample powder was compressed into a circular disk under a force of 

400 kgw/cm
2
. The conductivity measurements were performed with Quatek 5601Y 

Sheet Resistivity Meter 4 Point Probe. 

2-3-7. Raman spectroscopy studies 

The dispersion of powder specimens in ethanol was dropped on a clean silicon 

wafer. Raman spectra were recorded from 200 to 3000 cm
-1

 on a WITec Confocal 

Raman Microscope Alpha 300R using a 532 nm He-Ne laser. 

2-3-8. X-ray photoelectron spectroscopy (XPS) studies 

X-ray photoelectron spectroscopy (XPS) data were obtained using an Kratos Axis 

Ultra DLD X-ray photoelectron spectrometer equipped with an Al Ka X-ray source 

(1486.6 eV). 

2-4. Electrochemical measurement: 

2-4-1. Preparation of Material-modified Electrode 

A smooth surface of glassy carbon electrode (GCE) plays an important role in 

good electrochemical activities. GCE of 3 mm in diameter was polished to a 

mirror-like surface via a 0.3 m Al2O3 powder followed by rinsing with D.I. water, 

and repeating this step for 5 times to ensure that the surface of GCE is clean. For 
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electrochemical experiments, the electrodes were prepared by the following steps. 

First, 1 mg of catalyst powder and 1 mL of ethanol were mixed by sonication (Elma 

E60H Elmasonic, 500 W) for 30 min to form a homogeneous suspension. Then 10 

L of the homogeneous suspension was dropped on a GCE of 3 mm in diameter and 

dried at room temperature. Next, 10 L of Nafion (0.1%) was loaded on top of the 

dried samples to get the modified electrodes for electrochemical measurements. 

2-4-2. H2O2 Sensing Experiments  

Cyclic voltammograms were recorded in potential ranged from -1.0 V to 1.0 V 

with a scan rate of 50 mV s
-1 

in a 1 mM H2O2. Chronamperograms were 

accomplished with a certain volume of H2O2 solution with various concentrations 

was injected into a 0.1 M phosphate buffer solution (PBS) at pH = 7.2, and the 

supplied potential is -0.5 V. The noise-level is obtained from the standard deviation 

of noise values; the sensitivities are defined as the slope values of the calibration 

curves.  Electrochemical measurements were conducted using a three-electrode 

configuration using Ag/AgCl (saturate NaCl) as the reference electrode and Pt as the 

counter electrode, and the material modified electrodes as working electrodes in a 

CHI614D electrochemical analyzer. 
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2-4-3. Oxygen reduction reaction  

The studies of oxygen reduction reaction were done by a three-electrode 

electrochemical cell using a reference electrode of Ag/AgCl (saturate NaCl), a Pt 

wire as a counter electrode, and the modified GCE working electrodes. The 

electrolyte (0.1 M KOH) was saturated with oxygen by bubbling O2 for 20 min 

before starting each experiment. Oxygen was kept blowing into the electrolyte 

solution during the ORR experiment to ensure the O2 content. The N2-saturated KOH 

was obtained by bubbling N2 for 20 min before starting each experiment. 
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3. Results 

3-1. Synthesis and Growth Path of CMOH and CMO 

3-1-1. Nanostructured Morphology and Crystal Structure 

The nanostructured cobalt manganese oxide hydroxide (CMOH) materials were 

produced first by one-step hydrothermal reaction of cobalt and manganese at 100

C 

for 24 hours, and then calcined at 500 

C for 6 hours to produce cobalt manganese 

oxide (CMO). The scanning electron microscopy (SEM) images of CMOH and CMO 

show the Y-shaped subunits constructing the three dimensional flower-like spheres 

(Fig. 7). The Y-shaped nanoflakes with thickness of 5-10 nm result in voids on 

CMOH and CMO sphere. The XRD patterns of CMOH and CMO are demonstrated 

in Fig. 8, indicating that the crystal phase are changed from CoOOH structure 

(JCPDS-07-169) to spinel Co3O4 (JCPDS-9-418) without any unexpected impurity 

phase.  

High resolution TEM images (Fig. 9 a) are used to figure out the crystal structural 

correlation between the nanoflakes on CMO and macroscopic CMO powder. The 

solid CMO sphere was built with aggregation of nanoflakes. The lattice images in 

CMOH (Fig. 9 b) show a 4.40 Å  spacing, corresponding to d003 in the CoOOH crystal 
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structure. In CMO (Fig. 9 d), the lattice fringes display a 2.85 Å  spacing 

corresponding to d220 in the spinel Co3O4 structure. 

3-1-2. Precursor Ratio Variation 

To prove the multiple mixed-valence states in the materials forming by the redox 

method, the preparation experiments with different precursor ratios were performed. 

The results of EDXS and ICP-MS (Table. 1) show that the cobalt to manganese ratios 

in CMO changes very little despite the great ratios cobalt to manganese ratios in 

precursor solutions. Due to the restriction of redox reaction such as the electron 

numbers, Co/Mn ratios keep constant in CMO with different Co/Mn ratios in 

precursor solutions.  In addition, the precipitates were not yielded when manganese 

was absent in precursor solutions during the reaction. The EDXS mapping 

experiments (Fig. 10) were used to acquire the elemental distribution in CMO. From 

the mapping results, cobalt and manganese distributed uniformly in the flower-like 

CMO sphere. The X-ray photoelectron spectroscopy (XPS) spectra (Fig. 11) are used 

to prove the multiple mixed-valence states in CMO material. The binding energy (BE) 

values of Co 2P1/2, Co 2P3/2, and the satellite peak of Co 2P3/2 in the CMOH are 781.1, 

796.2, and 790.8 eV, respectively, corresponding to Co (III) .
56

 After calcination, the 

BE of Co 2P1/2 and Co 2P3/2 are 779.8 and 795.0 eV respectively. The satellite peak at 
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790.8 eV vanishes in CMO. This phenomena shows a correlation with the mixed- 

valence of Co (II) and Co (III) in Co3O4.
57

 The XPS spectra of Mn element in CMOH 

and CMO indicate that Mn 2P3/2 and Mn 2P1/2 with values of 642.5 and 654.2 eV, 

respectively, corresponding well on the Mn (IV).
58

 It is difficult to define the 

mixed-valence states of manganese with XPS as the line-broadening effect.
57 
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Fig. 7 The SEM images of cobalt manganese oxides. (a) CMOH; (b) the higher 

magnification images of CMOH; (c) the marks of Y-shaped subunits corresponding to the 

images in (b); (d) CMO obtained after the calcination of CMOH. 

Fig. 8 The XRD patterns of the CMO products. (a) before calcination CMOH, and the 

calcined CMO (b). 
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Samples ICP-MS (Co/Mn) EDXS (Co/Mn) 

CMOH 

(3:1)
a
 

2.39 2.33 

CMOH 

(4:1)
a
 

2.66 2.62 

CMOH 

(6:1)
a
 

2.78 2.74 

CMOH 

(10:1)
a
 

2.99 2.95 

Table 1 The elemental analyses of CMOH with different Co-to-Mn ratios.  

Fig. 9 The TEM images of CMO products. (a) uncalcined CMOH; (b) the 

HR-TEM images corresponding to the red square area in (a); (c) calcined 

CMO; the lattice fringes corresponding to the blue square area in (c). 

a
 The Co-to-Mn ratios of precursors in the preparing process. 
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Fig. 11 T The XPS spectra of CMOH and CMO. (a) Co 2P and (b) Mn 2P. 

Fig. 10 The EDXS mapping of CMO. (a) SEM images of CMO sphere, (b) Co mapping of 

(a), (c) Mn mapping of (a), and (d) the elemental analysis of cobalt and manganese 

composition 
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3-1-3. Time-dependent and Temperature-dependent Experiments 

To find out the growth path of the flower-like in CMOH, time- and temperature- 

dependent experiments were conducted. In time series experiments (Fig. 12), the 

sphere with diameters of 100-200 nm, but no Y-shaped subunit or flower-like 

nanostructure were obtained after reacting for 0.5 hours (Fig. 12 a). After 1 hour (Fig. 

12 b), the nanostructures were generated on the surface of CMOH because the 

nanoflakes started growing, and the particle diameter enlarged to 300 nm briefly. 

After 4 and 8 hours, the Y-shaped nanoflakes are observable on the CMOH sphere. 

After 24 hours, the diameter of CMOH sphere grew to 1 m (Fig. 12). In addition, 

the XRD patterns (Fig. 13) of CMOH with different reaction time (0.5, 1, 2, 4, 8, 12, 

and 24 hours) are investigated to confirm that the crystal structure of the CMOH 

sphere. Furthermore, no impurity was observed in SEM and XRD with the prolonged 

time. 

Temperature-dependent experiments (Fig. 14) were conducted at 60

C, 80


C, 

120

C, 150


C, and 200


C for 24 hours. The samples were defined as CMOH-60, 

CMOH-80, CMOH-120, CMOH-150, and CMOH-200. The SEM images of 

CMOH-60 (Fig. 14 a) demonstrate that the diameters of sphere are 400-500 nm, and 

the Y-shaped subunits were formed but not observable on the surface. The SEM 
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images of CMOH-80 (Fig. 14 b) show that the voids were constructed by nanoflakes 

and forming spheres with the diameter were 0.8-1 m. The void space increased with 

the elevated temperature. The SEM images of CMOH-150 (Fig. 14 e) indicated that 

the nanoflakes and voids on CMO sphere become bigger than CMOH-60 and 

CMOH-80 with diameter of sphere was 3m. The images of CMOH-200 

demonstrated that the nest-like features were obtained comprised of nanowire 

impurity covering on the surface of the 3-D flower-like spheres. In addition, the 

-MnO2 phase characterized by XRD (Fig. 15 d) was generated in CMOH-200. The 

growth process of CMOH-200 is based on SEM results (Fig. 15). The bulk star-like 

materials (Fig. 15 a) was obtained in CMOH-200, and the 3D flower-like spheres 

were located on the center and edges of the star-like materials (Fig. 15 b). The SEM 

images of the edge of star-like materials at higher magnification indicate that the 

nanowires (red arrows) exfoliated from the edges (green arrows) of the star-like 

materials. Furthermore, the nanowires covered on CMO spheres and forming a 

nest-like CMOH-200 (Fig. 15 c). The elemental composition of CMOH-200 was 

studied with EDXS (Fig. 16). The results indicate that manganese content is much 

higher than cobalt in star-like materials but the same as cobalt in 3D flower-like 

sphere. Cobalt was introduced in the star-like materials during the redox procedure, 
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and the manganese was introduced in the 3D flower-like sphere. The impurity 

nanowires were generated at 200

C, and there is a competition between two 

pathways during the hydrothermal process.  

3 Co 
2+

 + Mn 
7+

 → 3 Co 
3+

 + Mn 
4+

   (1)                               

4 MnO4
-
 + 2 H2O → 4 MnO2 + 4 OH

-
 + 3 O2   (2)  
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Fig. 12 The SEM images of CMOH with different reaction time. (a) 0.5 hours, (b) 1 hour, (c) 2 

hours, (d) 4 hours, (e) 8 hours. 

Fig. 13 The XRD patterns of CMOH with different reaction time. (A) 0.5 

hours, (B) 1 hour, (C) 2 hour, (D) 4 hours, (E) 12 hours, (F) 24 hours. 
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Fig. 15 The SEM of CMOH-200. (a) 3D flower-like sphere on star-like bulk materials, (b) 

the nanowires (red arrows) and the edges (green arrows) of star-like materials, (c) the 

nest-like CMOH-200 with nanowires (red arrow) and 3D flower-like sphere (yellow arrow), 

(d) The XRD patterns of (A) CMOH-100, (B) CMOH-200 with the -MnO2 phase labeled 

triangle mark with CoOOH crystal structure. 

Fig. 14 The SEM images of CMOH at different reaction temperatures. (a) CMOH-60 (b) 

CMOH-80, (c) CMOH-100, (d) CMOH-120, (e) CMOH-150, and (f) CMOH-200. 
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Fig. 16 The elemental analysis of  CMOH-200. (a) 3D flower-like spheres and (b) star-like 

bulk materials. 
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3-2. Synthesis of CCOH with redox method 

The cobalt chromium oxide hydroxide (CCOH) was produced to prove that the redox 

method could be a general procedure for yielding binary metal oxides. The SEM 

images of CCOH (Fig. 17 a and Fig. 17 c) are demonstrated that the thickness (10-20 

nm) of CCOH nanoflakes is thicker than CMOH and the voids are not detectable. 

The elemental analysis (Fig. 17 b) is shown that the chromium and cobalt were 

present in CCOH. The crystal structure of CCOH corresponds to single phase of 

CoOOH (JCPDS-07-169) by analyzing XRD patterns (Fig. 17 d). These results 

indicate that Cr
6+

 consumes the electron from Co
2+

 and forming a single phase binary 

metal oxide, such as CMO. 
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Fig. 17 The characterization results of CCOH. (a) SEM images of COOH, (b) the elemental 

analysis of CCOH, and (c) the XRD patterns of CCOH. 
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3-3. Graphene Hybridization and Effects of Graphene Oxide 

3-3-1. Synthesis and Characterization 

Graphene-cobalt manganese oxide was obtained via the electric attraction between 

graphene and CMO modified by (3-aminopropyl)-diethyl-methylsilane (APTMS). 

Morphology of G-CMO materials was studied by SEM (Fig. 18). CMO without 

graphene was demonstrated in Fig. 18 a. The graphene sheets (red arrows) cover on 

the surface of CMO. SEM images indicate that the area of graphene sheets covering 

on the CMO surface is increased with the raised volume of GO suspension added for 

hybridizing with CMO. Second, the Y-shaped subunits (green marks) of CMO are 

still observable with graphene coverage in G-CMO#3. The interfaces of G-CMO 

materials for electrochemical applications are changed by the amplified addition of 

GO suspension.  

TEM images (Fig. 19) show the interfaces between graphene and CMO. The TEM 

images of G-CMO#1 (Fig. 19 a) indicate that the coverage of graphene on CMO is 

less than the ones in G-CMO#3 (Fig. 19 c). The HR-TEM images of G-CMO#3 (Fig. 

19 d) demonstrate that graphene is increased and filled in the inter-flake space in 

G-CMO#3. Different interfaces of graphene and CMO in G-CMO can be controlled 

by raised volume of GO suspension for hybridization with CMO and cause the 



31 

 

distinct performance of G-CMO for sensing H2O2. The lattice images of G-CMO#1 

(Fig. 19 b) show a 4.40 Å  spacing, corresponding to the d111 in the spinel Co3O4 

(JCPDS-9-418) crystal structure. Lattice fringes of G-CMO#3 (Fig. 19 d) display that 

a 2.43 Å  spacing which corresponds to the d311 in the spinel Co3O4 structure. After 

hydrothermal treatment for reduction of GO-CMO, the crystal structure and 

morphology were not changed, and the CMO can be hybridized with graphene 

without damage.  

XRD patterns (Fig. 22a) show that the crystal structure of CMO is very stable 

because the crystal phase remains the same after modification of CMO and reduction 

of GO-CMO. Selected Area Electron Diffraction (SAED) patterns further confirms 

the Co3O4 phase identified by XRD results. 

Raman spectrometer is a sensitive instrument to detect carbon materials. The 

Raman spectra (Fig. 23a) can identify the presence of graphene G-CMO materials. 

D-band and G-band peak in rGO and G-CMO materials corresponds to 1356 cm
-1

 

and 1600 cm
-1

, respectively.
51,59

 X-ray photoelectron spectroscopy (XPS) is used to 

judge whether GO is reduced after hydrothermal treatment. XPS spectra (Fig. 23 b) 

of GO-CMO and G-CMO, four peaks center at 284.5, 286.7, 287.8, and 288.8 eV 

that refer to the bonding type of sp
2
 C, C-O, C=O, and O-C=O, respectively.

51,60
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Moreover, the intensities of C-O and O-C=O are decreased after the GO-CMO was 

reduced hydrothermally. 

Contents of graphene covering on CMO were measured by thermogravimetric 

analysis (TGA). Results of TGA (Fig. 24) are demonstrated that graphene 

decomposed at 300

C. CMO show a good thermal stability from room temperature to 

600

C. Moreover, weight loss and graphene contents of each material are 

summarized in Table. 2, indicating that the graphene contents of G-CMO materials 

are proportional to the mass of GO used to hybridize with CMO.  
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Fig. 18 The SEM images of different graphene content of G-CMO materials. (a) CMO, (b) 

G-CMO#1, (c) G-CMO#2, and (d) G-CMO#3. Red arrows display graphene and green 

Y-marks represent of the Y-shaped subunits of CMO. 
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Fig. 20 The XRD patterns of different products. (A) CMO, APTMS-CMO (B) and (C) 

G-CMO; (b) the SAED patterns of G-CMO corresponding to blue square area in Fig 14(a). 

Fig. 19 The TEM images of G-CMO materials. (a) G-CMO#1 and (c) G-CMO#3; the 

lattice images of G-CMO materials. (b) G-CMO#1 corresponding to the blue square area 

in (a), and (d) G-CMO#3 corresponding to green square area in (d). Red arrows represent 

nanoflakes of CMO and green arrows indicate of graphene. 
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Fig. 21 TGA of CMO (black line), G-CMO#1 (red line), G-CMO#2 (blue line), G-CMO#3 

(green line), and rGO (blue-dash line). 

Fig. 22 The Raman spectra of GO, G-CMO#1, G-CMO#2, and G-CMO#3; (b) the XPS spectra of 

GO-CMO and G-CMO. 
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Sample CMO G-CMO#1 G-CMO#2 G-CMO#3 

Weight Loss 

(wt %) 
0.3 3.6 7.13 15.8 

Graphene content 

ratio* 
0 1 2 4 

Table 2 The summary of weight loss of rGO covered on surface of CMO. 

* The graphene content ratio was defined by the weight loss. 
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3-3-2. Physical properties of CMO and G-CMO materials 

Physical properties and chemical composition of temperature-dependent CMO 

materials are included in Table. 3. Conductivity values and surface areas increase 

with declined of Co/Mn ratios in CMO materials. As temperature raise, the resulting 

Co/Mn ratios become lower; the two different grow pathways are inferred in 

discussion part later. The conductivities are highly enhanced after doping Mn into 

Co3O4. The conductivity values of CMO are 3 orders higher than Co3O4. In addition, 

conductivities and surface areas of CMO and G-CMO are summarized in Table. 4. 

Conductivity values and surface areas of G-CMO materials were enhanced after the 

CMO hybridization with graphene. 
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Table 3 The summary of surface areas, conductivities, and chemical compositions of CMO samples.  

Sample CMO-60 CMO-100 CMO-150 Co3O4 * 

Conductivity 

(S cm
-1

) 
0.9  10

-2
 1.5  10

-2
 2.9  10

-2
 3.1  10

-5
 

Surface area 

(m
2
 g

-1
) 

42 57 58  

Co/Mn ratio
a
 3.0 2.6 2.3  

Table 4 The summary of conductivity and surface areas of G-CMO samples. 

Sample CMO G-CMO#1 G-CMO#2 G-CMO#3 

Conductivity 

(S cm
-1

) 
1.5  10

-2
 2.1  10

-1
 4.5  10

-1
 7.3 10

-1
 

Surface area 

(m
2
 g

-1
) 

57 83 104 200 

CMO-60 and CMO-150 were obtained after calcination of CMOH-60 and CMOH-150. 

* The conductivity value of Co3O4 is from ref.15. 
a
 The data were obtained from EDXS 

equipment. 
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3-4. Electrochemical activities of CMO and G-CMO materials 

3-4-1. Candidate of G-CMO Materials 

For testing electrochemical activities of the materials, the sensing of hydrogen 

peroxide and the oxygen reduction reaction were performed. The CVs results 

demonstrate that the current value of CMO is 2.2 times larger than commercial 

Co3O4 and 6.2 times than GCE respectively (Fig. 23 a). To choose the best 

CMO-candidate for hybridization with graphene, the comparison of CMO-60, CMO, 

and CMO-150 was conducted in the presence of H2O2. Obviously, the current value 

of CMO is higher than that of CMO-150 by 112% and CMO-60 by 180% (Fig. 23 b). 

These results are due to the morphology of CMO spheres prepared at different 

temperatures. 

3-4-2. Electrochemical activities of CMO and G-CMO materials for sensing H2O2 

As CMO was hybridized with different amounts of graphene, the electrochemical 

H2O2 sensing activities of the CMO and G-CMO composites (Fig. 24) were 

measured. CVs in H2O2 (1 mM) (Fig. 24 a) display that the current values of 

G-CMO#1, G-CMO#2, and G-CMO#3 are 1.7, 2.4, and 2.4 times larger than CMO, 

respectively. In particular, onset potential value of G-CMO#3 is 0.6 times lower than 

that of CMO.  
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The amperometric response of G-CMO#1 (Fig. 26 c) and G-CMO#3 (Fig. 26 d) in 

a PBS under continuous changes of H2O2 concentration is demonstrated that the 

linear range of G-CMO#3 (5 M to 0.5 mM) is shorter than the one of G-CMO#1 

(0.5 mM to 34 mM). The sensitivities of commercial cobalt oxide, CMO, G-CMO#1, 

and G-CMO#3 are 0.0038, 0.23, 0.71, and 11.01 A mM
-1

, respectively. The 

calculated detection limits of G-CMO#1 and G-CMO#3 are 250 M and 150 M 

with single-to-noise ratio of 3. The actual detection limits of G-CMO#1 and 

G-CMO#3 were 50 M and 5 M, respectively.  

The selectivity of G-CMO#1 (Fig. 25 a) and G-CMO#3 (Fig. 25 b) were 

investigated in the presence of interference species, such as dopamine (DA), urea 

acid (UA), ascorbic acid (AA), glucose, and actaminophenol. Both G-CMO#1 and 

G-CMO#3 are highly selective in the presence of H2O2 (0.1 mM) at -0.5 V supplied 

potential. These results display excellent anti-interference properties similiar to noble 

metal biosensors. 

3-4-3. Synergistic effect of G-CMO 

The CVs of rGO synergistic effects (Fig. 26)of hybridization of rGO and CMO 

were demonstrated. Both rGO and CMO have reductive peaks in the presence of 

H2O2 with 0.1 M PBS (Fig. 26 a). The current value of G-CMO#3 is not only much 
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larger than the ones of rGO and CMO, but the onset potential of G-CMO#3 is also 

much lower than the one of rGO by 0.1 V and CMO by 0.2 V. Moreover, the ORR 

activities of G-CMO samples were demonstrated with CVs in the presence of O2 

with 0.1 M of KOH. The onset potential of rGO is slightly higher than G-CMO#3, 

while that of CMO is higher than G-CMO#3 by 0.13 V. The results indicate that the 

synergistic effect was established by the hybridization of rGO and CMO.  

3-4-4. Nanostructure effect of CMO for hybridization 

The CMO-60 was hybridized with rGO to form immature G-CMO#3 to understand 

the effect of nanostructure in rGO and CMO hybridization. The onset potential of 

G-CMO#3 is lower than immature G-CMO#3 by 0.05 V (Fig. 27). The current value 

of G-CMO#3 is 2 times higher than immature G-CMO#3. The interfaces between 

CMO and rGO were studied with TEM images. The nanoflakes of immature 

G-CMO#3 (Fig. 28 a) are shorter than these of G-CMO#3 (Fig. 28 b). These results 

lead to the hybridization between CMO-60 and rGO is less effective than that 

between CMO and rGO, which might due to larger void spaces to be filled with 

greater amount of graphene. 
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Fig. 23 Cyclic voltammograms (CVs) of different electrodes in a 1mM of H2O2 with a 0. 1 

M PBS. (a) blank GCE (black line), commercial Co3O4 (red line), and CMO (blue line), (b) 

CMO-60 (black line), CMO (red line), CMO-150 (blue line). 

Fig. 24 The electrochemical studies of G-CMO materials for H2O2 sensing. (s) CVs of various 

electrodes in a 1mM of H2O2 with 0.1 M PBS. (a) CMO (black line), G-CMO#1 (red-dot line), 

and G-CMO#2 (blue-short dash line), and G-CMO#3 (green-dash line); (b) the amperometric 

response of G-CMO#3 at -0.5 V with continuous additions of H2O2, the inset is the detection 

limit of G-CMO#3, (c) the amperometric response of G-CMO#1 at 0.5 V with continuous 

addition of H2O2, (d) the calibration curves of commercial Co3O4 (black line), CMO (red line), 

G-CMO#1 (blue line), and G-CMO#3 (green line). 
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Fig. 25  The current-time curves for interference studies of H2O2 sensing with the presence 

of interfering species of 0.1 mM DA, UA, AA, and acetaminophen as well as glucose (5 

mM). (a) G-CMO#1 and (b) G-CMO#3   

 

Fig. 26  CVs of rGO, CMO, and G-CMO#3 in a 1mM of H2O2 or PBS (a), CVs of rGO, CMO, and 

G-CMO#3 for oxygen reduction reaction (ORR) in O2-saturated (dash line) or N2-saturated (solid 

line) 0.1 M KOH. 
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Fig. 28 TEM images of G-CMO samples. (a) immature G-CMO#3 (b) and G-CMO#3. 

Nanoflakes (white arrow) and rGO (red arrow) 

Fig. 27 CVs of immature G-CMO#3 and G-CMO#3 in a 1mM of H2O2 (dash line) or a 0.1 

M of PBS (solid line) 
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4. Discussion 

4-1. Growth path and mechanism of CMO 

Growth path of CMOH was studied by time- and temperature-dependent 

experiments. First of all, the reaction time with 0.5 and 1 hour are defined as 

nucleation period. The Y-shaped subunits and nanostructures were not obtained for 

CMOH with reaction time of 0.5 hours and 1 hour with the spherical diameters of 

50-100 nm. The intensities in XRD patterns are weak compared to other CMO 

samples. Secondly, the reaction time with 2, 4, and 8 hours are defined as growing 

period. The growth of Y-shaped subunits as well as spherical diameter is pronounced. 

The final stage, mature period, is defined by the reaction time of 24 hours. The 

Y-shaped subunits are mature, and the surface voids between nanoflakes on CMO 

are fairly large. 

The temperature-dependent results show that the Y-shaped subunits become more 

observable with raising temperature, and the manganese contents increase as well. 

Particularly, two distinguishable morphologies with nanowires and 3D flower-like 

spheres form a nest-like morphology in CMOH-200. Besides, elemental 

compositions of materials produced by temperature-dependent experiments indicate 

that there are two different potential growth paths competing each other under the 
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hydrothermal condition. XPS spectra of CMOH show that both Co
3+

 and Mn
4+ 

are 

the major species. So the main growth process in lower reaction temperatures (60

C, 

80, 100, and 150

C) is following euation below: 

3 Co 
2+

 + Mn 
7+

 → 3 Co 
3+

 + Mn 
4+

            (1)  

The elemental composition of CMOH-200 shows two different situations. 

Manganese contents in nanowires are higher than cobalt contents but totally reverse 

in the spheres. Because Co and Mn precursors were present in water, the main reason 

seems that the permanganate may be reduced by water directly at 200

C.  

4 MnO4
-
 + 2 H2O → 4 MnO2 + 4 OH

-
 + 3 O2     (2)  

The elemental compositions of temperature-dependent materials show the drop of 

the Co/Mn ratios with elvated reaction temperature, indicating that reaction rates of 

equn (2) are faster than equn (1) at higher reaction temperature. 

4-2. Conductivity enhancement with dopant and multiple mixed-valence of CMO 

High conductivity of CMO was performed due to dopant and multiple oxidation 

states. The CMOH performed a conductivity of 4.0  10
 -4

 S cm 
-1

, which is one order 

higher than those of the single oxidation state MnOx (10
-5

 – 10
-6

 S cm 
-1

)
61

 and pure 

Co3O4. This conductivity promotion in CMOH is due to the effect of impurity doping 

not mixed-valence effect. In addition, CMO possess a greater conductivity of than 
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CMOH by two orders and pure Co3O4 by three orders. CMO conductivity 

enhancement based on the multiple mixed-valence system is more effective than 

single mixed-valence materials such as Co3O4. Multiple electron hopping make 

CMO to be more conductive. 

4-3. Effect graphene of content in G-CMO materials 

CMO with more graphene contents can enhance the conductivities and the surface 

areas, and these two factors play important roles in electrochemical sensing. After 

hybridization of graphene and CMO, producing numerous smaller pores and forming 

higher surface area than CMO. Due to the highly conductive feature of graphene, the 

conductivities of G-CMO composites were improved. The electrochemical activities 

of G-CMO materials are quite different and vary with the graphene content. 

G-CMO#1 can improve the sensitivity as well as linear range for sensing hydrogen 

peroxide after the 3.6 wt % of graphene hybridization. G-CMO#3 has the greatest 

sensitivity but lowest linear range for sensing H2O2 with 15.8 wt % graphene 

hybridization. These different activity H2O2 sensing may be due to the adsorbed and 

desorbed behaviors of the new pores produced by the graphene hybridization. CVs of 

H2O2 and ORR indicate that the current values of CMO and rGO are lower than 

G-CMO composites, while the onset potential values of CMO and rGO are higher 
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than G-CMO composites. After hybridization of graphene and CMO, the synergistic 

effect in G-CMO attribute to the enhanced electrochemical activities.  

4-4. Nanostructure effect of CMO for hybridizing with graphene 

Hybridization of CMO and graphene is highly correlated to the nanostructures in 

CMO. With immature nanostructure on CMO-60, the efficiency of immature 

G-CMO#3 for sensing H2O2 is lower than nanostructured G-CMO#3. In addition, the 

graphene content of immature G-CMO#3 is 11.3% by mass measured by TGA, 

which is less than G-CMO#3 by 4 %. Because the Y-shaped subunits create the void 

feature on CMO materials, the larger voids on CMO can be filled with more amounts 

of graphene. Furthermore, there are more interfaces between graphene and CMO in 

G-CMO#3 than immature G-CMO#3, and the resulting synergistic effect of 

G-CMO#3 is higher than immature G-CMO#3. 
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5. Conclusion 

3D flower-like cobalt manganese oxide with homogeneous elemental distribution 

and mixed-valence feature is obtained by the redox process between cobalt (II) and 

manganese (VII). The sphere size and Y-shaped subunit feature can be controlled via 

reaction time and reaction temperature. High surface areas and conductivities are 

obtained because the Mn species are introduced in spinel cobalt oxides forming 

mixed-valence feature, Co (II/III) and Mn (III/IV). Two major growth pathways of 

equn (1) and equn (2) were highly dependent on the reaction temperatures. The redox 

method provides a concept with easy route to dop metal species in metal oxides for 

preparing high performance materials. To optimize the electrochemical activities in 

reduction potential region, graphene was introduced to hybridize with CMO. Surface 

areas and conductivities increased with the rise amounts of graphene covering on the 

surface of CMO. Larger voids created by Y-subunits on CMO can uptake more 

amounts of graphene. Due to the synergistic effect between graphene and CMO, the 

G-CMO showed that reductive peaks of sensing H2O2 and oxygen reduction reaction 

activity.  
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