
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry A

www.rsc.org/materialsA

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


 1

Multiple transition metal oxide mesoporous nanospheres with 

controllable composition for lithium storage 

 

Zailei Zhang, Qiangqiang Tan,* Yunfa Chen, Jun Yang* and Fabing Su* 

 

State Key Laboratory of Multiphase Complex Systems, Institute of Process Engineering, Chinese 

Academy of Sciences, Beijing, China 100190, 

 

*To whom correspondence should be addressed. E-mail address: qtan@home.ipe.ac.cn (Q. Tan), Tel.: 

+86 10 62529377; Fax: +86 10 82545008; jyang@mail.ipe.ac.cn (J. Yang), Tel: +86-10-82544915, Fax: 

+86-10-82544915; fbsu@mail.ipe.ac.cn (F. Su), Tel.: +86-10-82544850, Fax: +86-10-82544851. 

Page 1 of 25 Journal of Materials Chemistry A

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
A

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



 2

Abstract  

A general synthetic method based on a solvothermal route for the preparation of multiple transition 

metal oxides (MTMOs) mesoporous nanospheres (ZnaNibMncCodFe2O4, 0 ≤ a, b, c, d ≤ 1, a + b + c + d 

= 1) with controllable composition and uniform size distribution has been developed. The as-prepared 

ZnaNibMncCodFe2O4 nanospheres are formed by self-assembly of nanocrystals with the size of 5–10 

nm via structure-directing agents and mineralizer coordinating effect as well as optimization of the 

synthesis conditions. It has been identified that the addition of mineralizer is crucial for the control of 

the nucleation process when the metallic precursors are reduced; meanwhile the structure-directing 

agents is the key to form the mesoporous structure. A number of characterization techniques including 

X-ray diffraction, transmission electron microscopy, scanning electron microscopy, inductively 

coupled plasma optical emission spectrometry, temperature-programmed reduction, and nitrogen 

adsorption have been used to characterize the as-prepared mesoporous products. The overall strategy in 

this work extends the controllable fabrication of high-quality MTMOs mesoporous nanospheres with 

designed components and compositions, rendering these nanospheres have promising potential for 

various applications (oxygen reduction reaction, magnetic performance, supercapacitor, lithium-ion 

batteries, and catalysis).   

Page 2 of 25Journal of Materials Chemistry A

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
A

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



 3

1. Introduction  

Porous structures have recently gained tremendous interest because of their great potential in various 

applications such as separation,1 adsorption,2 gas sensors,3 biosensors,4 optoelectronic applications,5 

drug delivery,6 catalysis,7-9 supercapacitors,10 dye-sensitized solar cells,11 and lithium-ion batteries.12-14 

In the past decades, there have been great successes on developing effective methods for the synthesis 

of transition metal oxides (TMOs) including porous CuO microspheres,15 ZnO layers,16 CoO 

nanowires,17 Co3O4 nanosheets,18 NiO nanowires,19 alpha-Fe2O3,
20 MnO2 particles,21 MnFe2O4 

microspheres,22 spinel CoFe2O4,
23 ZnCo2O4 nanotubes,24 CoMn2O4 microspheres,25 NiCo2O4 

nanosheets,26 and NiMn2−xFexO4.
27 However, most of these reported TMOs porous structures are 

composed of relatively simple components. In addition, TMOs porous structures with more complexity 

in terms of structure and element composition are anticipated to offer exciting opportunities for both 

fundamental studies and practical applications. TMOs, including simple, binary and multicomponents, 

represent a family of important functional materials which could find widespread uses in magnetic 

performance,28, 29 catalyst,30-34 lithium-ion batteries,35 and supercapacitors.36, 37 As an example, binary 

TMOs are shown to exhibit enhanced lithium storage38 and supercapacitor performance.39 Meanwhile, 

developing strategies to fabricate nanostructures with precisely controlled composition and sizes40, 41 

have attracted considerable research attention owing to their various potential applications.  

Recently, designing a general route for controllable synthesis of a series of nanomaterials has 

become very vital in the view of nanoscience and nanotechnology, because this would provide a great 

deal of opportunities for studying the relationship between the component/structure and properties of 

the nanomaterials, as well as a clue to design new types of nanomaterials with desired properties 

through referring a given method,42 such as a general strategy for the synthesis of nanocrystals (noble 

metal, semiconductor, magnetic and dielectric, and rare earth fluorescence nanocrystals),43 

nanoparticles (metal, alloy, semiconductor, core–shell, hollow, and hybrid nanoparticles),44 few-layer-

thick inorganic nanosheets (BN, NbSe2, WSe2, Sb2Se3, and Bi2Te3),
45 mesoporous metal oxide 
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microspheres loaded with noble metal nanoparticles (TiO2/Au, ZrO2/Au, Al2O3/Au, TiO2/Pd, ZrO2/Pd, 

Al2O3/Pd, TiO2/Pt, ZrO2/Pt, and Al2O3/Pt),46 hollow nanoporous metal oxides (Mn2O3, MnO2, Fe2O3, 

and NiO),47 hollow and cage-bell nanostructured noble metals (Ru, Rh, Os, Ir, and  Pt),48 rare-earth 

solid solution colloidal spheres (La, Ce, Y, Gd, Nd, Sm, Er, and Yb oxide),49 Pt 3d-transition metal 

nanocubes (Co, Fe, and Ni),50 metal oxide nanocages (Mn3O4, Fe2O3, CoO, NiO, ZnO, and Co3O4),
42 

complex metal oxides tubular nanostructures (ZnCo2O4, CoMn2O4, ZnMn2O4, and NiCo2O4),
51 

multifunctional aqueous nanocrystals (Au, Ag, Pt, Pd, Ag-Au alloy, Ag-Pt alloy, Au-Pt alloy, AgCl, 

AgBr, CaF2, NdF3, SmF3, Fe3O4, PbCrO4, Sm(OH)3, ZnS, CdS, PbS, CuS, and Ag2S),52 metal 

oxide/TiO2  (Co3O4, Fe2O3, Fe3O4, and CuO) hierarchical heterostructures,53 ultrathin metal sulphide 

nanocrystals (CuS nanosheets, ZnS, Bi2S3, and Sb2S3 nanowires),54 layered transition-metal nanocones 

(Ni, Co0.25-Ni0.75, Co0.5-Ni0.5, Co0.75-Ni0.25, Co0.5-Cu0.5, and Co0.5-Zn0.5),
55 and multiple-shell metal 

oxide hollow microspheres (Co3O4, NiO, CuO, and ZnO).56  

These general routes reported so far were mainly focused on synthesizing nano/micro particles with 

core-shell, porous, and hollow structures that are limited to noble metals, alloys, and metal compounds 

with simple composition. Therefore the design of a general method with broad applicability for the 

synthesis of MTMOs porous structures, especially those with compositional accuracy, will attract 

growing interest and deserve more attention for their low density, excellent loading capacity, and high 

specific surface area with wide application. Herein, we demonstrate a general controllable synthesis of 

MTMOs (ZnaNibMncCodFe2O4, 0 ≤ a, b, c, d ≤ 1, a + b + c + d = 1) mesoporous nanospheres composed 

of nanocrystals (5–10 nm), which are self-assembled via structure directing agents and mineralizer 

coordinating effect as well as optimization of the synthesis conditions. This work would be helpful in 

the fabrication of MTMOs mesoporous structures for potential in various applications (oxygen 

reduction reaction, magnetic performance, supercapacitor, lithium-ion batteries, and catalysis).  
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2. Experimental section 

2.1 Material synthesis 

 All the chemicals were of analytical grade and purchased from Sinopharm Chemical Reagent Co., 

Ltd. Multiple transition metal oxides (MTMOs) mesoporous nanospheres were prepared by a 

solvothermal method, where the reactant amount, mineralizer, and solvent were varied, and listed in 

Table 1. In a typical synthesis, for sample Ni0.5Mn0.5Fe2O4 in entry 22 of Table 1, 

Mn(CH3COO)2·4H2O (0.5 mmol), Ni(CH3COO)2·4H2O (0.5 mmol), FeCl3·6H2O (2.0 mmol), and 

CH3COONa·3H2O (18 mmol) were dissolved in HOCH2CH2OH (80.0 mL) to form a homogeneous 

slurry by stirring, which was subsequently sealed in a stainless-steel autoclave and heated at 200 °C for 

48 h to obtain the desired products. The resulting precipitate was collected by centrifugation, washed 

with distilled water and absolute ethanol, and finally dried in vacuum at 80 °C for 24 h.  

2.2 Materials Characterization 

 X-ray diffraction patterns (XRD) were recorded on a PANalytical X'Pert PRO MPD using the Cu 

Kα radiation of (λ = 1.5418 Å). The microscopic feature of the samples was characterized by field-

emission scanning electron microscopy (FESEM) (JSM-7001F, JEOL, Tokyo, Japan) with an analyzer 

of Energy-dispersive X-ray Spectroscopy (EDX) and transmission electron microscopy (TEM) (JEM-

2010F, JEOL, Tokyo, Japan) with EDX. The electron beam was only 2 nm in diameter, capable of 

providing a high-resolution analysis. The porous property of the samples was investigated using 

physical adsorption of nitrogen at liquid-nitrogen temperature (–196 °C) on an automatic volumetric 

sorption analyzer (NOVA3200e, Quantachrome). Prior to the measurement, the sample was degassed 

at 200 ºC for 24 h under vacuum. The specific surface area was determined according to the Brunauer-

Emmett-Teller (BET) method in the relative pressure range of 0.05–0.2. Pore size distribution (PSD) 

curves were derived from the Barrett-Joyner-Halenda (BJH) method from the adsorption branches. The 

pore sizes were estimated from the maximum positions of the BJH PSD curves. Temperature 

programmed reduction (TPR) measurements were carried out on Automated chemisorption analyzer 
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(ChemBET pulsar TPR/TPD, Quantachrome). Upon loading of 0.10 g of MTMOs mesoporous 

nanospheres into a quartz U-tube, the sample was degassed at 200 ºC for 30 min under helium. When 

the temperature dropped to 20 ºC, the gas was changed to 9.9 % H2/Ar. Finally, the sample was heated 

from 20 ºC to 800 °C with 10 °C min-1 in 9.9 % H2/Ar with a gas flow of 30 mL min-1. The elemental 

analysis was conducted by inductively coupled plasma optical emission spectrometry (ICP-OES, 

Optima 5300DV, Pekin Elmer, USA). Gas Chromatography Mass Spectrometry (GC-MS) (QP2010, 

SHIMADZU) was employed to calculate the products after reaction. 

2.3 Electrochemical Measurement 

 The working electrode was prepared by mixing the active materials, acetylene black, and 

polyvinylidene fluoride (PVDF) in a weight ratio of 70:20:10 with N-methylpyrrolidone (NMP) as a 

solvent. The resulting slurries were cast onto a common Cu foil (current collector). The film composed 

of Cu foil and slurries were rolled into 25 µm thin sheets, and then dried at 40 oC for 24 h. The film 

were cut into disks with a diameter of 14 mm, and then dried at 120 oC under vacuum for 24 h. CR2016 

coin-type cells were assembled in an Ar-filled glove box with lithium foils as the counter electrodes 

and polypropylene microporous films (Celgard 2400) as separators. The liquid electrolyte was 1 mol L-

1 LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1, v/v). The 

galvanostatic charge and discharge tests were carried out by the CT2001A LAND testing instrument in 

a voltage range between 0.01 and 3.0 V at a current rate of 50 mA g-1. A cyclic voltammogram (CV) 

was carried out using a CHI660D potentiostat in the voltage range 0−3 V at a scanning rate of 0.1 mV 

s−1 at room temperature. 

 

3.  Results and discussion  

Our previous studies have demonstrated that the parameters for synthesizing porous structures 

transition metal oxides (TMOs), such as solvents,8, 15 mineralizers,57 and structure directing agents22, 58 

have strong effects on the morphology and pore structure of the products. Therefore, to obtain uniform 
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monodispersed multiple transition metal oxides (MTMOs) mesoporous nanospheres with controllable 

composition, these parameters were systematically investigated and a formation mechanism of 

MTMOs mesoporous nanospheres was proposed based on the experimental observations. 

3.1. Transition metal oxide nanospheres with mesoporous structures 

Fig. 1 shows the SEM images, and TEM images of the ternary TMOs mesoporous nanospheres 

prepared by adding different metal precursors (entry 10-12 and 22-26 of Table 1). The SEM images 

show that these ternary TMOs samples including Zn0.5Co0.5Fe2O4 (Fig. 1a), Zn0.5Mn0.5Fe2O4 (Fig. 1c), 

Zn0.5Ni0.5Fe2O4 (Fig. 1e), Ni0.5Mn0.5Fe2O4 (Fig. 1g), Ni0.5Co0.5Fe2O4 (Fig. 1i), and Mn0.5Co0.5Fe2O4 (Fig. 

1k) have uniform spherical morphology with a size distribution of 50–100 nm. We also have 

investigated the influence of the metal precursor ratio on the composition and morphology of the 

products. For example, for Zn0.5Co0.5Fe2O4, the composition of Zn/Co can be tuned by varying the feed 

ratio between the Zn and Co precursors. Changing the molar ratio of Co/Zn from 1:1 to 1:4 and 4:1, as 

shown in Fig. S1a and b of Electronic Supplementary Information (ESI), Zn0.2Co0.8Fe2O4 and 

Zn0.8Co0.2Fe2O4 mesoporous nanospheres from ICP-OES analysis (not shown here) were also prepared 

under the same synthesis condition. The TEM images (Fig. 1b, d, f, h, j, and l) show that these 

nanospheres have mesoporous structure and each nanosphere is composed of small nanocrystals with 

the size of 5–10 nm, which serve as the building block units. From the fed molar ratio of metal 

precursors (Table 1), ICP-OES (not shown here), and SEM-EDX analyses (Fig. S2a, b, c, d, e, and f), 

the ternary TMOs mesoporous nanospheres of Zn0.2Co0.8Fe2O4, Zn0.8Co0.2Fe2O4, Zn0.5Co0.5Fe2O4, 

Zn0.5Mn0.5Fe2O4, Zn0.5Ni0.5Fe2O4, Ni0.5Mn0.5Fe2O4, Ni0.5Co0.5Fe2O4, and Mn0.5Co0.5Fe2O4 have been 

accurately prepared.  

To further confirm the structure and compositions of these ternary TMOs nanospheres, TEM-EDX 

and XRD patterns were recorded for all of these samples, which were presented in ESI Fig. S3. TEM-

EDX analyses of an arbitrary single nanosphere further reveal the existence of all four elements in the 

final ternary products, e.g. Zn, Co, Fe, and O for Zn0.5Co0.5Fe2O4 (ESI Fig. S3a), Zn, Mn, Fe, and O for 
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Zn0.5Mn0.5Fe2O4 (ESI Fig. S3c), Zn, Ni, Fe, and O for Zn0.5Ni0.5Fe2O4 (ESI Fig. S3e), Ni, Mn, Fe, and O 

for Ni0.5Mn0.5Fe2O4 (ESI Fig. S3g), Ni, Co, Fe, and O for Ni0.5Co0.5Fe2O4 (ESI Fig. S3i), and Mn, Co, 

Fe, and O for Mn0.5Co0.5Fe2O4 (ESI Fig. S3k). In comparison with the reported data,59-63 the observed 

diffraction peaks in the XRD patterns of the as-synthesized ternary TMOs at 2θ of 30.1, 35.6, 43.4, 

57.3, and 62.8o could be indexed to the lattice planes of (220), (311), (400), (511), and (440) 

respectively, also indicating the formation of Zn0.5Co0.5Fe2O4
59 (ESI Fig. S3b), Zn0.5Mn0.5Fe2O4

60 (ESI 

Fig. S3d), Zn0.5Ni0.5Fe2O4
61 (ESI Fig. S3f), Ni0.5Mn0.5Fe2O4

62 (ESI Fig. S3h), Ni0.5Co0.5Fe2O4
63 (ESI 

Fig. S3j), and  Mn0.5Co0.5Fe2O4
64 (ESI Fig. S3l).  

The hydrogen reduction property, surface areas, and pore sizes of TMOs as functional materials have 

significant impact on their widespread applications.8, 57, 65 Herein, we use the Mn0.5Co0.5Fe2O4 and 

Zn0.5Co0.5Fe2O4 nanospheres as examples to examine their H2-TPR, BET surface areas, and pore size 

distributions. ESI Fig. S4a shows the H2-TPR curves of Mn0.5Co0.5Fe2O4 and Zn0.5Co0.5Fe2O4. For the 

Mn0.5Co0.5Fe2O4, the H2 consumption peak is located at about 350–650 °C, while for the 

Zn0.5Co0.5Fe2O4 nanospheres, a main reduction peak is observed at about 450–650 °C. The maximum 

reduction peak for Mn0.5Co0.5Fe2O4 is lower than that of Zn0.5Co0.5Fe2O4, suggesting Mn0.5Co0.5Fe2O4 

is more reducible. These results demonstrate that the Mn0.5Co0.5Fe2O4 nanospheres have a higher 

capability to be reduced than that of Zn0.5Co0.5Fe2O4, and both of them have relatively low reduction 

temperature. Nitrogen adsorption measurements (ESI Fig. S4b) show that the BET surface areas of 

Zn0.5Co0.5Fe2O4 and Mn0.5Co0.5Fe2O4 nanopheres are 72.0 and 66.2 m2 g-1 respectively, and their BJH 

pore size distributions (inset of ESI Fig. S4b), determined from the adsorption branches, at the maxima 

are 3.1 and 2.6 nm respectively, indicating the presence of mesoporous structure, which originates from 

the internal space of the nanocrystals, the assembly units for the fabrication of nanospheres. These 

results demonstrate that the Mn0.5Co0.5Fe2O4 and Zn0.5Co0.5Fe2O4 nanospheres have higher surface 

areas and narrow pore size distributions. 
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Not surprisingly, quaternary and pentabasic TMOs mesoporous nanospheres can also be obtained 

simply using this solvothermal method upon the addition of four and five types of metal precursors. A 

series of quaternary TMOs mesoporous nanospheres have been prepared accordingly (entry 27-33 of 

Table 1). All of them show a uniform spherical morphology. Importantly, these mesoporous 

nanospheres can be designed and controllably synthesized with high precision. The molar ratio of each 

metal element in the final nanospheres can be tuned facilely in accordance to the preset ratio of metal 

precursors. SEM images of Zn0.33Ni0.33Mn0.33Fe2O4 (Fig. 2a), Ni0.33Mn0.33Co0.33Fe2O4 (Fig. 2d), 

Zn0.33Mn0.33Co0.33Fe2O4 (Fig. 2g), Zn0.33Ni0.33Co0.33Fe2O4 (Fig. 2j), and Zn0.25Ni0.25Mn0.25Co0.25Fe2O4 

(Fig. 2m) show that these samples consist uniform nanospheres with the size of 50–100 nm. The 

compositions of these samples were determined by the fed ratio of metal precursors (Table 1), ICP-

OES (not shown here), and the SEM-EDX spectra (Fig. S5a-S5e) analyses. We also have investigated 

the influence of the metal precursor ratio on the composition and morphology of the products. As an 

example, for Zn0.33Ni0.33Mn0.33Fe2O4, the composition of Zn/Ni/Mn can be changed by simply varying 

the fed ratio between the Zn, Ni, and Mn precursors. Changing the molar ratio of Zn/Ni/Mn from 1:1:1 

to 1:2:2 and 2:1:2, the morphology of Zn0.2Ni0.4Mn0.4Fe2O4 (ESI Fig. S6a) and Zn0.4Ni0.2Mn0.4Fe2O4 

(ESI Fig. S6b) is similar to that of the Zn0.33Ni0.33Mn0.33Fe2O4 nanospheres at the same preparation 

condition. The TEM images of these samples (Fig. 2b, e, h, k, and n) show that these nanospheres are 

mesoporous in structure, and each nanosphere is composed of small nanocrystals with a size of about 

5–10 nm.  Meanwhile, the HRTEM images of these samples (Fig. 2c, f, i, l, and o) reveal that the 

lattice fringe spacing is about 0.296 nm. Inset of Fig. 2i and 2o display the discontinuous diffraction 

rings, suggesting that Zn0.33Mn0.33Co0.33Fe2O4 and Zn0.25Ni0.25Mn0.25Co0.25Fe2O4 nanospheres are 

polycrystalline. 

The TEM-EDX analysis of a single nanosphere further reveal the existence of all five elements, e.g. 

Zn, Ni, Mn, Fe, and O for Zn0.33Ni0.33Mn0.33Fe2O4 (ESI Fig. S7a), Ni, Mn, Co, Fe, and O for 

Ni0.33Mn0.33Co0.33Fe2O4 (ESI Fig. S7c), Zn, Mn, Co, Fe, and O for Zn0.33Mn0.33Co0.33Fe2O4 (ESI Fig. 
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 10

S7e), and Zn, Ni, Co, Fe, and O for Zn0.33Ni0.33Co0.33Fe2O4 (ESI Fig. S7g), and all six elements (Zn, Ni, 

Mn, Co, Fe, and O) in a single Zn0.25Ni0.25Mn0.25Co0.25Fe2O4 nanosphere (ESI Fig. S7k). The molar 

ratio of each element in the final nanosphere is approximately equal to the initial ratio of the metal 

precursors (Table 1). The diffraction peaks in the XRD patterns at 2θ were observed to be 30.1, 35.6, 

43.4, 53.7, 57.3, and 62.8o, respectively, indicating the possible formation of Zn0.33Ni0.33Mn0.33Fe2O4 

(ESI Fig. S7b), Ni0.33Mn0.33Co0.33Fe2O4 (ESI Fig. S7d), Zn0.33Mn0.33Co0.33Fe2O4 (ESI Fig. S7f), 

Zn0.33Ni0.33Co0.33Fe2O4 (ESI Fig. S7h), Zn0.2Ni0.4Mn0.4Fe2O4 (ESI Fig. S7i), Zn0.4Ni0.2Mn0.4Fe2O4 (ESI 

Fig. S7j), and Zn0.25Ni0.25Mn0.25Co0.25Fe2O4 nanosphere (ESI Fig. S7l). To our knowledge, the standard 

XRD patterns of these quaternary and pentabasic TMOs nanospheres were not found from JCPDS 

cards and reported data because of the scarce researches on these quaternary TMOs. 

The STEM image and the corresponding elemental mappings for Zn0.5Co0.5Fe2O4 nanospheres are 

displayed in Fig. 3a. As indicated, all elemental components are evenly distributed within the entire 

nanospheres. The STEM image and elemental mappings of single Ni0.33Mn0.33Co0.33Fe2O4 mesoporous 

nanosphere are displayed in Fig. 3b. All elemental components are also evenly distributed within the 

whole nanosphere. The molar ratio of each element in the final nanospheres is approximately equal to 

the initial ratio of the metal precursors (Table 1). 

 

3.2. Formation mechanism 

The formation mechanism of ZnaNibMncCodFe2O4 mesoporous nanospheres is proposed. In the first 

stage, the Zn2+, Co2+, Ni2+, Mn2+, and Fe3+ ions were nucleated under solvothermal conditions via the 

reaction (aZn2+ + bNi2+ + cMn2+ + dCo2+ +2Fe3+ + 4H2O + 8CH3COO‒ → ZnaNibMncCodFe2O4 + 

8CH3COOH (from GC-MS analysis)) with the water generated from precursors to form nanosized 

crystalline ZnaNibMncCodFe2O4. When only one of the Zn2+, Co2+, Ni2+, Mn2+, and Fe3+ metal ion was 

added, Fe2O3 (ESI Fig. S8a), CoO (ESI Fig. S8b), ZnO (ESI Fig. S8c), NiO (ESI Fig. S8d), and MnO 
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(ESI Fig. S8e) particles without mesoporous structure were formed (entry 1-5 of Table 1). After 

addition of Fe3+ and the other one metal ions from Zn2+, Co2+, Ni2+, and Mn2+, the larger mesoporous 

nanospheres of CoFe2O4 (ESI Fig. S9a), NiFe2O4 (ESI Fig. S9b), MnFe2O4 (ESI Fig. S9c), or ZnFe2O4 

(ESI Fig. S9d) with a size of 50–300 nm were obtained accordingly (entry 6-9 of Table 1). With three, 

four, and five ions were added with Fe3+ precursors, the uniform smaller mesoporous nanospheres can 

be synthesized, as shown in Fig. 1 and 2. In the absence of Fe3+ metal precursors, the microparticles, 

e.g. Zn0.5Ni0.5Mn2O4 (ESI Fig. S10a) and Zn0.33Ni0.33Mn0.33Co2O4 (ESI Fig. S10b) (entry 34 and 35 of 

Table 1), formed under same conditions do not have mesoporous structures. The interaction between 

Fe3+ and other metal precursors might be occurred to promote the self-assembly of nanocrystals for the 

formation of mesoporous nanospheres. However, the specific interaction between them is yet to be 

investigated. Meanwhile, the CH3COONa as a mineralizer plays a crucial role for the formation of 

ZnaNibMncCodFe2O4 mesoporous nanospheres with a narrower size distribution.57, 58 Using 

Zn0.5Co0.5Fe2O4 nanospheres as an example, there were no mesoporous products generated without 

adding CH3COONa. However, the more uniform and smaller Zn0.5Co0.5Fe2O4 nanospheres were 

formed with the increase of the adding amount of CH3COONa (50–100 nm with 18 mmol (Fig. 1a), 

100–300 nm with 12 mmol (ESI Fig. S11a), 150–500 nm with 9 and 6 mmol (ESI Fig. S11b and S11c), 

and 300–700 nm with 3 mmol (ESI Fig. S11d)) (entry 12-17 of Table 1). Obviously, the more the 

added CH3COONa, the more uniform and smaller nanospheres were formed. However, with further 

increase of CH3COONa (such as 21 mmol, not shown here), the size and mesoporous structure is very 

close to the products obtained in the presence of 18 mmol CH3COONa. Then, in the second stage, these 

small nanosized crystalline are self-assembled into large secondary mesoporous nanospheres. 

HOCH2CH2OH can be absorbed on the surface of the nanosized crystalline particles and acted as 

structure-directing agents to regulate their surface state, influencing the nucleation and aggregate 

process of the nanoparticles, which are finally assembled to the nanospheres with mesoporous 

structure.58 The mesopores are derived from the internal space of these nanocrystals. In the absence or 
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with the decrease of HOCH2CH2OH, nanoparticles were formed instead of mesoporous nanospheres, as 

shown in ESI Fig. S12 (entry 18-21 of Table 1). In addition, in the absence of water while keep the 

presence of HOCH2CH2OH, the mesoporous nanospheres were formed (Fig. 1b). Increasing the 

amount of water to 10 and 20 ml, a mixture of the nanospheres and nanoparticles were obtained (ESI 

Fig. S12a and S12b). Further increasing the water to 30 and 40 ml, the products are mainly composed 

of nanoparticles (ESI Fig. S12c and S12d). Hence, HOCH2CH2OH as structure-directing agent also 

plays a crucial role for the formation of mesoporous nanospheres.15  

 

3.3 Electrochemical Property 

Binary66 and ternary64 TMOs have been considered as promising electrode materials for lithium-ion 

batteries. We have therefore investigated the lithium storage properties of the ternary TMOs of 

Ni0.5Mn0.5Fe2O4 and quaternary TMOs of Ni0.33Mn0.33Co0.33Fe2O4 nanospheres. Fig. 4a shows the 

voltage profiles of Ni0.5Mn0.5Fe2O4 for the first two cycles at a current density of 50 mA g-1. The 

discharge and charge capacities in the first run are 1078.2 and 771.4 mAh g-1 respectively. These 

irreversible capacity losses can be attributed mainly to the formation of the solid−electrolyte interface 

(SEI) layer and the side reactions during the electrochemical process. The initial discharge-charge 

capacity for these samples might based on the oxidation-reduction reactions of metallic Fe, Ni, and Mn 

nanoparticles to Ni0.5Mn0.5Fe2O4: 4Li2O + 0.5Mn + 0.5Ni + 2Fe ↔ Ni0.5Mn0.5Fe2O4 + 8Li+ + 8e−. A 

distinct voltage plateau can be clearly identified at ca. 0.8–1.0 V, corresponding to the reduction of Fe3+ 

to Fe, Ni2+ to Ni, and Mn2+ to Mn during the initial discharge process. Meanwhile, a defined plateau is 

observed in the charge process at ca. 1.4–2.1 V, corresponding to the oxidation of Fe to Fe3+, Ni to Ni2+, 

and Mn to Mn2+ during the initial charge process. Fig. 4b shows the discharge and charge capacities in 

the first cycle are 955.3 and 686.0 mAh g-1 respectively for Ni0.33Mn0.33Co0.33Fe2O4 at a current density 

of 50 mA g-1. Analogously, the irreversible capacity losses can also be attributed mainly to the 

formation of the SEI layer and the side reactions during the electrochemical process. Little different 
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from those in voltage profiles of Ni0.5Mn0.5Fe2O4, for Ni0.33Mn0.33Co0.33Fe2O4, A distinct voltage 

plateau and defined plateau corresponding to oxidation-reduction reactions of Fe, Co, Ni, and Mn were 

observed at ca. 0.8−1.0 V and ca. 1.3−2.1 V, respectively. The cycling performance in Fig. 4c shows 

that the discharge capacity after 60 cycles is about 477.7 mAh g-1 for Ni0.5Mn0.5Fe2O4 and 487.2 mAh 

g-1 for Ni0.33Mn0.33Co0.33Fe2O4. The coulombic efficiencies of the Ni0.5Mn0.5Fe2O4 and 

Ni0.33Mn0.33Co0.33Fe2O4 electrodes are around 71.5 % and 71.9 %, respectively, in the first cycle. The 

value quickly increases to around 98.0 % after several cycles, indicating the good reversibility of the 

electrode. This is because developed mesoporous structure can increase the accommodation of lithium 

ions and shorten the diffusion distance for lithium ions.67, 68 So these MTMOs nanospheres present 

promising potential for the anode materials of lithium-ion batteries. Fig. 4d presents the CV curves of 

Ni0.5Mn0.5Fe2O4 nanospheres for the first three cycles at a scan rate of 0.1 mV s-1. In the first scan, one 

cathodic peak is observed at 0.40–0.85 V, which corresponds to the conversion reactions of Fe3+, Mn2+, 

and Ni2+ to their metallic states and the formation of Li2O. The broad anodic peak can be ascribed to 

the oxidation reactions of metallic Fe, Mn, and Ni. The ternary metal oxide Ni0.5Mn0.5Fe2O4 stores Li 

through reversible formation and decomposition of Li2O. In the second scan, the reduction peaks are 

shifted to 0.55–1.1 V. The asymmetric nature of the plots suggests that the conversion reactions are 

only partially reversible and the complete structural recovery does not occur. The peak intensity and 

integral areas of the third cycle decrease with increase of cycling numbers, suggesting that the 

electrochemical reversibility in the first three cycles is not good.  

 

4. Conclusions 

In summary, we have demonstrated a general synthesis of multiple transition metal oxides (MTMOs) 

mesoporous nanospheres with controllable composition (such as Zn0.5Co0.5Fe2O4, Zn0.5Mn0.5Fe2O4, 

Zn0.5Ni0.5Fe2O4, Ni0.5Mn0.5Fe2O4, Ni0.5Co0.5Fe2O4, Mn0.5Co0.5Fe2O4, Ni0.33Mn0.33Co0.33Fe2O4, 

Zn0.33Mn0.33Co0.33Fe2O4, Zn0.33Ni0.33Mn0.33Fe2O4, Zn0.33Ni0.33Co0.33Fe2O4, and 
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Zn0.25Ni0.25Mn0.25Co0.25Fe2O4). The overall strategy presented in this work extends the fabrication of 

MTMOs mesoporous structures at the nanoscale. We also have demonstrated the promising uses of 

these MTMOs as negative electrodes for lithium-ion batteries. Meanwhile, these nanospheres may 

present promising potential for oxygen reduction reaction, magnetic performance, supercapacitor, and 

catalysis. Also, it should be pointed out that this method is extendable to the preparation of other 

MTMOs mesoporous nanospheres with different transition metal element composition.  
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List of Table 

Table 1: The synthesis conditions used for prepared MTMOs mesoporous nanospheres. 

 

Figure Captions: 

Fig. 1 SEM images (first and third column), TEM images (second and fourth column) of the ternary 

Zn0.5Co0.5Fe2O4 (a and b), Zn0.5Mn0.5Fe2O4 (c and d), Zn0.5Ni0.5Fe2O4 (e and f), Ni0.5Mn0.5Fe2O4 (g and 

h), Ni0.5Co0.5Fe2O4 (i and j), and Mn0.5Co0.5Fe2O4 (k and l).  

Fig. 2 SEM images (a, d, g, j, and m), TEM images (b, e, h, k, and n), and HRTEM images (c, f, i, l, 

and of the quaternary Zn0.33Ni0.33Mn0.33Fe2O4 mesoporous nanospheres of (a, b, and c), 

Ni0.33Mn0.33Co0.33Fe2O4 (d, e, and f), Zn0.33Mn0.33Co0.33Fe2O4 (g, h, and i), Zn0.33Ni0.33Co0.33Fe2O4 (j, k, 

and l) and the pentabasic Zn0.25Ni0.25Mn0.25Co0.25Fe2O4 (m, n, and 0). (Inset of Fig. 2i and 2o are the 

selected-area electron diffraction (SAED) patterns of Zn0.33Ni0.33Co0.33Fe2O4 and 

Zn0.25Ni0.25Mn0.25Co0.25Fe2O4 mesoporous nanospheres.) 

Fig. 3 STEM image and elemental mappings of Zn0.5Co0.5Fe2O4 (a) and Ni0.33Mn0.33Co0.33Fe2O4 (b). 

Fig. 4 Electrochemical properties: the first and second discharge-charge curves of Ni0.5Mn0.5Fe2O4 (a) 

and Ni0.33Mn0.33Co0.33Fe2O4 (b), cycling performance and coulombic efficiency of Ni0.5Mn0.5Fe2O4 and 

Ni0.33Mn0.33Co0.33Fe2O4  at a current density of 50 mA g-1 (c), and CV curves of Ni0.5Mn0.5Fe2O4 at a 

scan rate of 0.1 mV s-1 (d).  
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Table 1: The synthesis conditions used for prepared MTMOs mesoporous nanospheres. 

Entry Sample FeCl3 
(mmol) 

Co(CH3CO
O)2 (mmol) 

Mn(CH3CO
O)2 (mmol) 

Ni(CH3COO
)2 (mmol) 

Zn(CH3CO
O)2 (mmol) 

CH3COONa 
(mmol) 

HOCH2CH2O
H (ml) 

H2O 
(ml) 

1 Fe2O3 2.0     18 80  
2 CoO  2.0    18 80  

3 ZnO     2.0 18 80  

4 NiO    2.0  18 80  

5 MnO   2.0   18 80  

6 CoFe2O4 2.0 1.0    18 80  

7 NiFe2O4 2.0   1.0  18 80  

8 MnFe2O4 2.0  1.0   18 80  

9 ZnFe2O4 2.0    1.0 18 80  

10 Zn0.2Co0.8Fe2O4 

 
2.0 0.8   0.2 18 80  

11 Zn0.8Co0.2Fe2O4 

 
2.0 0.2   0.8 18 80  

12 Zn0.5Co0.5Fe2O4 

 
2.0 0.5   0.5 18 80  

13 Zn0.5Co0.5Fe2O4 

 
2.0 0.5   0.5 12 80  

14 Zn0.5Co0.5Fe2O4 

 
2.0 0.5   0.5 9 80  

15 Zn0.5Co0.5Fe2O4 

 
2.0 0.5   0.5 6 80  

16 Zn0.5Co0.5Fe2O4 

 
2.0 0.5   0.5 3 80  

17 Zn0.5Co0.5Fe2O4 

 
2.0 0.5   0.5 0 80  

18 Zn0.5Co0.5Fe2O4 

 
2.0 0.5   0.5 18 70 10 

19 Zn0.5Co0.5Fe2O4 

 
2.0 0.5   0.5 18 60 20 

20 Zn0.5Co0.5Fe2O4 

 
2.0 0.5   0.5 18 50 30 

21 Zn0.5Co0.5Fe2O4 

 
2.0 0.5   0.5 18 40 40 

22 Ni0.5Mn0.5Fe2O4 

O
2.0  0.5 0.5  18 80  

23 Zn0.5Mn0.5Fe2O4 

 
2.0  0.5  0.5 18 80  

24 Zn0.5Ni0.5Fe2O4 

 
2.0   0.5 0.5 18 80  

25 Mn0.5Co0.5Fe2O4 2.0 0.5 0.5   18 80  

26 Ni0.5Co0.5Fe2O4 2.0 0.5  0.5  18 80  

27 Zn0.2Ni0.4Mn0.4Fe2O4 2.0  0.4 0.4 0.2 18 80  

28 Zn0.4Ni0.2Mn0.4Fe2O4 2.0  0.4 0.2 0.4 18 80  

29 Zn0.33Ni0.33Mn0.33Fe2O4 2.0  0.33 0.33 0.33 18 80  

30 Ni0.33Mn0.33Co0.33Fe2O4 2.0 0.33 0.33 0.33  18 80  

31 Zn0.33Mn0.33Co0.33Fe2O4 2.0 0.33 0.33  0.33 18 80  

32 Zn0.33Ni0.33Co0.33Fe2O4 2.0 0.33  0.33 0.33 18 80  

33 Zn0.25Ni0.25Mn0.25Co0.25Fe2O4 2.0 0.25 0.25 0.25 0.25 18 80  

34 Zn0.5Ni0.5Mn2O4   2.0 0.5 0.5 18 80  

35 Zn0.33Ni0.33Mn0.33Co2O4  2.0 0.33 0.33 0.33 18 80  

 

  

Page 20 of 25Journal of Materials Chemistry A

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
A

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



 21

List of Figures:  

 

Fig. 1 

Page 21 of 25 Journal of Materials Chemistry A

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
A

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



 22

 

Fig. 2 
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Fig. 3 
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Fig. 4 
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Graphic Abstract 

 

A general approach has been developed for the fabrication of multiple transition metal 
oxides mesoporous nanospheres with controllable composition. 
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