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Simple one‑step synthesis 
of urchin‑like Fe–Mn 
nanostructures via statistical 
design and their effects 
on the morphology
Saeid Naeinimohammadi & Ahmad Rahbar‑Kelishami*

In the current investigation, a new urchin-like nanostructure using an authorized one-pot precipitation 
technique was synthesized using Taguchi statistical design. The effect of factors, including the 
concentration of FeSO4⋅7H2O, KMnO4, NaOH, and reaction temperature, on the diameter-to-
length ratio of the nanoneedles and the regularity or irregularity morphology of other samples, 
was investigated. KMnO4 and FeSO4⋅7H2O, with a contribution of 32.62% and 30.9%, had the most 
substantial effect on the nanoneedles’ diameter. The surface morphology and chemical composition 
of the as-prepared samples were studied using field emission scanning electron microscopy, X-ray 
diffraction, and energy dispersive spectroscopy (EDX) analyses. The length and needle diameter 
was obtained 140 and 17 nm, respectively. The result of BET analysis for the highest and the lowest 
value of D/L shows that the smallest ratio of diameter to length has a high specific surface area. The 
results show that sample S4 has a particular surface area of 74 m2/g, much more than S3 (25 m2/g). The 
estimated crystallite size in synthesized S3 and S4 samples are 41.64 and 26.49 nm, respectively.

The urchin-like nanostructures of double oxides have been drawn into significant consideration. They can defini-
tively make strides in reactivity owing to their extended surface ranges and composite material such as Fe–Mn. 
These materials have received considerable immersion because of chemical and physical estates. On the contrary, 
Fe–Mn, as a powder with a nanoscale dimension, presents great potential for its application in different processes. 
Generally, prickly structures, especially urchin-like nanostructures, are used increasingly in water treatment, 
medicine, drug delivery, the food industry, oil/water separation, electrochemical sensors, and catalysts1–7.

Research within the blend technique of nanomaterials is primarily situated toward controlling their shape, 
measure, and composition. Each of these components may be a key calculate in deciding a key calculate in 
determining the properties of materials that lead to distinctive, innovative applications8,9. Nanosystems have 
come to colossal consideration over time. The elemental component of nanosystems is nanoparticles. The size 
of nanomaterials is between 1 and 100 nm and is included metal oxides, carbon, metal, metal, or natural mate-
rial. The materials at the nonmetric size, compared to the other materials at higher scales, demonstrate unique 
biological, physical, and chemical characteristics10–12. This knowledge is caused by a comparatively bigger surface 
area to the volume, expanded reactivity or toughness in a chemical handle, heightened mechanical strength, etc.

The classification of nanostructure materials (NSMs) that have been established was essential. As a subject 
of nanotechnology, nanomaterials have low structural materials surrounding nanoscale size structural units 
at a minimum in one management. Gleiter provided the first nanomaterial category in 1995, and Skorokhod 
was promoted in 200113. Nevertheless, the provided plan by Gleiter and Skorokhod was examined entirely 
because 0-dimensional (0D), 1-dimensional (1D), 2-dimensional (2D), and 3-dimensional (3D) construc-
tions such as nanotubes, fullerenes, and nan flowers were not captured within report14. Hence, the category 
plan was altered by including 0D,1D, 2D, and 3D nanostructures, as Pokropivny and Skorokhod reported for 
nanomaterials15. Unique properties such as great specific surface area and 3D nonmaterial have enticed sub-
stantial studies in the last decade16. The sizes, shapes, proportions, and nanomaterial embryologists affect the 
manner of nanostructure materials. Consequently, to arrange 3D nanostructures, materials with a restrained 
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morphology and structure were attracted. Furthermore, the applications of 3D nanostructures are significant in 
charismatic material, catalysis, and electrode material for batteries13,15,17–30. Additionally, the 3D NSMs have as 
of late pulled in seriously investigate interface since the nanomaterials have a greater surface range and sup-
ply sufficient adsorption destinations for all included atoms in a little space31. For example, Zheng synthesized 
urchin-like trimanganes tetraoxide particles with oxidase-like activity for glutathione detection through a sim-
ple and gentle method32. He et al. prepared sea-urchin-like carbon/ZnO microstructures using a novel low-
temperature hydrothermal method for enhancing photocatalytic activity. The average diameter of nanoneedles 
was 40–50 nm33. Zhou et al. created the 3D urchin-like TiO2-reduced graphene micro/nanostructure composite 
through two forms. The adjoining cross section was 0.32 nm. The BET parameters were obtained from the N2 
adsorption–desorption isotherm. The particular surface zone comes to up to 117.56 m2/g34. Liu et al. synthesized 
the urchin-like structure of bimetallic phosphides by a simple solvothermal method. The results of scanning 
electron microscopy showed the length and diameter of nanorods formed on the surface were about 300–500 nm 
and 20 nm, respectively35. Chen et al. reported synthesizing urchin-like NiCo2O4 hollow nanospheres based on 
a special stepwise co-precipitation method in 201836. Song et al. synthesized urchin-like AlOOH microspheres 
with large specific surface area by a one-pot chemical-induced solvothermal method37. Abraham et al. 2018 
synthesized nanourchin-structured α-MnO2 for the application of ultrasonic-assisted adsorptive removal of 
cationic dyes synthesis. The diameter of nanoneedles was 20 nm38.

Nanourchin-like FeMnxO was synthesized through the simple chemical method by Zhong in 2016. The field 
emission scanning electron result showed that the nanostructure contains an amorphous Fe–Mn double oxides 
essence and a regular FeOOH nanoneedle shell. The specific surface area of synthesized material was reported to 
be about 142 m2/g39. In this study, the effect of fundamental factors, including the concentration of FeSO4.7H2O, 
KMnO4, NaOH, and reaction temperature (70–100 °C) on the diameter to length of nanoneedles, regularity or 
irregularity morphology of all samples were investigated.

Experimental
Materials.  The details of the materials are listed in Table 1. All chemicals were of analytical grade and pur-
chased from Merck Company without further purification.

Taguchi statistical design.  Design of the experiment (DOE) as a quantifiable approach not because it 
diminishes the number of the tests to induce the perfect conditions but also chooses the impact of the factors40. 
In addition, DOE responds with fewer tests as a competent instrument to accomplish perfect conditions. The 
Taguchi statistical design is one of the foremost common test plan strategies. DOE can incorporate taking after 
steps: (a) Select the objective work or reaction variable, (b) Classification of variable, (c) Deciding levels of the 
compelling components, and (d) Test of affectability with the assistance of an orthogonal cluster. To explore the 
concentration of FeSO4⋅7H2O (factor A), the concentration of KMnO4 (factor B), the concentration of NaOH 
(factor C), and reaction temperature (factor D), Taguchi L9 orthogonal were investigated for the ratio of diameter 
to length of nanoneedles as a response, which showing in Tables 2 and 337.

Table 1.   Materials used in the present study.

Reagent EC. index no Formula Molecular weight (g/mol ) Manufacturer

Ferroussulfate heptahydrate 026-003-01-4 FeSO4⋅7H2O 278.02 Merck Co., German

Potassium permanganate 025-002-00-9 KMnO4 158.03 Merck Co., German

Sodium hydroxide 011-002-00-6 NaOH 40 Merck Co., German

Table 2.   Factors and levels.

Value Level Symbol Parameters (unit)

180 A1

A Concentration of FeSO4⋅7H2O (mM)225 A2

270 A3

59 B1

B Concentration of KMnO4 (mM)75 B2

90 B3

4 C1

C Concentration of NaOH (M)5 C2

6 C3

70 D1

D Temperature (°C)85 D2

100 D3



3

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19420  | https://doi.org/10.1038/s41598-022-23381-9

www.nature.com/scientificreports/

The precipitation method was utilized to synthesize Fe–Mn parallel oxide powder. According to the Tagu-
chi design, FeSO4⋅7H2O and KMnO4 were independently solved in 100 mL of deionized water. The arranged 
KMnO4 solving was heated to definite temperature. After that, FeSO4 arrangement continuously included into 
the KMnO4 beneath energetic attractive blending was moderately added into the KMnO4 solving under force-
ful, charismatic animated 13 mL of NaOH was at that point included dripping to the blend. After 5 min, the 
response was turned off and the blended arrangement was cooled to the surrounding temperature. The acceler-
ates were possessed and washed occasionally with deionized water to expel the pollution. After washing, the 
item was dried and stored at 80 °C to steady weight. The evaporated item was pulverized and put away in the 
drier for advances to apply.

Characterization.  Fourier-transform infrared spectroscopy (FTIR) analysis was used to investigate func-
tional groups using Perkinelmer-USA. X-ray diffraction plans of samples were recorded interior 2θ of 10°–80° 
by using Bruker XRD Model Advance. The surface area of these textures was intercepted by Belsorp (Mini 
Finted-Japan) using N2 as adsorbate at 77 K. Also, Barret-Joyner-Halenda (BJH) method was employed to deter-
mine pore size dispersal and average pore width. Field-emission scanning electron amplifying (FESEM KYKY-
EM8000F-HV-15 kV-China and ZEISS SIGMA 300-German) qualified with EDAX system was utilized for mag-
nifying electron microscopy examination to study the surface analysis textural structures of samples.

Results and discussion
Taguchi analysis.  Table 5 shows the ANOVA analysis of the Taguchi L9 orthogonal array responses. One of 
the most important information outputs from ANOVA analysis is the significance or non-significance of factors 
in statistical analysis41–43. The impact of each calculation was distinctive from the other. Subsequently, D and 
C are more vital than the other two variables. Reliable with other researchers’ thoughts38,39. The commitment 
percent of each calculated from the most elevated to the least esteem on the proportion of D/L as the inspection 
reaction profitable for B, A, C, and D were 32.13, 30.90, 20.02, and 16.95%, respectively.

Moreover, to assess each factor’s ideal levels, the factors’ primary main effect plots were connected (Fig. 1). 
In this strategy, the more minor reactions from each figure level are calculated to get each factor’s fundamental 
impact of nanoneedles reconditions39. The Taguchi method assessed the impact of different components within 
the amalgamation of nanomaterial on the proportion of distance across to length (Table 4). Comparing the comes 
about appears that the calculate impacts recorded from the most noteworthy are B, A, C, and D, respectively. It 
can be seen from the most impacts plot that the anticipated ideal conditions for the least D/L will be gotten at 
225 mM of FeSO4⋅7H2O solution, 59 mM of KMnO4, and 5 M NaOH32,44.

According to Table 5, DF (degree of freedom) shows the examination employments that date to estimate 
the worth of unknown culture parameters. The number of observations in the sample determines the total DF. 
Sequential sums of squares (Seq SS) are measures of variation for different model components. Minitab software 
uses the Seq SS to calculate the P-value and the R2 statistic. Adjusted sums of squares (Adj SS) are measures of 
variation for diverse elements of the model. Minitab separates the sums of squares into different components 
that portray the variety due to a distinctive source. Adjusted mean squares (Adj MS) measure how much a term 
or a model explains.

Nanourchin‑like Fe–Mn parallel oxide nanoneedles growth mechanism.  Nanourchin-like Fe–
Mn was synthesized through a one-step reaction without presenting any surfactant. The transition of Fe–Mn 
double oxides was explored through FESEM analysis. Energy dispersive X-ray and X-ray diffraction investiga-
tion of the accelerates gathered at the diverse condition of amalgamation. The comparing EDX investigation 
of sample S4 (Fig. 2 and Table 6) appeared that these nanoparticles are created of Fe, Mn, and O components, 
and the molar proportion is smaller than the Fe/Mn molar proportion within the introductory measurements, 
demonstrating that a few of Fe particle may still be displayed within the supernatant.

The surface chemistries of the Fe–Mn nanourchin-like (S3 and S4) were analyzed utilizing the FTIR processor, 
and the resulting spectrogram is manifested in Figs. 3 and 4. A broad and sharp peak can be perceived within the 

Table 3.   Taguchi L9 ortoghonal array.

Sample

Factors and levels

A B C D

1 180 59 4 70

2 180 75 5 85

3 180 90 6 100

4 225 59 5 100

5 225 75 6 70

6 225 90 4 85

7 270 59 6 85

8 270 75 4 100

9 270 90 5 70



4

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19420  | https://doi.org/10.1038/s41598-022-23381-9

www.nature.com/scientificreports/

extend from 3200 to 3450 cm−1 and was gathered to start from –OH stretching vibration of hydroxyl groups45,46. 
The foremost vital signal at 580, 960, and 1550 cm−1 corresponds to MnO2, FeOH, and Fe2O3, respectively.

The composition and crystalline structure of synthesized Fe–Mn double oxides (sample S3, S4) were identi-
fied by XRD technique with Cu-Ka radiation (λ = 0.154 nm) (Fig. 5). The diffraction patterns were taken in 2θ 
mode in the 10°–80° range. The XRD patterns of samples S3 and S4 display a few clear diffraction crests coordi-
nating the stage of FeOOH (01-81-0464). Thus, the nanoneedles in the Fe–Mn composite were FeOOH35,47. 
Further, more obvious diffraction crystalline peaks of manganese oxide and Fe2O3 are detected. The crystallite 
degree was assessed by Scherer֜ s equation (Eq. 1).

where c is constant (−0.89), λ is the wavelength of the radiation utilized (λCu = 0.154 nm), θ is the diffraction 
point in degrees, and β is the overall width at half most prominent of the spreading point most extraordinary 

(1)Dhkl = c�/βCosθ

Figure 1.   Main effects plot for means.

Table 4.   The ratio of diameter to length measurements of Taguchi L9.

Sample Factors and levels Response (D/L)

S1 180 59 4 70 0.14

S2 180 75 5 85 0.125

S3 180 90 6 100 0.19

S4 225 59 6 100 0.12

S5 225 75 5 75 0.13

S6 225 90 4 85 0.133

S7 270 59 6 85 0.122

S8 270 75 4 100 0.133

S9 270 90 5 70 0.136

Table 5.   Analysis of variance for means.

Source DF (degree of freedom)
Seq SS (sequential sums of 
squares)

Adj SS (adjusted sum of 
squares)

Adj MS (adjusted mean 
squares)

A 2 0.000955 0.000955 0.000477

B 2 0.0013930 0.001393 0.000696

C 2 0.000620 0.000620 0.000310

D 2 0.000575 0.000575 0.000287

Residual 0 – – –

Error – – – –

Total 8 0.003543
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in radians (FWHM). The crystallite assessment inside the Fe–Mn double oxides particles for S3 and S4 samples 
were obtained 41.64 and 26.49 nm, respectively44.

The surface morphology of Fe–Mn double oxides was inspected by FESEM. As it appeared, Fe–Mn sample S4 
consists of invariant nanostructure architectures with a typical breadth of 250 nm (Fig. 6 (S4)) which is smaller 
than S2 (300–400 nm). Nucleation centers comprising of Fe–Mn double oxides (FeMnxOy) were formed rapidly 
by the redoxidation between KMnO4 and FeSO4, though needle-like was created spirally from interfacial cores48. 
As is well known, morphology is dependent on extrinsic and inborn energy. The extrinsic energy controls 
growth rates, whereas the inborn property decides the nucleation growth49. Compared to S1, S5, and S9, in the 
same reaction temperature, the number of nanoneedles increases when the concentration of NaOH increases. 
However, it grows randomly and the diameter-to-length ratio is approximately constant. FESEM of samples 
S2, S6, and S7 shows that by increasing the temperature the ratio of diameter to length is be smaller. It means 

Figure 2.   EDX surface analysis of sample S4.

Table 6.   EDX analysis of sample S4.

Element Line Type Weight % Weight % sigma Atomic %

C K series 14.93 0.54 26.48

O K series 41.65 0.39 55.44

Mn K series 10.65 0.22 4.13

Fe K series 29.69 0.35 11.32

Na K series 2.49 0.10 2.30

K K series 0.58 0.05 0.32
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Figure 3.   FTIR spectra of S3.
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that temperature with the higher ratio of FeSO4/KMnO4 and enough NaOH produced a stable structure with a 
small diameter and high length nanoneedles. When the reaction temperature is increased to 100 ◦C by enough 
FeSO4 and NaOH, sample S4 with the regular structure and the small diameter of nanoneedles (15–20 nm) will 
be formed. In the study of Zheng et al., the impact of the molar proportion of KMnO4 to oleic corrosive on the 
structure and morphology of urchin-like Mn3O4 was explored. The nanoneedles on the surface of nanourchin-
like particles were deficient, with a width of 20 nm and a length of 70 nm. When the molar proportion was 100:1, 
the nanoneedles were developed vertically on the surface of nanoparticles50. The comparison of current work 
with different urchin-like nanostructures is listed in Table 7.

An assertion test must also be performed to affirm the expected regard underneath the perfect confirmation 
levels. The test will control the perfect situations propounded. Thus, in extension to 9-synthesized Taguchi design 
samples, the 10th sample (Fig. 7) was orchestrated underneath the ideal situation. Brough almost D/L and regard 
was 0.125 showing a small desire error (% 4).

The BET results were conducted to further investigate the internal pore structure. The pore size dispensa-
tion was derived from the desorption branch of the isotherm with the Barrett–Joyner–Halenda model (Belsorp 
Mini2-Japon). The result of BET surface analyses confirmed the result of the Taguchi method. S4 has a specific 
surface area of 74 m2/g, much higher than S3 (25 m2/g) (Figs. 8 and 9). Furthermore, the pore volume and the 
average pore size of the S4 and S3 samples are 3 and 8.7 nm and 0.17 and 0.08 cm3/g, respectively. The results 
show that the smaller diameter-to-length ratio has a high specific surface area.

Conclusion
In summary, urchin-like Fe–Mn double oxides nanostructure was synthesized in a simple one-step precipitation 
arrangement without encouraging surfactant substances. Tests were conducted utilizing Taguchi L9 statistical 
design. After altering the samples, morphological highlights and chemical investigations such as XRD, FESEM, 
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Figure 4.   FTIR spectra of S4.
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and EDX were performed. The highest response alteration depended on KMnO4 and FeSO4.7H2O concentra-
tion with contribution percent of 32.13 and 30.90%, respectively. The most variables for synthesizing the ideal 
sample with the lowest ratio of diameter to length were 225 mM of FeSO4.7H2O solution, 59 mM of KMnO4, 
5 M NaOH, and the reaction temperature of 85 ◦C. The BET surface analyses of samples S3 and S4 showed a 
correlation between the ratio of D/L and surface area. It meant that the nanourchin with the high length and the 
small diameter had a high specific surface area.

Figure 6.   FESEM images of nanourchin-like samples S1–S9.

Table 7.   Comparison of nanourchin-like materials.

Name Diameter (nm) Length (nm) D/L BET (m2/g) References

Urchin-like Mn3O4 30 150 0.2 198.76 32

Sea urchin-like carbon/ZnO 40 147 0.27 64.3 33

Urchin NiCoP 20 300 0.06 – 35

Urchin NiCO2O4 18 – 41 36

Urchin ZnO 20 – – 53.9 51
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Data availability
Data are available [from Ahmad Rahbar-Kelishami] with the permission of [Ahmad Rahbar-Kelishami]. The data 
that support the findings of this study are available from the corresponding author, [Ahmad Rahbar-Kelishami], 
upon reasonable request.

Received: 28 August 2022; Accepted: 31 October 2022

Figure 7.   FESEM image of nanourchin-like sample S10.
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Figure 8.   Nitrogen adsorption–desorption isotherms of S3.

0

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8 1 1.2

Q
ua

nt
ity

 A
ds

or
be

d(
cc

/g
ST

D
)

Relative pressure(p/p.)

adsorption

desorption

Figure 9.   Nitrogen adsorption–desorption isotherms of S4.



9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19420  | https://doi.org/10.1038/s41598-022-23381-9

www.nature.com/scientificreports/

References
	 1.	 Shayesteh, H., Rahbar-Kelishami, A. & Norouzbeigi, R. Superhydrophobic/superoleophilic micro/nanostructure nickel particles 

for oil/water mixture and emulsion separation. Ceram. Int. 48(8), 10999–11008 (2022).
	 2.	 Singh, S., Kumar, V., Romero, R., Sharma, K. & Singh, J. Applications of nanoparticles in wastewater treatment. in Nanobiotechnol-

ogy in Bioformulations. 395–418 (Springer, 2019).
	 3.	 Rabbani, Y., Shariaty-Niassar, M. & Ebrahimi, S. A. S. The optimization effect of different parameters on the super hydrophobicity 

of prickly-shaped carbonyl iron particles. RSC Adv. 12(20), 12760–12772 (2022).
	 4.	 Rabbani, Y., Shariaty-Niassar, M. & Ebrahimi, S. A. S. The effect of superhydrophobicity of prickly shape carbonyl iron particles 

on the oil–water adsorption. Ceram. Int. 47(20), 28400–28410 (2021).
	 5.	 Shayesteh, H., Norouzbeigi, R. & Rahbar-Kelishami, A. Evaluation of superhydrophobicity of chemical-resistant magnetic spiky 

nickel nanowires grafted with silane coupling agent for highly efficient oil/water separation. Surfaces Interfaces 28, 101685 (2022).
	 6.	 Yang, Y. et al. Urchin-like Bi2S3 nanostructures with rich sulfur vacancies for ppb-level NO2 sensing. J. Alloys Compd. 930, 167467 

(2023).
	 7.	 Pakseresht, S., Cetinkaya, T., Al-Ogaili, A. W. M. & Akbulut, H. Urchin-like core-shell TiO2/α-MnO2 nanostructures as an active 

catalyst for rechargeable lithium-oxygen battery. Adv. Powder Technol. 32(3), 895–907 (2021).
	 8.	 Deng, Y. et al. Application of the nano-drug delivery system in treatment of cardiovascular diseases. Front. Bioeng. Biotechnol. 7, 

489 (2020).
	 9.	 Siddiqui, S. Influence of nanoparticles on food: An analytical assessment. J. King Saud Univ.-Sci. 33, 101530 (2021).
	10.	 Hajinajaf, N., Rabbani, Y., Mehrabadi, A. & Tavakoli, O. Experimental and modeling assessment of large-scale cultivation of 

microalgae Nannochloropsis sp. PTCC 6016 to reach high efficiency lipid extraction. Int. J. Environ. Sci. Technol. 19(6), 5511–5528 
(2022).

	11.	 Xu, J., Hu, Y., Wang, S., Ma, X. & Guo, J. Nanomaterials in electrochemical cytosensors. Analyst 145(6), 2058–2069 (2020).
	12.	 Shayesteh, H., Norouzbeigi, R. & Rahbar-Kelishami, A. Hydrothermal facile fabrication of superhydrophobic magnetic nanospiky 

nickel wires: Optimization via statistical design. Surfaces and Interfaces 26, 101315 (2021).
	13.	 Skorokhod, V., Uvarova, I. V. & Ragulya, A. V. Physico-chemical kinetics in nanostructured systems. Kyiv Acad. 1, 180–192 (2001).
	14.	 Chandross, E. A. & Miller, R. D. Nanostructures: Introduction. Chem. Rev. 99(7), 1641–1642 (1999).
	15.	 Pokropivny, V. V. & Skorokhod, V. V. Classification of nanostructures by dimensionality and concept of surface forms engineering 

in nanomaterial science. Mater. Sci. Eng. C 27(5–8), 990–993 (2007).
	16.	 Hasan, S. A review on nanoparticles: Their synthesis and types. Res. J. Recent Sci. 2277, 2502 (2015).
	17.	 Gleiter, H. Nanostructured materials: Basic concepts and microstructure. Acta Mater. 48(1), 1–29 (2000).
	18.	 Tiwari, J. N., Tiwari, R. N. & Kim, K. S. Zero-dimensional, one-dimensional, two-dimensional and three-dimensional nanostruc-

tured materials for advanced electrochemical energy devices. Prog. Mater Sci. 57(4), 724–803 (2012).
	19.	 Ren, X., Zelenay, P., Thomas, S., Davey, J. & Gottesfeld, S. Recent advances in direct methanol fuel cells at Los Alamos National 

Laboratory. J. Power Sources 86(1–2), 111–116 (2000).
	20.	 Oliveira, E. C. D., Pires, C. T. & Pastore, H. O. Why are carbon molecular sieves interesting?. J. Braz. Chem. Soc. 17, 16–29 (2006).
	21.	 Hu, L. et al. Highly conductive paper for energy-storage devices. Proc. Natl. Acad. Sci. 106(51), 21490–21494 (2009).
	22.	 Kamarudin, S. K., Achmad, F. & Daud, W. R. W. Overview on the application of direct methanol fuel cell (DMFC) for portable 

electronic devices. Int. J. Hydrogen Energy 34(16), 6902–6916 (2009).
	23.	 Chen, H. et al. Progress in electrical energy storage system: A critical review. Prog. Nat. Sci. 19(3), 291–312 (2009).
	24.	 Arico, A. S., Bruce, P., Scrosati, B., Tarascon, J.-M. & Van Schalkwijk, W. Nanostructured materials for advanced energy conversion 

and storage devices. in Materials for Sustainable Energy: A Collection of Peer-Reviewed Research and Review Articles from Nature 
Publishing Group. 148–159 (2011).

	25.	 Ferreira-Aparicio, P., Folgado, M. A. & Daza, L. High surface area graphite as alternative support for proton exchange membrane 
fuel cell catalysts. J. Power Sources 192(1), 57–62 (2009).

	26.	 Li, H.-Q., Wang, Y.-G., Wang, C.-X. & Xia, Y.-Y. A competitive candidate material for aqueous supercapacitors: High surface-area 
graphite. J. Power Sources 185(2), 1557–1562 (2008).

	27.	 Jin, Y.-H., Lee, S.-H., Shim, H.-W., Ko, K. H. & Kim, D.-W. Tailoring high-surface-area nanocrystalline TiO2 polymorphs for 
high-power Li ion battery electrodes. Electrochim. Acta 55(24), 7315–7321 (2010).

	28.	 Dong, Z., Kennedy, S. J. & Wu, Y. Electrospinning materials for energy-related applications and devices. J. Power Sources 196(11), 
4886–4904 (2011).

	29.	 Mastragostino, M. & Soavi, F. Strategies for high-performance supercapacitors for HEV. J. Power Sources 174(1), 89–93 (2007).
	30.	 Whittingham, M. S. Introduction: Batteries. Chem. Rev. 114(23), 11413–11413 (2014).
	31.	 Simon, P. & Gogotsi, Y. Materials for electrochemical capacitors. Nanosci. Technol. 7, 320–329 (2010).
	32.	 Zheng, X., Lian, Q., Zhou, L., Jiang, Y. & Gao, J. Urchin-like trimanganese tetraoxide particles with oxidase-like activity for glu-

tathione detection. Colloids Surf. A 606, 125397 (2020).
	33.	 He, W., Van Ngoc, H. & Kang, D. J. Enhanced photocatalytic activity of sea-urchin-like carbon/ZnO micro/nano heterostructures. 

J. Photochem. Photobiol. A 356, 212–218 (2018).
	34.	 Zhou, Y. et al. The synthesis of 3D urchin-like TiO2-reduced graphene micro/nano structure composite and its enhanced photo-

catalytic properties. Ceram. Int. 42(10), 12482–12489 (2016).
	35.	 Liu, S., Guo, J., He, X. & Han, X. Synthesis and characterisation of NiCoP urchins. Micro Nano Lett. 12(12), 960–963 (2017).
	36.	 Chen, F. et al. Stepwise co-precipitation to the synthesis of urchin-like NiCo2O4 hollow nanospheres as high performance anode 

material. J. Appl. Electrochem. 48(10), 1095–1104 (2018).
	37.	 Song, X., Yang, P., Jia, C., Chen, L. & Matras-Postolek, K. Self-assembled synthesis of urchin-like AlOOH microspheres with large 

surface area for removal of pollutants. RSC Adv. 5(42), 33155–33162 (2015).
	38.	 Abraham, R. et al. Facile synthesis, growth process, characterisation of a nanourchin-structured α-MnO2 and their application on 

ultrasonic-assisted adsorptive removal of cationic dyes: A half-life and half-capacity concentration approach. Ultrason. Sonochem. 
49, 175–189 (2018).

	39.	 Zhong, L.-B. et al. Facile one-pot synthesis of urchin-like Fe–Mn binary oxide nanoparticles for effective adsorption of Cd (II) 
from water. RSC Adv. 6(105), 103438–103445 (2016).

	40.	 Maroofi, J., Hashemabadi, S. H. & Rabbani, Y. Investigation of the chain formation effect on thermal conductivity of magnetor-
heological fluids. J. Thermophys. Heat Transf. 34(1), 3–12 (2020).

	41.	 Koochakzadeh, F., Norouzbeigi, R. & Shayesteh, H. Statistically optimized sequential hydrothermal route for FeTiO3 surface 
modification: Evaluation of hazardous cationic dyes adsorptive removal. Environ. Sci. Pollut. Res. 12, 1–15 (2022).

	42.	 Azarang, A., Rahbar-Kelishami, A., Norouzbeigi, R. & Shayesteh, H. Modeling and optimization of pertraction performance of 
heavy metal ion from aqueous solutions using M2EHPA/D2EHPA: Application of response surface methodology. Environ. Technol. 
Innov. 15, 100432 (2019).

	43.	 Hajinajaf, N., Fallahi, A., Rabbani, Y., Tavakoli, O. & Sarrafzadeh, M.-H. Integrated CO2 capture and nutrient removal by micro-
algae Chlorella vulgaris and optimization using neural network and support vector regression. Waste Biomass Valoriz. 3, 1–22 
(2022).

	44.	 Ziegel, E. R. Taguchi Techniques for Quality Engineering (Taylor & Francis, 1997).



10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19420  | https://doi.org/10.1038/s41598-022-23381-9

www.nature.com/scientificreports/

	45.	 Shayesteh, H., Ashrafi, A. & Rahbar-Kelishami, A. Evaluation of Fe3O4@MnO2 core-shell magnetic nanoparticles as an adsor-
bent for decolorization of methylene blue dye in contaminated water: Synthesis and characterization, kinetic, equilibrium, and 
thermodynamic studies. J. Mol. Struct. 1149, 199–205 (2017).

	46.	 Rabbani, Y., Shariaty-Niassar, M. & Seyyedebrahimi, S. A. An investigation of the effects of dopamine on the superhydrophobicity 
of carbonyl iron particles with stearic acid. Iran. J. Chem. Eng. (IJChE) 17(4), 49–59 (2020).

	47.	 Alaswad, A., Benyounis, K. & Olabi, A.-G. Optimization Techniques in Material Processing (2016).
	48.	 Rocha, T. G., Pedro, H. D. L., de Souza, M. C. M., Monteiro, R. R. C. & dos Santos, J. C. S. Lipase cocktail for optimized biodiesel 

production of free fatty acids from residual chicken oil. Catal. Lett. 151(4), 1155–1166 (2021).
	49.	 Zhang, N. et al. Single-atom site catalysts for environmental catalysis. Nano Res. 13, 1–18 (2020).
	50.	 Zhang, G.-S., Qu, J.-H., Liu, H.-J., Liu, R.-P. & Li, G.-T. Removal mechanism of As (III) by a novel Fe−Mn binary oxide adsorbent: 

Oxidation and sorption. Environ. Sci. Technol. 41(13), 4613–4619 (2007).
	51.	 Guo, W. One-pot synthesis of urchin-like ZnO nanostructure and its enhanced acetone gas sensing properties. J. Mater. Sci. Mater. 

Electron. 28(1), 963–972 (2017).

Author contributions
S.N.: Experimental work, Methodology, Software, Writing original draft. A.R.-K.: Conceptualization, Methodol-
ogy, Writing—review & editing, Supervision.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.R.-K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Simple one-step synthesis of urchin-like Fe–Mn nanostructures via statistical design and their effects on the morphology
	Experimental
	Materials. 
	Taguchi statistical design. 
	Characterization. 

	Results and discussion
	Taguchi analysis. 
	Nanourchin-like Fe–Mn parallel oxide nanoneedles growth mechanism. 

	Conclusion
	References


