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Abstract In order to take full advantage of the secondary

resources, in this paper, we reported a template-free pro-

cess to prepare porous Co microfibers from spent lithium-

ion batteries (LIBs). First, the waste LiCoO2 powders were

leached by oxalic acid at a suitable temperature, and rod-

like cobalt oxalate powders were obtained. Second, the

porous Co microfibers were prepared by using the cobalt

oxalate as precursors through a thermal decomposition at

420 �C under nitrogen atmosphere. The prepared Co

microfibers possess diameters of 1–2 lm, and each

microfiber consists of small particles with size of

100–200 nm. The Co microfibers (25 wt%)/paraffin com-

posite exhibited excellent microwave absorption perfor-

mance. When the sample thickness is 4.5 mm, the

reflection losses reach - 36.14 and - 38.20 dB at 4.16

and 17.60 GHz, respectively, and the effective bandwidth

reaches up to 5.52 GHz. This indicates that the Co

microfibers can be used as a promising microwave absor-

ber. Therefore, this paper demonstrates a novel process to

make a high value-added product through recycling from

the spent lithium-ion batteries. In addition, it is

advantageous to eliminate the hazard of spent lithium-ion

batteries and electromagnetic radiation to environment and

human health.

Keywords Spent lithium-ion batteries (LIBs); Co

microfibers; Recycling; Oxalic acid leaching; Microwave

absorption

1 Introduction

In the last few decades, lithium-ion batteries (LIBs) have

become the most widely used secondary batteries in many

portable electronic devices due to their outstanding prop-

erties including high energy density, no memory effect,

low self-discharge rate and long cycle life [1–3]. In addi-

tion to the traditional field of consumer electronics, there

are also large LIBs demands for some new areas, such as

new energy vehicles and energy storage [4, 5]. In recent

years, the production quantity of LIBs has kept increasing

at a high speed due to the huge market demands. For

example, the LIBs output of China reached 18 billion units

in 2018, which is more than three times the output in 2015.

In response to the large usage of LIBs, it is inevitably that a

huge quantity of spent LIBs will be produced when the

LIBs lose efficacy [6, 7]. Mass of valuable elements exist

in the spent LIBs, which are important secondary sources.

Meanwhile, some toxic materials like heavy metals,

organic electrolytes and binders are serious threats to the

ecological environment and people’s health [8]. Therefore,

it has become an urgent problem to realize the harmless-

ness and resources circulation of the spent LIBs.

Up to now, various kinds of LIBs have been developed

based on different cathode active materials, e.g., LiCoO2
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[9–11], LiNixCoyMnzO2 (LNCM) [12, 13] and LiFePO4

[14–16]. For the recovery of the valuable metals from these

cathode materials, two strategies were usually employed.

In the first way, the valuable metals were recovered one by

one through pyrometallurgy or hydrometallurgy processes

[4, 17–19]. The pyrometallurgy processes usually suffer

from high energy consumption, severe secondary contam-

ination and significant loss of lithium [20]. At present, the

hydrometallurgy process is regarded as a preferable

approach for the recycling of spent LIBs, and some new

selective leaching methods were proposed, such as the

selective extraction of lithium by oxalic acid or tartaric

acid leaching [21, 22].

In the second way, the transition metals in the spent

LIBs were recycled together to prepare oxides, and then the

oxides can be used to produce high value-added products

such as new cathode materials [23–26]. It is interesting to

find that the transition metals Co, Ni, Fe and Mn in the

cathode materials are also the main components of

microwave absorbing materials. Over the years, in order to

eliminate the harm of electromagnetic (EM) radiation to

environment and human health, various microwave

absorbing materials including Fe [27], Ni [28, 29], Co

[30, 31], Co3O4 [32], FeNi [33, 34], FeCo [35, 36], MnO2

[37] and NiCo2O4 [38] have been extensively studied, and

they exhibited excellent microwave absorbing properties.

Therefore, it is feasible and meaningful to prepare high

value-added microwave absorbing materials from the spent

LIBs.

Oxalic acid was often used as leaching agent as well as

precipitant to leach the cathode materials, due to that

Li2C2O4 is soluble, while the leached transition metal ions

(Co2?, Ni2?, Mn2?) will combine C2O4
2- subsequently to

form insoluble oxalate precipitates. Sun et al. [21] and

Zeng et al. [39] recovered CoC2O4�2H2O by using oxalic

acid to treat LiCoO2 cathode materials. When the

CoC2O4�2H2O powders were decomposed by thermal

treatment in N2 atmosphere, Co powders can be obtained

[21]. Zhang et al. [40] used oxalic acid to treat Li(Ni1/3Co1/

3Mn1/3)O2 cathode materials and a complex oxalate (Ni1/

3Co1/3Mn1/3)C2O4�2H2O was prepared. The oxide powders

of (Ni1/3Co1/3Mn1/3)3O4 can be obtained by thermally

decomposing the oxalate under air atmosphere. Therefore,

the transition metals in the spent LIBs can be recovered in

the forms of metals or oxides by the oxalic acid leaching–

thermal decomposition process. And then, the recovered

metals or oxides are potential microwave absorbers.

The morphologies and structures of powders have

important influences on their microwave absorbing prop-

erties. It has been proved that porous structures and fibrous

morphologies are beneficial to enhanced microwave

absorbing properties [41, 42]. In the past years, many Co-

based microwave absorbing materials were studied due to

their excellent magnetic properties. However, the porous

Co fibers have rarely been reported. The porous structure

can be obtained by thermal decomposition of cobalt oxalate

due to the release of CO2 gas in the decomposition process.

The fibrous morphology can be inherited from rod-like

cobalt oxalate precursors. However, in all of the above

oxalic acid leaching processes, the morphologies of the

oxalate powders were not researched systematically, and

the powders are irregular and aggregate particles. In the

work of Park et al. [43], rod-like cobalt oxalate powders

were obtained from the cathode materials by using malic

acid as a leaching agent and oxalic acid as a precipitant.

However, these cobalt oxalate rods are not uniform and

slightly agglomerated. The uneven particles in absorbing

matrix will lead to deteriorating microwave absorbing

performance. In addition, in order to obtain one dimen-

sional powder, some templates such as carbon nanotubes

[44] and anodic aluminum oxide [45] were usually

employed, which make the preparation be very compli-

cated. Therefore, it is still a challenge to directly obtain

uniform and dispersive cobalt oxalate rods from the cath-

ode materials by oxalic acid leaching-precipitation process.

In this paper, we developed a simple template-free method

to prepare long rod-like CoC2O4�2H2O powders using

oxalic acid to leach the LiCoO2 cathode materials, just by

choosing a leaching condition with suitable leaching tem-

perature. The porous Co microfibers were obtained by

thermal decomposition of the CoC2O4�2H2O rods and they

showed excellent microwave absorbing properties in

2–18 GHz.

2 Experimental

2.1 Pretreatment of spent LIBs

Spent LIBs with LiCoO2 cathodes used in this study were

purchased from a local recycling center. These spent LIBs

were firstly discharged in a 10 wt% NaCl solution for 48 h

and then manually dismantled into plastic cases, cathodes,

anodes and organic separators. The cathode active powders

were separated from aluminum foils by immersing the

cathodes in N-methyl-2-pyrrolidone (NMP) at 80 �C for

2 h. After filtering and washing, the cathode active pow-

ders were dried at 60 �C for the subsequent process.

2.2 Preparation of porous Co microfibers

Oxalic acid was used to treat the collected cathode active

powders. In a typical process, 0.5 g cathode powders were

added into 50 ml H2C2O4 solution (1 mol�L-1) under

stirring. The detailed leaching conditions (S1–S6) are

shown in Table 1. After stirred for 2 h, the black cathode
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powders were converted to pink oxalate precipitates. After

filtering, washing and drying, the oxalate powders were

calcined under 420 �C for 30 min in nitrogen, and then the

porous Co microfibers can be obtained by magnetic sepa-

ration from the decomposed products.

2.3 Materials characterization

The cathode powders were dissolved in aqua regia solution

to determine the chemical composition. The compositions

of both the aqua regia and leaching solution were deter-

mined by an inductively coupled plasma optical emission

spectrometer (ICP-OES, ICPS-7510 PLUS, Shimadzu,

Japan). Crystal structures of the samples were characterized

by an X-ray diffractometer (XRD, D8 Advance, Bruker,

Germany), and the morphologies of the samples were

determined by a scanning electron microscope (SEM, JSM-

6490LV, JEOL, Japan) and a transmission electron micro-

scope (TEM, JEM-2100, JEOL, Japan). Thermal decom-

position process of the oxalate powders was determined by

a thermogravimetric–differential thermal analyzer (TG-

DTA, DTG-60H, Shimadzu, Japan) with a scanning speed

of 10 �C�min-1 from room temperature to 500 �C under

nitrogen. For the microwave absorption measurement, the

Co microfibers were first mixed with 75 wt% paraffin

homogeneously and then shaped into a concentric ring with

7.00 mm in outer diameter and 3.04 mm in inner diameter.

EM parameters of the concentric ring were characterized

using a vector network analyzer (Agilent E5071C) in the

frequency of 2–18 GHz. Reflection loss (RL) of the sample

was calculated according to the transmission line theory

based on the measured EM parameters.

Table 1 Operation conditions of oxalic acid leaching process

Sample number Temperature / �C Time / h

S1 50 2

S2 60 2

S3 70 2

S4 80 2

S5 50 �C for 1 h and then 80 �C for 1 h

S6 60 �C for 1 h and then 80 �C for 1 h

Fig. 1 a XRD pattern and b, c SEM images of cathode powders; d–f EDS mapping and g EDS composition of powders in c
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3 Results and discussion

3.1 Oxalic acid leaching of cathode powders

Crystal structure, morphology and composition of the

cathode powders were determined by XRD, SEM images

and EDS, as shown in Fig. 1. It is seen from Fig. 1a that

the main phase of the cathode powders is LiCoO2 (PDF

No. 50-0653). However, two different powders exist in the

SEM images (Fig. 1b, c). According to EDS mapping and

the compositions of Areas 1 and 2 shown in Fig. 1d–g, the

coarse particles in Fig. 1c are LiCoO2 and the fine powders

are carbon black. The carbon black is amorphous, so there

is no obvious carbon characteristic peak in the XRD

pattern.

It is well known that trivalent Co in LiCoO2 is difficult

to be leached out. However, in the oxalic acid leaching

process, the trivalent Co can be reduced to divalent Co due

to the reducibility of oxalic acid. Figure 2a shows the Li?

leaching rate and Co2? concentration in the leaching

solution at different leaching parameters. It can be seen that

the leaching rate of Li? is proportional to the leaching

temperature, while the Co2? concentration shows a con-

trary trend. It has been proved by plenty of literatures that

the leaching rates of cathode materials can be improved by

increasing the leaching temperature [21, 46–48]. Therefore,

the Li? leaching rate increases from 44.33% to 91.01%

when the leaching temperature increases from 50 to 80 �C.
With the increased temperature, the Co2? leaching rate

should also increase. However, the Co2? concentrations at

high temperatures are decreased, which indicates that the

Co2? precipitation rate also increases proportionately to the

reaction temperature, and more Co2? can be converted to

oxalate precipitates at a higher temperature.

XRD patterns of the leaching residues under different

leaching conditions are shown in Fig. 2b. It is observed

that both LiCoO2 (PDF No. 50-0653) and CoC2O4�2H2O

(PDF No. 25-0250) exist in S1 and S2, indicating low

leaching rates. Conversely, for S3 and S4, the characteristic

peaks of LiCoO2 are almost disappeared due to the high

leaching rates at high leaching temperatures. Therefore, the

leaching process can be described as follows:

2LiCoO2 sð Þ þ 4H2C2O4 ¼Li2C2O4 þ 2CoC2O4 �2H2O sð Þ
þ 2H2Oþ 2CO2

ð1Þ

It should be pointed out that there is an obvious

difference for the peak intensity of (400) crystal face

(2h = 30.07�) between the CoC2O4�2H2O sample and the

standard card. This may be due to the preferred orientation

growth of CoC2O4�2H2O crystals, which will be proved by

the following SEM images.

Figure 3 shows SEM images of the leaching residues

under different leaching conditions. Both unreacted

LiCoO2 particles and newly generated CoC2O4�2H2O

particles exist in the residues. At low leaching temperatures

(50 and 60 �C), the CoC2O4�2H2O particles are long rod-

like. At the leaching temperature of 70 �C, the

CoC2O4�2H2O particles show polyhedral shapes and the

polyhedral particles are agglomerated. When the leaching

temperature increases to 80 �C, the agglomeration of the

particles is more severe. This phenomenon indicates that

the growth of the CoC2O4�2H2O is closely related to the

reaction temperature. It is well known that the morpholo-

gies of particles are controlled by the nucleation and

growth of the crystals. At low temperatures, the growth

speed of crystals is slow, which is beneficial to the oriented

growth of the crystals. Conversely, at high temperatures,

the leaching speed is fast, and the nucleation and growth

are quick, which lead to the formation of the agglomerated

particles. It also can be found in Fig. 3 that the unreacted

LiCoO2 particles are decreased with the increased tem-

perature, due to the increased leaching rate shown in

Fig. 2a.

Fig. 2 a Leaching rate of Li? and concentration of Co2? in leaching solution; b XRD patterns of leaching residues of S1–S6
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It seems impossible to obtain a high leaching rate and

rod-like CoC2O4�2H2O particles simultaneously from the

above analysis. In order to solve this contradictory, two

additional two-stage leaching experiments (S5 and S6)

were carried out. It is seen from Fig. 2a that the leaching

rates of S5 and S6 are roughly identical to that of S4.

However, the CoC2O4�2H2O morphologies of S5 and S6

shown in Fig. 3e, f are similar to those of S1 and S2. In the

two-stage leaching process, the rod-like CoC2O4�2H2O

particles were first produced at lower temperatures. And

then new Co2? leached in the second stage will combine

C2O4
2- and continue to grow on the surfaces of the formed

CoC2O4�2H2O rods. Therefore, the diameters of the rods of

S5 and S6 are slightly larger than those of S1 and S2. By

comparing Fig. 3e, f, it is shown that S6 has a better rod-

like morphology than S5, which can be ascribed to that

more Co2? are leached out for S5 in the second stage. The

supersaturation of Co2? will lead to the generation of some

new fine particles. As is clear from the above descriptions,

the high leaching rate and rod-like CoC2O4�2H2O particles

can be obtained simultaneously just by choosing a leaching

condition with suitable temperatures.

3.2 Preparation of porous Co microfibers

Thermal decomposition behavior of the leaching residues

(S6) in N2 atmosphere was characterized by TG-DSC

analysis, as shown in Fig. 4a. It can be seen that there are

two obvious weight loss stages in the TG curve, which is

consistent with some other reported thermal decomposition

of oxalate powders [21, 40]. The first weight loss of

18.04% is corresponding to the dehydration of

CoC2O4�2H2O powders, and the second weight loss of

46.01% can be ascribed to the decomposition of CoC2O4

powders (Fig. 4b). It is noted that both the two theoretical

weight losses are slightly larger than the practical weight

losses. This is because there are a small number of carbon

black and unreacted LiCoO2 in the residues, which are

stable in the N2 atmosphere. It is also found in Fig. 4a that

there are two endothermic peaks at 193 and 388 �C in the

DSC curve, corresponding to the two weight loss stages in

the TG curve, which indicates that both of the two weight

loss stages are endothermic processes.

Figure 4c shows XRD pattern of the obtained Co pow-

ders through thermal decomposition process. It is shown

that there are two Co crystal forms in the powders, corre-

sponding to the hexagonal structure (PDF No. 05-0727)

and face-centered cubic structure (PDF No. 15-0806),

respectively. Figure 4d is SEM image of the Co powders,

showing that the Co powders have fibrous shapes with

diameters of 1–2 lm. This fibrous shape helps to get an

improved magnetic property because of its obvious shape

anisotropy, and then lead to enhanced microwave absorp-

tion [42]. Owing to the release of H2O and CO2 in the

thermal decomposition process, the microfibers show por-

ous structures, and each microfiber consists of small par-

ticles with size of 100–200 nm (the magnified SEM image

is shown in Fig. S1). Porous structure and composition of

the Co fibers were further determined by TEM image

(Fig. 4e) and corresponding EDS mapping (Fig. 4f and

Fig. S2). These pores in the fibers can cause multiple

reflection and scattering of the incident EM waves, and

thus enhance the microwave absorbing property.

3.3 Electromagnetic parameters

The microwave absorption performance of a material

depends on its electromagnetic parameters (relative

Fig. 3 SEM images of leaching residues of a S1, b S2, c S3, d S4, e S5 and f S6
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complex permittivity of er = e0 - je00, and relative complex

permeability of lr = l0 - jl00, where e0 and e00 are real and
imaginary parts of the permittivity, and l0 and l00 are real

and imaginary parts of the permeability, respectively [49].

Figure 5a presents the permittivity of Co/paraffin com-

posite. It is shown that both e0 and e00 fluctuate in the whole

2–18 GHz. As is well known, the dielectric polarization

mechanism can be from interfacial polarization, dipolar

polarization, ionic polarization and electronic polarization.

Generally, the latter two mainly happen in infrared and

ultraviolet frequency bands, respectively, and the interfa-

cial polarization only appears in low-frequency band less

than 100 Hz. It is interesting from Fig. 5a to find that each

resonance peak in the e00 curve corresponds to a descent

stage of e0 marked with green background, which is the

typical characteristic of dipolar polarization. The Debye

Function was usually employed to describe the dipolar

polarization as shown in Eq. (2) [50]:

eðf Þ ¼ e1 þ es � e1
1þ j2pf s

¼ e0ðf Þ þ je00ðf Þ ð2Þ

where es, e? and s are the static permittivity, optical per-

mittivity at the high-frequency limit, and relaxation time,

respectively; and f is frequency. Equation (2) indicates that

the plot of e0 versus e00 should be a semicircle, i.e., the

Cole–Cole semicircle [51]. It is shown in Fig. 5c that four

semicircles were obtained by plotting the e0-e00 curves, and
they exactly match up with the green parts shown in

Fig. 5a. Therefore, it can be concluded that the dipolar

polarization should be the main polarization mechanism of

the Co/paraffin composite.

Figure 5b presents the permeability of Co/paraffin

composite. It is shown that the l0 first exhibits a sharp

decline from 2.26 to 0.94 in 2.00–7.76 GHz, and then a

slow ascent in 7.76–18.00 GHz. Correspondingly, the l00

curve presents three resonance peaks at about 4.08, 5.36

and 12.56 GHz. Generally, the magnetic loss mechanism

can be ascribed to magnetic hysteresis loss, domain-wall

resonance, eddy current loss and natural resonance. In

weak fields, the magnetic hysteresis loss disappears due to

the reversible magnetic process. The domain-wall reso-

nance mainly happens in 1–100 MHz. Therefore, the first

two losses are negligible in this study. If the eddy current

loss is predominant, the value of l00(l0)-2f -1 should keep

unchanged with the varied frequencies. However, Fig. 5d

shows that there is a drastic change for the l00(l0)-2f -1

curve in 2–18 GHz. Therefore, the magnetic loss is pri-

marily from natural resonance.

The real parts of the electromagnetic parameters reflect

energy storage and the imaginary parts reflect energy dis-

sipation. Therefore, the dielectric loss factor (tande = e00/e0)
and magnetic loss factor (tandm = l00/l0) can be used as the

representation of electromagnetic loss capacities. As shown

in Fig. S3, tandm is larger than tande at all frequencies,

which means the predominance of magnetic loss for the

Co/paraffin composite. This is a common phenomenon for

the magnetic absorbing materials [34, 41, 42].

Fig. 4 a TG-DSC curves and b decomposition mechanism of CoC2O4�2H2O powders; c XRD pattern, d SEM image, e TEM image
and f EDS mapping of Co fibers
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3.4 Microwave absorbing properties

The reflection loss (RL) is the most commonly used indi-

cator to reflect the microwave absorbing property.

According to the transmission line theory, the RL can be

calculated by Eqs. (3, 4):

Zin ¼
ffiffiffiffiffi

lr
er

r

tanh j
2pf
c

d
ffiffiffiffiffiffiffiffi

erlr
p

� �

ð3Þ

RL ¼ 20 lg
Zin � 1

Zin þ 1

�

�

�

�

�

�

�

�

ð4Þ

where Zin is the normalized input impedance, lr is relative
complex permeability, er is relative complex permittivity,

c is the light velocity in free space (3 9 108 m�s-1), f is

electromagnetic wave frequency (Hz) and d is the sample

thickness (m).

RL of the Co/paraffin sample at different conditions

were calculated and the results are shown in Fig. 6a, b. It is

shown that at the sample thickness of 4.5 mm, the mini-

mum RL reach - 36.14 and - 38.20 dB at 4.16 and

17.60 GHz, respectively. The relationship between RL and

electromagnetic wave absorptivity (g) can be described by

Eq. (5):

RL ¼ 10 lg 1 � gð Þ ð5Þ

which shows that only less than 10% of the introduced

electromagnetic wave is reflected when the RL value is

lower than - 10 dB. And so, the bandwidth of RL less

than - 10 dB is often defined as effective bandwidth. For

the Co/paraffin composite with a thickness of 4.5 mm, the

frequency ranges of RL\ - 10 dB are 3.36–7.44 GHz

and 16.56–18.0 GHz. The effective bandwidth reaches up

to 5.52 GHz.

It is also found from Fig. 6a, b that the peak frequencies

of RL move toward lower frequencies when the sample

thickness is increased. In addition, when the thickness

increases to 4.5 mm, two minimum RL appear at different

frequencies. The relationship between the peak frequency

(fm) and the corresponding matching thickness (tm) can be

described by the quarter-wavelength model as shown in

Eq. (6) [52], where c is the light velocity in free space,

39108 m�s-1:

tm ¼ nc

4fm
ffiffiffiffiffiffiffiffiffiffiffiffiffi

lrj j erj j
p n ¼ 1; 3; 5; . . .ð Þ ð6Þ

Which indicates that tm is in inverse ratio to fm, and a tm
may match more than one fm due to the variable n. Fig-

ure 6c is the calculated results according to Eq. (6), and

Fig. 6d is the projection map of Fig. 6b. Taking the

4.5 mm sample for example, it shows that the peak

Fig. 5 a Complex permittivity, b complex permeability, c Cole–Cole semicircle and d value of l00(l0)-2f -1 of Co/paraffin composite
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frequencies in Fig. 6a, d agree well with the simulated

results in Fig. 6c, which confirms the quarter-wavelength

absorption mechanism.

3.5 Environmental evaluation

With the development of industry, environmental pollution

has become a severe global problem. In the past few years,

it has attracted wide concern to recycle the valuable metals

from spent LIBs, and eliminate the potential harm of the

hazardous materials in spent LIBs. In addition, electro-

magnetic radiation has become a new pollutant source with

the extensive use of wireless communication and electronic

devices. In this research, we developed a novel process to

prepare porous Co microfibers from spent LIBs for efficient

microwave absorption. Therefore, this work is helpful to

reduce the hazards of spent LIBs and electromagnetic

radiation to environment and human health simultaneously.

Below are some environmental advantages based on this

research. Firstly, compared with the strong inorganic acids

(H2SO4, HCl and HNO3) leaching, oxalic acid leaching is

relatively moderate, and its negative influence on

equipment and discharged waste water is decreased. Con-

sidering the possible environmental toxicity of oxalate

ions, two potential approaches were proposed for the

recycling of oxalate ions (Fig. S4). In addition, the lithium

and cobalt can be separated in one step due to the solubility

difference of their oxalates, which avoids the complicated

separation processes in the inorganic acid leaching. Sec-

ondly, the lithium in the leaching solution is suited to be

recycled in the form of Li2CO3 easily. Up to now, many

studies on the recycling of Li2CO3 have been reported

[53, 54], therefore, Li recovery from its carbonate salt was

not investigated in this work. Thirdly, multiple factors

including the porous structures, fibrous morphologies,

dipolar polarization, natural resonance and the quarter-

wavelength absorption mechanism contributed to the

excellent microwave absorbing property, as shown in

Fig. 7. Therefore, the porous Co microfibers exhibit an

enhanced microwave absorbing property compared with

some other Co-based materials, as shown in Fig. 8 [55–62].

This means that the Co microfibers can be made into a

potential microwave absorbing coating to absorb radar

waves for the military stealth, or protect precision

Fig. 6 a Two-dimensional and b three-dimensional graphs of reflection loss; c simulated curves according to Eq. (6) and d three-
dimensional projection of Co/paraffin sample
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equipment and people from the electromagnetic interfer-

ence and radiation.

4 Conclusion

In conclusion, the porous Co microfibers were prepared

using spent LIBs as raw materials through a template-free

method. Firstly, a high leaching rate and rod-like

CoC2O4�2H2O particles were obtained simultaneously

through oxalic acid leaching at a suitable temperature.

Secondly, the porous Co microfibers were prepared by

thermally decomposing the cobalt oxalate powders under

420 �C for 30 min in nitrogen. The prepared Co micro-

fibers (25 wt%)/paraffin sample exhibited an excellent

microwave absorbing property. The dielectric loss and

magnetic loss of the sample mainly come from dipolar

polarization and natural resonance, respectively, and the

magnetic loss is predominant. At the sample thickness of

4.5 mm, the RL reach - 36.14 and - 38.20 dB at 4.16

and 17.60 GHz, respectively, and the effective bandwidth

is up to 5.52 GHz. This indicates that the porous Co

microfiber is a promising candidate for strong and broad-

band microwave absorption. Therefore, this study provides

a new method to make high value-added products from the

spent LIBs.
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