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Abstract Lithium–selenium batteries, as an advanced

rechargeable battery system, have attracted wide attention.

However, its application is hurdled by the ambiguous

underlying mechanism such as the unclear active phase and

the key role of the host materials. Herein, a three-dimen-

sional (3D) functional matrix derived from the Co/Zn-

metal organic framework is synthesized to unravel the

questions raised. It reveals that the strong interaction and

voids in the 3D matrix serve to anchor the amorphous Se

with high electrochemical properties. The obtained 3DC/Se

exhibits 544.2 and 273.2 mAh�g-1 at current densities of

0.1C and 2.0C, respectively, with a diffusion-controlled

mechanism. The excessive amount of Se beyond the

loading capacity of the matrix leads to the formation of

trigonal phase Se, which shows an unsatisfying electro-

chemical property.

Keywords Metal–organic frameworks (MOFs);

Amorphous Se; Functional matrix; Li–Se batteries

1 Introduction

The rapid expansion of the electric vehicle industry has

stimulated the demand for power sources with high energy

density, and thus the development of electrochemical

energy storage (EES) systems beyond the commercially

available lithium-ion batteries is urgently needed [1–6].

Lithium–selenium (Li–Se) batteries, since the pioneering

work of Amine’s group which demonstrated the successful

implementation of elemental Se in the carbonate-based

electrolyte [7], have become a potential rechargeable

battery system [8, 9]. Selenium (Se), as the cathode

material, has a high theoretical specific capacity of

675 mAh�g-1 and a high volumetric specific capacity of

3253 mAh�cm-3 [10]. Moreover, the electrical conduc-

tivity of Se is around 1 9 10-3 S�cm-1 which exceeds

that of the commercial LiCoO2 cathode (1 9 10--

4 S�cm-1) [3, 11]. In addition, a relatively higher melting

point of Se (221 �C) than that of sulfur (112.8 �C) in the

same VI A group poises it with better thermal stability and

a higher endurance in the elevated working temperature

[3, 12, 13]. However, Se cathode still faces problems of

volume expansion during (dis)charging process, insuffi-

cient conductivity, and sluggish kinetics, leading to poor

utilization and inferior performance of Se cathode

[14, 15]. Therefore, the design and fabrication of an

advanced Se cathode with an in-depth understanding of its

underlying mechanisms is imperative to clean up the

hurdles for future commercialization.

To pursue a high-performance Se cathode, much effort

is contributed. It has been found that the (de)lithiation

behavior and the electrochemical properties of the Se

cathode are largely dependent on the form of Se [16]. Two

forms of Se, i.e. the crystalline Se (trigonal phase) and the
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amorphous Se are reported in the literature. Generally, as

compared to its crystalline counterpart, the amorphous Se

cathode usually displays a better electrochemical property.

Nevertheless, a different correlation between the crys-

tallinity of Se and the phase transformation (single-phase

or multi-step phase) during the lithiation process has been

observed, making the working principle still ambiguous

[3, 16, 17]. On the other hand, to maximize the utilization

of Se cathode, a host material is usually needed which also

plays a critical impact on the electrochemical performance

of Se cathode [1, 18]. Many carbon-based materials have

been investigated including carbon nanotubes [18, [19]],

porous carbon spheres [[14], [20]], reduced graphene oxide

[21], ordered mesoporous carbon [22], etc. Specifically,

these porous carbon materials are able to effectively alle-

viate the volume expansion during the reaction process and

the different pore structure is conducive to the penetration

of electrolyte, thereby ensuring rapid charge transfer during

cycling [23]. More importantly, these carbon host serves as

a matrix to accommodate the metastable amorphous Se

with abundant dangling bonds and a high surface-bulk ratio

[16]. Among them, the metal–organic framework (MOF)

derived functional porous carbon matrix has received wide

attention attributed to the tunable metal ion/coordination

ligand systems, controllable structures and adjustable pore

sizes [24–27]. Various MOF-derived functional architec-

tures have been constructed with promising applications in

a variety of applications [28–31]. However, less attention is

paid to the impact of the synthetic conditions of MOF-

derived functional matrix on the form Se and the respective

lithium-ion storage mechanism.

Therefore, we propose that a multifunctional three-di-

mensional (3D) porous Se matrix (3DC) can be obtained

by self-assembly of Co/Zn-MOF on the tissue paper-

derived carbon fibers with subsequent carbonization and

Se melt-diffusion process. The obtained 3DC with rich

dangling bonds and pores created by Zn evaporation acts

as the perfect substrate for amorphous Se with high

electrochemical capacity. Specifically, discharge specific

capacities of 544.2 and 273.2 mAh�g-1 are exhibited by

3DC/Se at 0.1C and 2.0C, respectively. The electro-

chemical study shows the activation process of 3DC/Se in

the first cycle, which is capable of decreasing the charge

transfer resistance. The 3DC/Se reveals a diffusion-con-

trolled mechanism and the capacitive contribution

increases along with the scan rates. The importance of the

functional 3DC matrix is investigated by varying the

synthetic time and Se loading ratio. It is revealed that the

increase of the thickness of the nanosheets for Co/Zn-

MOF leads to a higher capability of Se loading. When an

excessive amount of Se is loaded, it settles in a crystalline

trigonal phase, which would deteriorate the electrochem-

ical property.

2 Experimental

2.1 Materials preparation

Dissolving 1 mmol Co(NO3)2 and Zn(NO3)2 each into

40 ml of deionized (DI) water, which was denoted as

Solution A. Afterwards, 16 mmol 2-methylimidazole was

added to the same amount of DI water and recorded as

Solution B. Solution A was slowly added to Solution B

under stirring and then after stirring for 5 min, a clean

tissue paper was immersed. The above solution was kept

stationary at room temperature for 3 or 6 h before washing

with DI water 3 times and drying at 60 �C overnight to

obtain the Co/Zn-MOF. Finally, the as-prepared samples

were heated to 800 �C for 2 h (5 �C�min-1) in a tube

furnace under Ar atmosphere to obtain the 3DC matrix.

The selenium is incorporated by a melt-diffusion method.

Firstly, the prepared material is mixed with selenium

powder in weight ratios of 50%: 50%, 40%: 60% and 30%:

70%. After grinding, the samples were put into clean quartz

tubes, and the tubes were sealed in a vacuum state. Then,

the quartz tubes were put into a muffle furnace and kept at

300 �C for 15 h. The samples are collected from the quartz

tube after completely cooling down.

2.2 Materials characterization

A Bruker D8 advance powder diffractometer was

employed to perform the powder X-ray diffraction (XRD)

patterns by using Cu Ka radiation (k = 0.15404 nm) with a

scan rate of 5 (�)�min-1. A scanning electron microscopy

(SEM, FEI) with an energy-dispersive X-ray spectroscopy

(EDS) attachment was used to characterize the images and

elemental mappings. Thermal gravimetric analysis (TGA)

measurements were performed on a TG 209 F3 Tarsus�
with a heating rate of 10 �C�min-1 in Ar atmosphere. X-ray

photoelectron spectroscopy (XPS) analysis was performed

on a XSAM-800 spectrometer.

2.3 Electrochemical measurements

The as-synthesized material (80 wt%), acetylene black (10

wt%), polyvinylidene fluoride (10 wt%) were ground

before mixing them in the solvent of N-methyl pyrrolidi-

none (NMP). An aluminum foil as the current collector was

coated with the above-prepared slurry before dying at 60

�C for 12 h under vacuum. Then, electrode disks were cut

into a diameter of 12 mm with the active material loading

being * 1.4 mg�cm-2. A porous polypropylene mat and

Li-metal chip were utilized as the separator and counter/

reference electrode, respectively. The electrolyte was a

solution of 1.0 mol�L-1 LiPF6 in a mixed solvent of

ethylene carbonate (EC) (50 vol%) and dimethyl carbonate
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(DMC) (50 vol%). An electrolyte dose of 40 ll was used

for each coin cell and assembled in an Ar atmosphere glove

box. Neware battery test systems were used for the eval-

uation. The cyclic voltammetries (CVs) and electrochem-

ical impedance spectroscopy (EIS, 1 9 105–1 9 10–2 Hz)

analysis were tested by Ivium. The voltage window applied

was 0.6–3.0 V.

3 Results and discussion

Figure 1 is the schematic illustration of the Co/Zn-MOF

nanosheets self-assembly on the tissue paper by coordina-

tion between Co2?/Zn2? with a molar ratio of 1:1 and

2-methylimidazole ligands in water. Here, growth time of 3

and 6 h for the Co/Zn-MOF nanosheets is investigated,

which results in the variation in the thickness of the

nanosheets assembled. After the subsequent heat treatment

and carbonization process at 800 �C for 2 h, a 3D porous

carbonaceous matrix with decorating Co species is

obtained (3DC). The selenium (Se) is incorporated into the

3DC by a melt-diffusion process to obtain a 3D matrix of

C/Se composite (3DC/Se).

Figure 2a exhibits broad peaks of XRD patterns at 26.6�
in both 3DC-3h and 3DC-6h, which is ascribed to the (003)

crystal plane of C (JCPDS No. 75-1612). While three more

diffraction peaks at 44.2�, 51.5� and 75.9� originating from

the (111) (200) and (220) crystal planes of Co metal

(JCPDS No. 89-7093) are present as well. Diffraction

peaks from orthorhombic CoSe2 (JCPDS No. 53-0449) are

observed only in 3DC/Se-3h and 3DC/Se-6h samples after

Se melt-diffusion, indicating the conversion of metallic Co

to CoSe2 [32]. However, the diffraction peak of crystalline

Se is not observed.

Raman spectroscopy offers a non-destructive method to

characterize the structural information by detecting the

vibration of signature bonds. The structural information of

both 3DC/Se-3h and 3DC/Se-6h are compared in Fig. 2b.

Characteristic peaks of D and G bands featuring the defect

and stretching vibration in aromatic carbon materials,

respectively, are detected for both samples [33–36]. The

intensity ratio of D to G bands (ID/IG) is calculated to be

0.98 for 3DC/Se-3h and 1.01 for 3DC/Se-6h, which implies

the formation of sp2 hybridized aromatic carbon [37]. The

structure of Se in the composites is also compared with

bulk Se as well (Fig. 2c). The bulk Se depicts a trigonal

phase where a characteristic peak at 237 cm-1 is observed,

signifying the first-order A1 symmetric stretching mode of

trigonal Se [38, 39]. After being incorporated into the 3DC

matrix, both 3DC/Se-3h and 3DC/Se-6h display a chain-

like structure with the characteristic peak shifting to

257 cm-1. This Se is amorphous with disordered Sen
chains, which experience stronger interactions with the

3DC matrix than Se–Se bonding in the trigonal phase

[22, 38]. Interesting to note that, the Se form in 3DC/Se is

also different from that in the literature, where Se in the

form of Se8 rings was observed in ordered mesoporous

carbon (CMK-3) matrix [38, 40]. The content of Se in the

3DC matrix is measured by TGA under Ar atmosphere

(Fig. S1), which is determined to be 34.8 wt% and 40.1

wt% for 3DC/Se-3h and 3DC/Se-6h, respectively. This

indicates that thicker nanosheets are obtained with the

increase of Co/Zn-MOF growth time, which guarantees a

higher Se content.

Fig. 1 Illustrated synthetic process of 3DC/Se
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XPS are further acquired to probe the chemical state of

the as-prepared 3DC/Se-6h. In the high-resolution C 1s

spectrum (Fig. 2d), three peaks are deconvoluted corre-

sponding to C–C (284.7 eV), C–N (286.0 eV) and C=O/C–

Se (289.1 eV), respectively. In the Co core electron levels

(Fig. 2e), Co2? 2p1/2/2p3/2 and Co3? 2p1/2/2p3/2 pairs are

identified at 796.7/781.2 and 794.9/779.3 eV, respectively

[1, 41–44]. Noted that no signal from Zn 2p core level in

the range of 1010–1060 eV is detected, indicating the

absence of Zn metal in the 3DC/Se-6h sample (Fig. S2).

During the heat treatment process at 800 �C, Zn species

vaporize and escape from the 3DC, leaving voids and

dangling bonds in the matrix [1, 24]. Centering on the Se

3d spectrum (Fig. 2f), peaks at 56.8/56.3 and 55.8/55.3 eV

are related to the 3d3/2 of Se–Se/Se–Co and 3d5/2 of Se–Se/

Se–Co, respectively. The existence of the Se–Co bond

proves the generation of CoSe2, which is consistent with

XRD results. The Se–Se bond indicates that Se is not

completely converted to CoSe2. Combined with XRD

results, it is proved that though the existence of CoSe2, a

portion of Se is still in an amorphous elemental state.

[32, 45, 46].

SEM is utilized to understand the morphological infor-

mation of the samples. The nanosheet morphology of Co/

Zn-MOF can be observed (Fig. S3). As observed in Fig. 3a,

b, 3DC/Se-3h reveals a coral-like morphology intercon-

necting to form a 3D matrix. No big bulky structures are

observed. EDS results in Fig. 3c unveil the uniform dis-

tribution of C, Se and Co in 3DC/Se-3h, indicating that Se

are uniformly distributed in 3DC matrix. Similar mor-

phology and homogeneous distribution of C, Se and Co are

also uncovered in 3DC/Se-6h.

The lithium storage properties of both 3DC/Se-3h and

3DC/Se-6h samples are evaluated in a coin-type of cell

with the lithium plate as the counter and reference elec-

trode. CV scans are performed in the voltage range of

0.6–3.0 V at a scan rate of 0.1 mV�s-1. Figure 4a shows

the initial five CV scans of 3DC/Se-3h. A broad cathodic

peak at 1.2 V and an anodic peak at 2.2 V are observed in

the first CV cycle, corresponding to the formation of Li2Se

and restoration of Se/CoSe2, respectively. From the second

cycle onwards, the cathodic peak shifts to 1.75 V with a

shoulder peak at 1.35 V. This shifting was also observed in

the previous report which is attributed to the activation of

the C/Se based composite in the first cycle [1, 32].

Specifically, the redox pair at 2.10/1.35 V originates from

the reversible redox reaction of CoSe2 and the redox pair at

2.30/1.75 V is featured with the redox of amorphous Se

[28, 32]. While the anodic peak splits into two peaks at 2.1

and 2.3 V. From the second cycle onwards, the CV curves

gradually overlap with each other, revealing good

reversibility of the electrode. While for 3DC/Se-6h elec-

trode (Fig. 4b), a similar activation process in the first

cycle and shifting of the redox pairs to 2.15/1.15 V are

Fig. 2 a XRD patterns of 3DC-3h, 3DC-6h, 3DC/Se-3h, 3DC/Se-6h; b, c Raman spectra of Se, 3DC/Se-3h and 3DC/Se-6h; XPS
spectra of 3DC/Se-6h: d C 1s, e Co 2p and f Se 3d
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uncovered. Specifically, the capacity contribution ratio

from Se increases, as indicated in the relative peak ratio.

Moreover, a smaller polarization is detected in 3DC/Se-6h

(300 mV) than that in 3DC/Se-3h (517 mV), implying that

faster kinetics can be obtained with a thicker carbon

matrix.

The rate capability of 3DC/Se samples is compared in

Fig. 4c. For 3DC/Se-6h, at a current density of 0.1C

(1.0C = 675 mAh�g-1), a discharge capacity of 544.2

mAh�g-1 is exhibited in the second cycle. When the cur-

rent densities are increased to 0.2C, 0.5C, 1.0C and 2.0C,

the second cycle discharge capacities exhibited are 413.8,

363.7, 315.5 and 273.2 mAh�g-1. When the current density

decreases to 0.2C, a constant discharge capacity of 359.4

mAh�g-1 is restored. While inferior rate capability of 3DC/

Se-3h is obtained with discharge capacities of 186.9 and

150.1 mAh�g-1 at 1.0C and 2.0C. The corresponding gal-

vanostatic charge–discharge (GCD) curves of 3DC/Se-6h

are displayed in Fig. 4d. As observed, the redox reaction of

amorphous Se is expressed as a sloping plateau at 2.1/1.8 V

and a step in the discharge curve at 1.4 V attributes to the

reduction of CoSe2, which are consistent with the CV

results. Additionally, GCD curves of 3DC/Se-3h are sim-

ilar to those of 3DC/Se-6h (Fig. S4). The well-defined

plateaus of 3DC/Se-6h throughout current densities from

0.1C to 2.0C imply good reversibility. The stability is

tested at 1.0C (Fig. S5) with prior pre-activation at 0.1C for

3 cycles. After 1000 cycles, a specific capacity of 197.9

mAh�g-1 is achieved by 3DC/Se-6h (69% capacity reten-

tion related to the initial cycle), which outperforms that of

3DC/Se-3h (169.4 mAh�g-1).

The charge transfer kinetics of both electrodes are

studied by EIS. A considerably smaller semi-circle is

plotted for 3DC/Se-6h (Fig. 4e), whose value is the indi-

cator of the interfacial charge transfer resistance (Rct). The

obtained Nyquist plots with the equivalent circuit is fitted

in the inset, where Rs is the resistance of the electrolyte,

Rct1 represents the charge transfer resistance of the SEI of

electrolyte and the Rct2 signifies the charge transfer resis-

tance between the composite and electrolyte. In addition, it

also includes Warburg resistance (Zw) and space charge

capacitance (constant phase element (CPE)). Thus, the Rct

of 3DC/Se-6h and 3DC/Se-3h is calculated as the sum of

Rct1 and Rct2 to be 133.5 and 995.4 X, respectively, indi-

cating a much-enhanced charge transfer resistance of 3DC/

Se-6h [9]. After 5 cycles, decreases of Rct are detected in

both 3DC/Se-6h and 3DC/Se-3h electrodes (Fig. 4f), which

reveals the activation of electrode material and is consistent

with CV results. The respective resistance values obtained

by fitting are shown in Table S1.

The electrochemical behavior of 3DC/Se electrodes is

further understood by CV measurements at different scan

rates of 0.1–2.0 mV�s-1 (Figs. 4g, S6). Generally, two

types of Li? storage mechanisms can be classified through

the relationship of peak current (i) and scan rate (v):

i ¼ avb ð1Þ
lg i ¼ b lg vþ lg a ð2Þ

where a and b are two empirical constants [1, 34, 47]. The

values of b indicate an energy storage mode, in which

b = 0.5 represents a reaction of a typical diffusion-con-

trolled process, while b = 1 for a surface capacitive-

Fig. 3 a SEM image of 3DC-3h; b SEM image and c elemental mapping images of 3DC/Se-3h; d SEM image of 3DC-6h; e SEM
image and f elemental mapping images of 3DC/Se-6h
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controlled process. And the values of b could be obtained

via linear fitting lgi and lgv. Figure S7a shows the fitting

results for 3DC/Se-6h, in which the values of b for R1, O1

and O2 peaks are 0.67, 0.56, and 0.70, respectively. The

low values of b indicate that the electrochemical behavior

is based on the diffusion-controlled process. Compara-

tively, the values of b for 3DC/Se-3h are close to those of

3DC/Se-6h, which suggests a similar charge storage

mechanism (Fig. S7b). Based on the above results, the

diffusion and capacitive contribution ratio is plotted in

Figs. 4h, i and S8. The capacitance contributions for both

samples increase with the scan rates increasing (Fig. 4i)

from 47.3% to 81.4% for 3DC/Se-6h electrode, higher than

those of 3DC/Se-3h electrode (38.0% to 67.7%). Therefore,

3DC/Se-6h shares a similar diffusion-controlled Li?

storage mechanism with a larger capacitance contribution

compared to the 3DC/Se-3h.

In order to further probe the correlation between the

MOF-derived functional matrix (3DC) and the form of Se,

Se with different amounts was incorporated into the 3DC/

Se-6h matrix and the structural characteristics and elec-

trochemical properties of the as-obtained samples were

studied. The weight ratio between 3DC-6h and Se inves-

tigated are 50%: 50% named 3DC50%–Se50%, 40%: 60%

named 3DC40%–Se60% and 30%: 70% named 3DC30%–

Se70%. As shown in XRD results (Fig. 5a), no crystalline

Se is detected in 3DC50%–Se50%. However, with the

increase of Se content, both 3DC40%–Se60% and

3DC30%–Se70% samples show a crystalline Se phase

(JCPDS No. 06-0362). Raman spectroscopy is also

Fig. 4 CV curves (0.1 mV�s-1) of a 3DC/Se-3h and b 3DC/Se-6h; c rate capability of 3DC/Se-3h and 3DC/Se-6h; d GCD curves of
3DC/Se-6h at 0.1C–2.0C; e Nyquist plots of 3DC/Se-3h and 3DC/Se-6h before cycling; f Nyquist plots of 3DC/Se-3h and 3DC/Se-6h
after 5 cycles, where Z0 is real part of impedance and Z00 is imaginary part of impedance; g CV curves of 3DC/Se-6h with different scan
rates; h capacitive contribution (0.5 mV�s-1); i capacitive contribution at various scan rates
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employed. In Fig. 5c, the presence of characteristic D and

G bands with similar intensity ratios indicates the forma-

tion of similar sp2 hybridized carbon materials. However,

on top of the Sen chain band at 257 cm-1 observed in all

three samples, additional characteristic bands of trigonal Se

at 237 cm-1 are detected for 3DC40%–Se60% and

3DC30%–Se70% while absent in 3DC50%–Se50%

(Fig. 5b). The accurate contents of Se in the composite

determined by TGA are 40.1%, 49.2% and 61.5% for

3DC50%–Se50%, 3DC40%–Se60% and 3DC30%–Se70%,

respectively (Fig. 5d). It is therefore conjectured that the

strong interaction of the 3DC matrix and Se plays an

important role in stabilizing Se in an amorphous state.

When the amount of Se exceeds the loading capability of

3DC matrix, Se presents in the form of a crystalline trig-

onal phase as bulk Se.

The electrochemical properties of 3DC/Se with different

Se ratios are compared to investigate the impact of the Se

crystallinity. 3DC40%–Se60% and 3DC30%–Se70%

samples underwent similar activation processes on the first

CV curve (Fig. S9). From the second cycle onwards, redox

reactions with good reversibility and overlapping of CV

curves are displayed in both samples. Nonetheless, a

smaller redox area for the CV curves along with the

decrease in the specific capacity is observed when the Se

content increases (Fig. 5e). Moreover, a larger polarization

with deteriorated kinetics is revealed with the presence of

crystalline trigonal phase Se. These CV results are also

consistent with GCD curves in Fig. 5d, where the lowering

in specific capacity and increase in polarization are getting

worse with the increase of crystalline Se. EIS curves in

Fig. S10 further disclose a dramatically decreased Rct of

3DC50%–Se50% compared to that of the other two, whose

fitted values from the equivalent circuit are shown in

Table S2. This implies that the transition of Se from

amorphous to crystalline nature results in a dramatic

increase of Rct with insufficient kinetics, which is one of

the causes of the deteriorated performances. Therefore, the

high capacity of Se mainly originates from the amorphous

phase, which needs to be stabilized in a matrix with strong

interactions. When an excessive amount of Se is present,

Se tends to form trigonal phase Se and deteriorates the

electrochemical properties.

4 Conclusion

In summary, Co/Zn-MOF nanosheets are assembled on the

surface of the tissue paper serving as a substrate before the

subsequent carbonization to obtain a 3D porous functional

matrix 3DC. The 3DC/Se composite is further obtained by

a melt-diffusion method where the amorphous Se is uni-

formly distributed and stabilized by the strong interaction

with the matrix. The 3DC/Se exhibits an activation process

Fig. 5 a XRD patterns of 3DC50%–Se50%, 3DC40%–Se60% and 3DC30%–Se70%; b, c Raman spectra of 3DC50%–Se50%,
3DC40%–Se60% and 3DC30%–Se70%; d TGA curves of 3DC50%–Se50%, 3DC40%–Se60% and 3DC30%–Se70% in Ar
atmosphere; e CV curves and f GCD curves of 3DC50%–Se50%, 3DC40%–Se60% and 3DC30%–Se70%
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in the first cycle and stabilizes onwards with a decrease in

the charge transfer resistance. The 3DC/Se reveals a dif-

fusion-controlled process and the capacitive contribution

increases along with the scan rates. The increase of the

growth time for Co/Zn-MOF nanosheets leads to a larger

thickness of the nanosheets, which further guarantees an

increase in capability of Se loading. The 3DC functional

matrix plays an important role in stabilizing the amorphous

Se, which is also the origin of the high capacity. When the

loading content of Se exceeds the capability of the matrix,

crystalline trigonal phase Se forms with unsatisfying

electrochemical performance.
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