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A new energy storage system: Rechargeable potassium-selenium battery

Abstract
A new reversible and high-performance potassium-selenium (K-Se) battery, using confined selenium/
carbonized-polyacrylonitrile (PAN) composite (c-PAN-Se) as cathode and metallic potassium as anode, is
reported in this work. The PAN-derived carbon matrix could effectively confine the small Se molecules and
provide a sufficient buffer for the volume changes. The reversible formation of small-molecule trigonal Se
(Se1, P3121) phase could essentially inhibit the formation of polyselenides and account for outstanding
electrochemical performance. The carbonate-based electrolyte further synergistically diminishes the shuttle
effect by inhibiting the formation of polyselenides in the meantime. The as-prepared K-Se battery shows a
reversible capacity of 1904 mAh cm¿3after 100 cycles at 0.2 C and rate retention of 89% from 0.1 to 2 C. In
addition, the charge-discharge mechanism is also investigated via the combination of in-situ and ex-situ
synchrotron X-ray diffraction (XRD), and Raman spectroscopy analysis. The results reveal that the
introduction of K+ions leads to the cleavage of C-Se bonds, the rearrangement of selenium atoms, and the
final formation of the main product K2Se. Moreover, the reversible formation of trigonal Se (Se1, P3121)
phase was detected in the reaction with K+. These findings not only can advance our understanding of this
family of batteries, but also provide insight into chemically-bonded selenium composite electrodes, which
could give guidance for scientific research and the optimization of Se and S electrodes for the K-S, Na-S, Li-S,
Na-Se, and Li-Se batteries.
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Abstract 

A new reversible and high-performance potassium-selenium (K-Se) battery, using confined-

selenium/carbonized-polyacrylonitrile (PAN) composite (c-PAN-Se) as cathode and metallic 

potassium as anode, is reported in this work. The PAN-derived carbon matrix could 

effectively confine the small Se molecules and provide a sufficient buffer for the volume 

changes. The reversible formation of small-molecule trigonal Se (Se1, P3121) phase could 

essentially inhibit the formation of polyselenides and account for outstanding electrochemical 

performance. The carbonate-based electrolyte further synergistically diminishes the shuttle 

effect by inhibiting the formation of polyselenides in the meantime. The as-prepared K-Se 

battery shows a reversible capacity of 1904 mAh cm-3 after 100 cycles at 0.2 C and rate 

retention of 89% from 0.1 C to 2 C. In addition, the charge-discharge mechanism is also 

mailto:zguo@uow.edu.au
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investigated via the combination of in-situ and ex-situ synchrotron X-ray diffraction (XRD), 

and Raman spectroscopy analysis. The results reveal that the introduction of K+ ions leads to 

the cleavage of C-Se bonds, the rearrangement of selenium atoms, and the final formation of 

the main product K2Se. Moreover, the reversible formation of trigonal Se (Se1, P3121) phase 

was detected in the reaction with K+. These findings not only can advance our understanding 

of this family of batteries, but also provide insight into chemically-bonded selenium 

composite electrodes, which could give guidance for scientific research and the optimization 

of Se and S electrodes for the K-S, Na-S, Li-S, Na-Se, and Li-Se batteries. 

Keywords: potassium-selenium batteries (K-Se batteries); small-molecule selenium; selenium 

cathodes; selenium/carbonized-PAN composite; potassium anode  

 

Introduction 

With the spotlight on renewable energy generation and electric vehicles, the demand for 

power supplies mainly based on batteries is rapidly increasing. Nevertheless, the energy 

density limitations and the high-cost of Li-ion batteries are compelling researchers to explore 

new battery systems. Alternative metal ion batteries based on earth-abundant metals, such as 

Na [1,2,3], K [4,5,6], Al [7], Mg [8,9,10], and Ca [11,12], have attracted increasing attention 

recently. Among them, although K is chemically overactive, several advantages of K anode 

cannot be ignored, such as its very low redox potential compared to the other metals 

(Eᵒ(K+/K) = - 2.93 V, Eᵒ(Ca2+/Ca) = -2.87 V, Eᵒ(Na+/Na) = -2.71 V, Eᵒ(Mg2+/Mg) = -2.27 V vs. 

standard hydrogen redox potential), abundant presence in nature, and low price. Moreover, 

recent studies have shown that K metal exhibits amazing properties in metal-oxygen batteries, 

having the lowest overpotential of all (less than 50 mV) [13,14]. Thus, focusing on the K-

metal ion battery may lead to next-generation batteries with high capacity and low cost in the 

future. 
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The newly reported rechargeable potassium-sulfur battery could deliver a capacity of 329.3 

mAh g-1 after 50 cycles [15], which is the highest capacity reported to date with potassium 

metal as anode. The cycling performance of the K-S battery, however, is inadequate, due to 

the production of polysulfides during cycling and the shuttle effect. Since Se and S exhibit 

similar atomic, molecular, and electrochemical properties, research on Se cathode in the Li-Se 

and Na-Se electrochemical systems has been conducted [16-22], not only to pursue a high-

performance battery, but also to understand its theoretical and fundamental aspects. Compared 

to S (3470 mAh cm-3), Se has a close theoretical volumetric capacity (3250 mAh cm-3), but 

more stable electrochemistry compared to S [17]. The Se cathode features a theoretical 

gravimetric specific capacity of 675 mAh g-1, 2-5 times higher than that of the traditional 

intercalation cathodes (e.g. Lithium Cobalt Oxide (LCO), Lithium Iron Phosphate (LFP), and 

Lithium Nickel Cobalt Aluminium Oxide (NCA)) which offsets its deficiency in terms of 

working voltage. As a result, a metal-Se battery is expected to deliver a comparable 

volumetric energy density to that of a metal-S battery and a higher gravimetric specific energy 

density than the metal-ion battery. In addition, the electronic conductivity of Se (1 × 10-3 S∙m-

1) is very much higher than that of S (5 × 10-28 S∙m-1) [21]. Nevertheless, Se cathode still has 

many problems if we consider the K-Se system: (1) the reactivity of Se with an potassium 

metal is limited due to the large size of Se; (2) soluble intermediate polyselenides may shuttle 

to the anode, leading to rapid capacity fading during the discharge/charge cycling; (3) the 

relatively low voltage requires an alkali-metal as anode; and (4) the K-Se battery is a brand 

new battery system, so both an appropriate electrolyte and a suitable structure for the 

electrode to confine the Se particles need to be explored . 

 

In this work, a novel potassium-selenium battery with a chemically-bonded carbonized-

polyacrylonitrile (PAN)-Se (c-PAN-Se) composite as cathode material and K as anode is 

introduced. The c-PAN-Se was synthesized via the direct one-step sintering of a mixture of 
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PAN and Se in a sealed tube, instead of the traditional two-step selenium melt-diffusion into 

the porous carbon matrix. The initial bonds between C and Se in c-PAN-Se composite could 

facilitate Se uniform distribution, and strictly confine the Se in the PAN-derived carbon 

matrix on the atomic level. This provides a premise for the formation of smaller molecules of 

Se1, which could essentially inhibit the formation of polyselenides Meanwhile, this easily-

obtained porous carbonized-PAN matrix not only provide interconnected conductivity but 

also limit the volume changes to avoid the pulverization of particles. K-Se batteries with the 

cathode containing small molecules of Se1 confined in the PAN-derived carbon could deliver 

high reversible capacity of 1904 mAh cm-3 or 396 mAh g-1 after 100 cycles, and good cycling 

performance (with 835 mAh cm-3 retained after 200 cycles at 5 C). The reaction mechanism 

and the state of the selenium electrode during cycling were investigated via ex-situ X-ray 

diffraction (XRD) and Raman spectroscopy, as well as by in-situ XRD analysis. It was found 

that the main discharge product, K2Se, is formed after the initial bond cleavage between C and 

Se, and reversible small-molecule Se1 was detected during cycling. 

 

Experimental Section  

Material Synthesis: The black and ultrafine chemically-bonded selenium/carbonized-PAN 

composite (c-PAN-Se) was prepared by heating a mixture of polyacrylonitrile (PAN, 

(C3NH3)n, Aldrich) and selenium in a weight ratio of 1:1 at 600 ᵒC for 8 h in a vacuum- sealed 

tube. A comparison sample, mixed c-PAN+Se, was synthesized by physically mixing the 

pyrolytic polyacrylonitrile with selenium. The pyrolytic polyacrylonitrile material (c-PAN) 

was obtained under the same conditions as for c-PAN-Se, but without the Se. The Se active 

matrial account for about 40% in composite, which is tested by TGA in Figure S1. The 

composite material (c-PAN-Se) and active material (Se) loading in this work are around 0.8-

1.2 mg cm-2 and 0.3-0.5 mg cm-2, respectively. 
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Materials characterization: The crystal structure of the powder products was examined by 

XRD (MMA GBC, Australia) with Cu Kɑ radiation. Fourier-transform infrared spectroscopy 

(FT-IR) and X-ray photoelectron spectroscopy (XPS) analysis were carried out to characterize 

the chemical bonds in samples. X-ray photoelectron spectroscopy (XPS) analysis was 

conducted on a VG Scientific ESCALAB 2201XL system with aluminium Kɑ X-ray radiation. 

A JEOL JSM-7500FA field-emission scanning electron microscope (FESEM) and a JEOL 

ARM-200F transmission electron microscope (TEM) were used to investigate the 

morphologies of the samples. Raman spectroscopy on an instrument (JOBIN YVON HR800) 

equipped with a 632.81 nm diode laser was used in the ex-situ analysis of the cells. A 

customized CR2032 coin cell for use in synchrotron X-ray powder diffraction (SXRPD) 

experiments was designed and made. In-situ synchrotron X-ray powder diffraction 

measurements were carried out at the Powder Diffraction beamline at the Australian 

Synchrotron, where the data were collected every 8 minutes during battery cycling at 0.5899 

Å (as determined using LaB6, NIST SRM 660b)  

Electrochemical measurements: The c-PAN-Se composite electrode was assembled in an 

argon-filled glove box using coin-type (CR2032) cells. In order to prepare the cathode, a 

slurry containing 70wt% composite material, 20wt% Super P, and 10wt% poly(vinylidene 

difluoride) (PVDF) was dissolved in N-methyl-2-pyrrolidinone (NMP) solution. After that, 

the working electrodes were prepared by coating the slurry onto copper foil current collector, 

which was then dried at 60 ᵒC for 24 h. A solution of 1 M potassium hexafluorophosphate 

(KPF6) dissolved in ethylene carbonate (EC)/ propylene carbonate (PC) in a volume ratio of 

1:1 was employed as the electrolyte. Cells with mixed c-PAN+Se and pure Se electrodes were 

also prepared using the same procedure. The coin cells were galvanostatically charged-

discharged from 0.7 V to 2.3 V in potassium-selenium batteries using a Neware cell test 

instrument. 
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Results and discussion 

The c-PAN-Se composite was simply fabricated via directly heating a mixture of selenium 

and PAN in a sealed tube. During the thermal treatment, the PAN was transformed into π-

conjugated ring structures and formed covalent bonds with selenium species (Figure 1a). 

Specifically, the heat-treatment promoted the cyclization of PAN, resulting from bond-

cleavage of nitrile groups and then bonding of the cleaved nitrogen to the carbon in the 

neighbouring groups [23]. This cyclization was accompanied by the dehydrogenation of PAN, 

resulting in a π-conjugated main chain, with the production of H2Se as a by-product [24]. 

Subsequently, at relatively high temperature (600 ᵒC), elemental selenium was turned into 

selenium free radicals, which then reacted with the PAN-derived carbon matrix and formed 

the final c-PAN-Se structure, in which the selenium, as shown in Figures 2b and 2c, forms 

covalent bonds with the carbon atoms or selenium local domains consisting of selenium 

chains of various lengths (Figure 1b). This possible reaction mechanism above was deduced 

based on the similar reaction process reported in sulfur-based composites [23,25,26]. This 

special covalently-bonded selenium (c-PAN-Se) results in Se that is uniformly distributed and 

confined in the c-PAN matrix, which plays a significant role in the formation of reversible 

small molecules of Se1 to suppress the formation of polyselenides and stabilize the structure 

of the electrode materials to achieve long-term cyclability. 

 

To confirm the reaction process and product formation of the chemically-bonded selenium 

composite, several characterizations have been conducted. Figure 2a shows the XRD patterns 

of elemental selenium, mixed c-PAN+Se, and c-PAN-Se. The pristine Se features a trigonal 

structure, and the mixed sample has the same diffraction peaks as selenium. Compared with 

the other samples, the c-PAN-Se has no sharp reflections, indicating an amorphous structure. 

Since the formation of C-Se bonds is the key evidence for judging whether Se has been 

incorporated into the PAN-based carbon matrix, Fourier-transform infrared (FT-IR) 
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spectroscopy was conducted to investigate the chemical bonds in c-PAN-Se. The most 

distinctive signals of selenium can be found in the low wavenumber region of 400-600 cm−1, 

with weak peaks at 580, 520, and 436 cm−1 (Figure 2b inset).The strong band at 436 cm−1 

could be assigned to the torsional vibrations of the hexagonal rings, coupled with the out-of-

plane γ(C–Se) bending vibrations [27]. The peaks at 580 and 520 cm−1 correspond to C-Se 

bending vibrations [28,29]. Clearly, these peaks verify the existence of C-Se bonds in the c-

PAN-Se. In addition, the FT-IR results also give information on the atomic configuration of 

the carbon matrix. The peaks of c-PAN at 1631 and 1269 cm-1 correspond to the symmetric 

stretching of C=C and C=N bonds, respectively, and the peak at 1396 cm-1 corresponds to the 

C-C bonds [23,30,31]. The shifting of the peaks in c-PAN-Se for the C=C and C=N bonds 

suggests the incorporation of Se into the c-PAN carbon matrix. Figure 2c presents the Se 3d 

XPS spectra for pristine Se and c-PAN-Se. For the pure Se, the Se 3d5/2 and 3d3/2 peaks are 

located at 56.1 and 55.2 eV, respectively, with a spin-orbit splitting of 0.86 eV, consistent 

with that of metallic selenium [19,32], while the Se 3d5/2 and 3d3/2 peaks shift to higher 

binding energy in c-PAN-Se. This shift is caused by changes in the electron cloud density of 

Se, indicating that the Se has formed bonds with carbon atoms in the composite to yield 

selenium-containing heterocyclic compounds. There are many reports in the literature of 

similar 3d peak shifts when Se is integrated with other atoms [17,19,33,34,35]. The C 1s 

spectrum (Figure 2d) can be divided into peaks for the following bonds: sp2-type C=N bonds 

(286.8 eV) [30], C=C bonds (285.6 eV) [36], C–C bonds (285 eV) [37]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

and sp2-type C–C bonds (284.3 eV) [30].  

 

Transmission electron microscopy (TEM), field emission scanning electron microscopy 

(FESEM), and energy dispersive X-ray spectroscopy (EDX) were employed to investigate the 

morphology and element distribution of c-PAN-Se. The porous structure of c-PAN-Se with 

micro- and nanoscale pores and a relatively smooth surface is displayed in Figure S2a-b in the 
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Supporting Information. No isolated islands of Se can be observed on the carbonized-PAN 

surface. Scanning mode and Z-contrast transmission mode images of microsized c-PAN-Se 

are shown in Figure 3a-b. As in the high-resolution TEM image shown in Figure 3c, no 

fringes or any other well-ordered structure can be detected, suggesting the amorphous nature 

of the c-PAN-Se. This is consistent with the XRD results. Elemental mapping (Figure 3d-f) 

reveals the homogeneous distribution of selenium, carbon, and nitrogen in the composite. 

 

The electrochemical performance of c-PAN-Se cathodes was examined in K-Se batteries. In 

the case of lithium-selenium and sodium-selenium batteries, it was reported that carbonate-

based electrolyte could inhibit polyselenide formation with a single voltage plateau to avoid 

the shuttle effect compared with ether-based electrolyte [22]. In our work, we compared two 

different electrolytes (1 M KPF6 in ethylene carbonate/ propylene carbonate (EC/PC) and 1 M 

KPF6 in tetraethylene glycol dimethyl ether (TEGDME)) in order to choose the most 

appropriate one. It was found that the pristine selenium electrode shows a more serious shuttle 

effect in ether-based electrolyte than in carbonate-based electrolyte, which is concluded from 

the much more obvious orange-coloured polyselenides on glass-fibre separators and the 

drastic capacity drop in the cell with ether-based electrolyte (Figure S3a, b, d). Therefore, a 

carbonate-based electrolyte was employed for the c-PAN-Se cells. No colour can be found on 

the glass fibre separator for c-PAN-Se in EC/PC electrolyte, indicating that the shuttle effect 

could almost be ignored for c-PAN-Se electrode, even after long charge/discharge cycling. In 

our work, the voltage region between 0.7 and 2.3 V was selected for electrochemical testing 

in order to achieve better cycling performance (Figure S3e). Figure S4 shows the cyclic 

voltammograms (CVs) obtained at a scan rate of 0.1 mV s-1 between 0.7-2.3 V. A broad 

reduction peak due to the solid electrolyte interphase (SEI) formation is observed in the initial 

cathodic process with its peak value at 0.86 V, which disappears in the following cycles. 

From cycle 2, two reduction peaks appear in the cathodic process, corresponding to the 
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reactions from small molecular Se1 to K2Se that proceeds in two stages. There is an oxidation 

peak in the anodic process, corresponding to the reaction from K2Se to Se1. The voltages of 

the reduction peaks are consistent with those of the two voltage plateaus in the discharge 

curves (Figure 5c), indicating that there are two steps in the discharge process. The cycling 

stability of the c-PAN-Se composite was investigated at a current rate of 0.2 C (1 C = 3246 

mAh cm-3 or 675 mAh g-1) in a K-Se battery (Figure 4a). As for the selenium composite 

electrode, the capacity is calculated based on the weight of the selenium active material. The 

K-Se battery delivered a capacity of 3133 mAh cm-3 (652 mA h g-1) in the first cycle, and then 

maintained a reversible capacity of 1904 mAh cm-3 (396 mAh g-1) for 100 cycles. In contrast, 

the capacity of the pristine Se and physically mixed c-PAN+Se electrodes dropped to nearly 

zero after the first cycle (Figure 4b). The c-PAN-Se electrode initially shows a gradual 

increase in the specific capacity and then maintains a stable high capacity in the following 

cycles. The tendency towards increasing capacity could be considered as an activation process, 

in which more and more c-PAN-Se was activated and participated in the reaction. In addition 

to its excellent cycling stability, the c-PAN-Se composite also shows high rate capability in 

the potassium-selenium battery. As the current rate increases from 0.1 to 2 C, the c-PAN-Se 

electrode at 2 C maintains capacity retention of 89% relative to the second cycle capacity at 

0.1 C in K-Se batteries. Even when charged/discharged at 10 C, it still delivers a reversible 

capacity of 673 mAh cm-3. Figure 4d presents the charge/discharge curve of c-PAN-Se 

electrode. After increasing the current density by 10 times after 10 cycles, the cell still 

maintains the same capacity, only with a lower flat voltage plateau. The performance during 

prolonged cycling was investigated at the high current rate of 5 C with c-PAN-Se electrode. 

After 200 cycles, the capacity of 835 mAh cm-3 could be maintained, and a coulombic 

efficiency (CE) above 99% could be obtained after 15 cycles. The reversible nature of the 

potassium-selenium battery with high cycling and rate performance is demonstrated here. 

This high performance is associated with the well-confined small-molecule Se1, which is 

mailto:In
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generated from the initial chemically-bonded atomic Se in PAN-derived carbon. The confined 

small molecules of Se1 instead of Se8 (Figure 5a) could essentially inhibit the formation of 

polyselenides and account for the outstanding cycling performance of c-PAN-Se. Similar 

conclusion was also reported on micropore-confined small-chain sulfur molecules and 

selenium confined in slit micropore carbon, which could inhibit the formation of 

polysulfides/polyselenides.[17] Specifically, the small Se1 molecules can avoid the transition 

from Se8 to Se4
2− during the initial K uptake process, thereby preventing the formation of 

polyselenides (K2Sen, n = 4-8) upon discharging. Meanwhile, the space confinement of 

selenium in carbon pores leads to a favourable memory effect; viz., the in-situ formed K2Se 

can only be transformed to small-molecule Se1 rather than Se8, which also inhibits the 

formation of polyselenides in the charging process. The electrochemical performance of c-

PAN was investigated, as shown in Figure S5, in order to understand whether carbonized-

PAN could contribute to the total capacity of the c-PAN-Se composite. In the same voltage 

range of 0.7-2.3 V, the specific capacity of c-PAN is around 15 mAh cm-3, which can almost 

be ignored compared to the capacity of the c-PAN-Se.  

 

To further analyse the electrochemical process or reaction mechanism in rechargeable K-Se 

batteries, ex-situ XRD with λ = 0.5899 Å was conducted to determine the reaction products 

between selenium and potassium (Figure 5a). After the third full discharge to 0.7 V vs. K/K+, 

it can be seen that the main peaks at around 12.5ᵒ, 14.6ᵒ, and 21.6ᵒ are consistent with the 

standard pattern of K2Se [CIF number: 60440], while the weak peaks located at 13.1ᵒ, 13.5ᵒ, 

and 18.7ᵒ correspond to K2Se2 [CIF number: 73172]. It could be concluded that the main 

product of the fully discharged selenium electrode is K2Se. The selenium usually shows low 

reactivity with potassium metal in liquid electrolyte, which leads to an incomplete reaction 

between Se and K to produce K2Se2. This is analogous to the case of Na-S and K-S batteries, 

where Na2Sx and K2Sx (x ˃ 1) are the discharge products [38, 15]. Interestingly, a small peak 
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associated with trigonal Se (Se1, P3121) was detected (Figure 5a) with a trigonal structure of 4 

zig-zag pillars at the corners (Figure 5e), indicating the cleavage of the C-Se bonds and the 

formation of small selenium molecules. Ex-situ Raman spectra are presented to confirm this 

assumption, as shown in Figure 5b. After the first charge, a new small peak at around 237 cm-

1 was detected, which is characteristic of trigonal selenium. Based on the above XRD and 

Raman spectroscopy, we can conclude that the C-Se bonds were broken, and then the 

selenium atoms reacted with K+ (and electrons) to form K2Se2 or K2Se during the discharge, 

with the K2Se decomposing into Se1 and K+ (and electrons) during charge (Figure 5c). The 

overall reaction is a reversible reaction: Se + 2K+ ↔ K2Se. According to the electrochemical 

reaction above, the volume changes during charging/discharging can be calculated through 

the different densities of Se (4.81 g cm-3) and K2Se (2.29 g cm-3). The volume 

expansion/shrinkage during charge and discharge is about 400%. This could be one of the 

reasons for the significant capacity drop of the pure selenium electrode, even in the carbonate-

based electrolyte. Compared with bulk selenium, our uniform small-molecule confined 

composite exhibits excellent electrochemical performance, with the volume change from Se1 

to K2Se being well controlled in the PAN-derived carbon matrix. This trigonal Se1 (P3121) is 

not only more active than the monoclinic Se8 (P121/n1), which was reported for the Se 

cathode [20], but also able to decrease the strain due to the less absolute volume change 

during charging/discharging. In addition, with the protection of the carbonized PAN matrix, 

the excellent integrity and stability of the electrode could contribute to its outstanding long-

term cycling performance. Figure 5d shows the contour plot corresponding to the in-situ 

synchrotron XRD spectra for the c-PAN-Se electrode, alongside the charge-discharge curves. 

Probably due to the incomplete reaction of Se with K, the low loading amount of active 

electrode material, and the limited diffractivity of the K2Se/K2Se2 phases (as can be seen in 

Figure 5a), only the (101)/(011) reflection of trigonal Se (P3121) phase is clearly observed, 
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showing good agreement with the ex-situ XRD results and suggesting the cleavage of C-Se 

bonds after the introduction of K+.  

 

Conclusions 

In summary, high-performance potassium-selenium batteries with high reversibility are 

reported, with selenium confined in a porous carbonized-PAN matrix as cathode. The origin 

of the superior electrochemical behaviour is the confinement of small molecule Se1 in the 

PAN-derived carbon matrix, which could inhibit the formation of polyselenides. Meanwhile, 

the conductive carbon matrix could also successfully deal with problems such as the large 

volume changes and low conductivity of selenium. The mechanism has been proposed based 

on the combination of in-situ and ex-situ XRD, the ex-situ Raman analysis, and 

electrochemical testing. We have detected the formation of small-molecule selenium (Se1) 

and deduced that the cleavage of the C-Se bonds occurred in the initial cycles. This is the first 

fundamental research on the K-Se battery system, and, to the best of our knowledge, the K-Se 

battery shows the best cycling behaviour among all the K-ion batteries reported so far. 

Moreover, the outstanding cycling stability resulting from this composite, which features the 

confinement of small-molecule, may be applied to other similar battery systems, such as the 

potassium-sulfur battery. The relatively low voltage of the K-Se battery is the main drawback 

of this system, however reasonable energy density could be achieved by improving the 

capacity of the battery through optimization of the electrode composition and the electrolyte. 
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Figure 1. (a) Reaction mechanism and changes in the molecular structure during the 

carbonization of PAN and selenization between Se and c-PAN; (b) Possible molecular 

structures of the as-prepared chemically-bonded selenium/carbon composite. 
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Figure 2. (a) XRD patterns of c-PAN-Se, mixed c-PAN+Se, and pure Se; (b) FT-IR spectra 

of carbonized-PAN and c-PAN-Se, with the inset showing an enlargement of the low 

wavenumber range; (c) XPS spectra of Se 3d for pure Se and c-PAN-Se; (d) XPS spectrum of 

C 1s for c-PAN-Se. 

 

 

 

 

 

 

 

 



     

21 

 

0 . 5  µ m0 . 5  µ m 0 . 5  µ m0 . 5  µ m 5  n m5  n m

(a) (b) (c)

(d) (e) (f)

C N Se

0.5nm

 

Figure 3. (a, b) TEM images of synthesized selenium/carbonized-PAN composite (c-PAN-

Se); (c) high-resolution TEM image of the indicated region of c-PAN-Se in (b); (d-f) scanning 

TEM (STEM) images with EDX elemental mapping of carbon, nitrogen, and selenium. 
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Figure 4. Electrochemical performance of the c-PAN-Se composite cathode in the voltage 

range of 2.3-0.7 V (vs. K+/K): (a) cycling performance and coulombic efficiency of c-PAN-Se 

composite at 0.2 C; (b) Comparison of the cycling performance and coulombic efficiency 

among c-PAN-Se, physically mixed c-PAN+Se, and pure Se; (c) rate capabilities of c-PAN-

Se from 0.1 C to 10 C; (d) Discharge/charge profiles at 0.1 C and 1 C; (e) Prolonged cycling 

performance of c-PAN-Se at the rate of 5 C. 
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Figure 5. (a) High energy XRD (HEXRD) pattern of c-PAN-Se after the third full discharge, 

along with the standard patterns of Se, K2Se, and K2Se2, collected with the same wavelength 

of 0.5899 Å as the c-PAN-Se electrode; (b) Ex-situ Raman characterization of c-PAN-Se; (c) 

Charge/Discharge profiles of c-PAN-Se; (d) In-situ synchrotron XRD spectra and the 

corresponding voltage profile; (e) Structural representations of the Se and K2Se phases. 
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