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Abstract: Calcium-ion batteries (CIBs) have been considered as promising multivalent 

ion battery systems due to the natural abundance and low redox potential of calcium. 

The practical realization is largely hampered by the lack of reliable electrode materials. 

We first explore the selenium as a new conversion-type electrode for both non-aqueous 

and aqueous CIBs. The selenium provides a specific capacity of 476 mAh g-1 with an 

average voltage of 2.2 V vs. Ca/Ca2+ at a current density of 50 mA g-1, offering a higher 

energy density than other reported cathode materials. A long-term cyclic stability at a 

large current density of 500 mA g-1 has been achieved in non-aqueous electrolyte 
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through encapsulating the selenium in mesoporous carbon. The spectroscopy analysis 

and density functional theory calculations suggest multi-step conversion processes 

involving CaSe4 and Ca2Se5 polyselenides intermediates before reaching the final CaSe 

phase, exhibiting a distinct reaction pathway from those in other metal-Se batteries. 

Furthermore, we extend the application of selenium to the aqueous electrolyte after 

expanding the electrochemical window. A 1.1 V-class aqueous CIB is demonstrated by 

coupling with a Cu-based Prussian blue electrode. The discovery of reversible Ca-Se 

chemistry opens new opportunities for emerging CIBs.  

 

1. Introduction 

The ever-growing energy demand has made it essential to develop efficient and readily 

available energy storage systems to facilitate clean energy utilization.[1] Lithium-ion 

batteries (LIBs) are the main power sources for portable electronics and electric 

vehicles. The limited reserves and uneven distribution of Li in the Earth’s crust lead to 

concerns of resources depletion.[2] Multivalent metal-based batteries are receiving 

considerable attention as promising solutions because of their natural abundance.[3] 

Besides, their doubled or tripled electrons exchange per ion during electrochemical 

reaction could potentially give rise to higher volumetric/gravimetric energy densities.[4] 

Among them, calcium-ion batteries (CIBs) have attracted increasing interest as Ca has 

the closest reduction potential (-2.87 V vs. standard hydrogen electrode (SHE)) to that 

of Li (-3.04 V vs. SHE), enabling a high voltage for the full battery.[5] In addition, the 

abundance of calcium in the Earth’s crust and the potential fast Ca2+ mobility arising 
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from the low charge density and polarization strength of Ca2+ make it attractive for 

designing low-cost and high-performance CIBs.[4b, 6] However, the development of 

CIBs is hampered by the irreversible Ca plating/stripping owing to the formation of 

Ca2+ blocking layers on Ca anode.[7] Recently, several new electrolyte systems were 

developed to achieve reversible Ca plating/stripping,[8] such as Ca(BF4)2 in ethylene 

carbonate/propylene carbonate (EC/PC),[9] Ca(BH4)2 in tetrahydrofuran (THF),[10] and 

Ca[B(hfip)4]2 in dimethoxy ethane (DME).[11] At the same time, efforts have been 

devoted to the discovery of cathodes.[12] Various materials have been reported, 

including layer compounds (V2O5,
[13] α-MoO3,

[14] VOPO4·2H2O,[15] K0.5V2O5
[16]), 

Prussian blue analogues (KNiFe(CN)6,
[17] KFe[Fe(CN)6],

[18] MnFe(CN)6),
[19] transition 

metal oxide compounds (Ca3Co2O6,
[20] CaMn2O4

[21]), polyanion compounds 

(NASICON-type NaV2(PO4)3,
[22] Na1.5VPO4.8F0.7,

[23] NaFePO4F
[24]) and graphite 

cathode wihch can store anions with high intercalation potential.[25] Besides, some 

exciting progress has also been made toward aqueous CIBs for reducing the fabrication 

cost and elevating the battery safety.[26]  

Aiming at further improving the energy densities, conversion type cathodes have also 

been explored, with sulfur (S) as the most representative one.[27] Although the Li-S 

reaction shows excellent reversibility, the direct extrapolation to the Ca-S system is not 

successful. The initial attempt leads to a primary Ca-S battery because of the poor 

reversibility.[28] Assisted by the lithium-ion mediation strategy, Manthiram’s group 

recently presents a reversible Ca-S battery for the first time.[29] Furthermore, Zhao’s 

group reports an extraordinary rechargeable Ca-S batteries in the absence of lithium 
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salt, assisted by the newly developed Ca[B(hfip)4]2-based electrolyte.[12e] It delivers a 

superior initial capacity of 760 mAh g-1, but the long-term stability remains 

unsatisfactory showing quick decay in 15 cycles. The inferior stability compared to Li-

S system may lie in the distinct reaction pathway that has not been fully understood. 

Selenium (Se) in the same group as S would be a promising alternative, which shows 

potential advantages in the cyclic stability over S, and has been widely adopted in 

lithium-selenium (Li-Se), sodium-selenium (Na-Se), potassium-selenium (K-Se) and 

magnesium-selenium (Mg-Se) battery systems.[30] Nevertheless, to date, there is no 

investigation on the Se electrode for CIBs, leaving the reversibility and reaction 

pathway of Ca-Se elusive.  

Despite the extensive studies in metal-Se reactions, a direct extrapolation would not 

be sufficient as the metal properties substantially affect the phase transition pathways 

and the associated stability. For instance, the Li-Se system undergoes a direct 

conversion between Se and Li2Se without any intermediate product in carbonate 

electrolytes, while multi-step reaction routes are observed in Na-Se, K-Se and Mg-Se 

systems but showing discrete reaction pathways (Figure S1).[30g, 31] We firstly explore 

the reversibility and reaction mechanism of Se in CIBs by utilizing a Se/CMK-3 

(ordered mesoporous carbon) composite, which is prepared via a melt-diffusion method 

for stabilizing the Se electrode. The Se delivers a high specific capacity of 476 mAh g-

1 with an average potential of 2.2 V vs. Ca/Ca2+ in the non-aqueous electrolyte, 

significantly outperforming the intercalation compounds in energy density. Then, we 

probe the Ca-Se reaction mechanism through both experimental studies and density 
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functional theory (DFT) calculations, identifying several intermediate phases and the 

corresponding reaction potentials. Furthermore, we investigate the possibility of 

employing the Se electrode in an aqueous CIB. Since the reaction potential of Ca-Se is 

out of the electrochemical window in a normal concentration electrolyte, we effectively 

expand the window to 2.3 V by exploiting 6.25 M calcium 

bis(trifluoromethanesulfonyl)imide (Ca(TFSI)2) for the successful demonstration of a 

revisable aqueous CIB.  

 

2. Results and discussion 

2.1. Preparation of Se electrode 

We use a classic mesoporous CMK-3 carbon to accommodate Se for producing 

Se/CMK-3 composite electrodes to explore the intrinsic reversibility and stability of 

Ca-Se reactions. A facile melt-diffusion strategy is employed for the synthesis, where 

Se and CMK-3 are mixed and pressed into pellets before sealing in a quartz tube under 

a vacuum. The sample is heat-treated at 260 oC for 12 h to allow the diffusion of Se 

into the pores of CMK-3 host (Figure 1a). As shown in Figure 1b, the pristine bulk Se 

has a well-crystallized structure (JCDPS No. 06-0362). All characteristic peaks 

disappear after infiltrating Se into the CMK-3 matrix, indicating the amorphous nature 

of Se in the composite. The presence of Se is confirmed by X-ray photoelectron 

spectroscopy (XPS) analysis, presenting two peaks at 56.6 eV (Se 3d3/2) and 55.7 eV 

(Se 3d5/2) (Figure 1c). The thermogravimetric analysis (TGA) shows a Se content of 48 

wt% (Figure 1d). The morphologies are examined by scanning electron microscopy 
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(SEM) and transmission electron microscopy (TEM). There is an absence of any bulk 

Se species on the surface of micrometer-sized rod-like CMK-3 (Figure S2 and Figure 

1e), suggesting that Se is well infiltrated in the CMK-3 matrix. The corresponding 

elemental mappings substantiate that Se is uniformly distributed in the CMK-3 matrix 

(Figure 1f). No crystal lattice of Se is detected in TEM images of the composite, further 

verifying the amorphous Se phase (Figure 1g). 

 

Figure 1. Synthesis process and structural characterization of Se/CMK-3 composite. a) 

Schematic illustration of synthesis process. b) XRD patterns of bulk Se and Se/CMK-

3 composite. c) XPS spectrum of Se 3d, d) TGA curve and e, f) SEM images and 

elemental mappings for C, Se and O. g) TEM image and the corresponding high 

resolution transmission electron microscope (HRTEM) image (inset). 
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60 58 56 54 52

 Raw

 Fitted

Se 3d5/2

In
te

n
si

ty
 (

a
.u

.)

Binding Energy (eV)

Se 3d3/2

20 30 40 50 60 70 80

In
te

n
si

ty
 (

a
.u

.)

2θ (degree)

JCDPS No. 06-0362

100

101

110
102

111 201112 202210

Se/CMK-3

Bulk Se

C

Se O

100 200 300 400 500 600

40

60

80

100

R
el

a
ti

v
e 

w
e
ig

h
t 

(%
)

Temperature (℃)

48%

b c d

e f g

a

Ordered pores



  

7 

 

To investigate the redox behavior and electrochemical performance of Ca-Se reactions 

in the organic electrolyte, activated carbon cloth (AC) is employed as a 

counter/reference electrode owing to the nearly inhibited Ca anode’ plating/stripping 

process in most electrolytes. A classic calcium bis(trifluoromethanesulfonyl)imide in 

ethylene carbonate/dimethyl carbonate (0.25 M Ca(TFSI)2 in EC/DMC) electrolyte is 

used to explore the reversibility in general systems. To better understand the 

electrochemical performance of Se in CIBs, the specific capacity is calculated based on 

the mass of Se in the electrode. As shown in Figure 2a and b, the discharge profiles 

exhibit three voltage plateaus at about -0.2, -0.75, and -1.3 V while there are also three 

voltage platforms at about -0.6, 0, and 0.55 V during the charging process. The 

observation agrees well with the CV results (Figure S3). We calibrate the redox 

potential of the AC reference electrode by a ferrocene/ferrocenium (Fc/Fc+) redox 

couple to determine the potential of Ca-Se reactions vs. Ca/Ca2+ (details could be found 

in Figure S4). We also assemble a three-electrode Swagelok cell to simultaneously 

monitor the potential of working and counter electrode (Figure S5). Because of the large 

excess of the AC, the potential of the counter electrode only slightly deviates (＜0.1V) 

during the charge/discharge process (Figure S6). The average discharge voltage of 

Se/CMK-3 electrode is calculated to be 2.2 V vs. Ca/Ca2+, which surpasses the value in 

the alike sustainable Na-Se (≈ 1.5 V) and K-Se (≈ 1.4 V) batteries[30d, 31c, 32] The specific 

capacity of Se/CMK-3 electrode suffers from a rapid decay and drops to only 96 mAh 

g-1 after 20 cycles at 100 mA g-1 (Figure S7). Such deterioration should be attributed to 

the large volume expansion of Se and loss of active materials induced by the dissolution 



  

8 

 

of polyselenides during cycling, which has been widely reported in other metal-Se 

batteries.[33] To improve the cyclic stability of Se/CMK-3 electrode, a free-standing 

carbon nanotube (CNT) interlayer is introduced between the Se/CMK-3 electrode and 

the separator for preventing the shuttle of dissolved species.[34] Note the neat CNTs do 

not directly contribute much to the capacity (Figure S8). With the assistance of CNT 

interlayer, a high specific capacity of 223 mAh g-1 is realized after 50 cycles at 100 mA 

g-1 with significantly reduced polarization (Figure S7a and S9). The voltage profiles at 

various cycles does not vary significantly (Figure S7b), demonstrating the similar 

reaction paths and decent reversibility of the Se electrode for the long-term cycles. To 

further investigate the effect of the CNT interlayer on the reaction kinetics. 

Electrochemical impedance spectroscopy is carried out at fresh cells and after 3 cycles 

(Figure S10). The Nyquist plots of the cells before cycling present one semicircle 

followed by a slope line. An equivalent circuit model in Figure S10c is employed to fit 

the curves, where Re represents the electrolyte resistance, Rct represents charge transfer 

resistance between the electrode/electrolyte interface. The cell with a CNT interlayer 

shows a lower Rct before cycling. After cycling, a new semicircle appears in the Nyquist 

plots of the cells, attributed to interface contact resistance (Rp) between the cathode and 

polyselenides.[35] The cell with a CNT interlayer shows a greatly reduced Rp compared 

with that without CNT, indicating a solid capability for trapping polyselenides. The cell 

also shows attractive rate performance (Figure 2c), suggesting the di-valence and large 

size (100 pm compared to 76 pm for Li ion) of Ca ion is not an obstacle for designing 

high-power CIBs. Figure 2d displays long-term cycling at a higher current density of 
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500 mA g-1: the Se/CMK-3 electrode could deliver a reversible capacity of 150 mAh g-

1 with nearly 100% Coulombic efficiency (CE) for 300 cycles. In addition, CVs at 

various scan rates are conducted to evaluate the reaction kinetics of Ca-Se reaction 

(Figure S11). The charge is stored through the combined diffusion-controlled and 

psedo-capacitive behavior. The ratio of pseudo-capacitive contribution is de-coupled,[36] 

which increases with the growing scan rates, from 44% at 0.3 mV s-1 to 60% at 1 mV 

s-1. Compared to other reported cathodes for CIBs, Se/CMK-3 electrode attains an 

exceptional energy density thanks to the extraordinary capacity in Ca ions uptake at a 

decent potential (Figure 2e and Table S1). These results indicate the Ca-Se reaction 

exhibits superior reversibility and stability with appropriate electrode design. A high-

energy Ca-Se battery would be possible if reversible Ca metal anode could be realized, 

which is intensively explored in the community. Furthermore, a sample with ~75% Se 

is also prepared to examine the effect of active mass loading. It is a delight to observe 

that the cyclic capacity and stability are well maintained (Figure S12). Lastly, the cyclic 

performance could be further boosted by the optimization of the interlayer. Enlightened 

by the studies in Li-S batteries,[37] we adopt a reduced graphene oxide/CNT hybrid 

interlayer, which greatly alleviate the early capacity degradation (Figure S13). 
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Figure 2. The electrochemical performance of Se/CMK-3 electrode. a) Voltage profiles 

under different current densities. b) dQ/dV curves at 30 mA g-1. c) Rate performance 

under different current densities. d) Cycling performance at a current density of 500 

mA g-1. e) Comparison of specific capacity and average voltage for various reported 

cathodes in CIBs. The value in the 3rd cycle is adopted for all the materials to show the 

practically available performance. 

The phase change after discharge is studied by XRD using the crystalline bulk Se 

considering its higher crystallinity compared to Se/CMK-3. As shown in Figure S14, 

the fully discharged electrode shows an amorphous structure without evident XRD 

peaks, which should be ascribed to the large size of the Ca2+ and its divalency, similar 

to those observed in Ca-S system.[29] To further understand the reaction mechanism of 

Se electrode, ex-situ Raman test for bulk Se electrode at different discharge and charge 

states are carried out. As shown in Figure S15, the pristine Se shows a peak at 236 cm-

1. During discharge, this peak becomes weaker. Another peak at about 252 cm-1 appears 
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and the intensity increases as the reaction progresses, corresponding to the gradual 

formation of CaSe similar to the phenomenon in the Mg-Se system.[38] In addition, a 

weak peak presents at about 285 cm-1, which could be assigned to Sex
2-. Upon charging, 

the CaSe and Sex
2- peaks gradually fade out, accompanied by the recovery of Se peak 

at 236 cm−1, indicating the reversible Ca-Se reactions. Therefore, we semi-

quantitatively probe the chemical composition of Ca-Se reaction products by EDS 

(Energy dispersive spectroscope) elemental mapping of Se/CMK-3 electrode at various 

alloying/de-alloying stages. Ca element is uniformly distributed on the fully discharged 

electrode (Figure 3a-c). The atomic ratio of Ca and Se is 0.7 (Table S3), agreeing well 

with the obtained discharge capacity of 476 mAh g-1. Upon charging, the electrode 

could be reversibly transformed back to the Se, as confirmed by the almost disappeared 

Ca element signals (Figure 3d-f). The 3rd discharge/charge mapping also presents a 

similar phenomenon (Figure S16), revealing its decent reversibility of alloying/de-

alloying behavior during continuous cycling. TEM image and the corresponding EDS 

elemental mappings indicate the Se remains uniform distribution in CMK-3 host 

without apparent segregation after discharge (Figure 3g and h).  

XPS analysis is carried out to unravel the discharge/charge reaction pathway of 

Se/CMK-3 electrode (Figure 3i). Pristine Se/CMK-3 electrode displays Se 3d5/2 and 

3d3/2 peaks located respectively at 55.7 and 56.6 eV. After fully discharge, the Se 3d 

spectra move towards lower binding energy and could be deconvoluted into three 

doublet peaks. The peaks at 53.5/54.4 eV can be assigned to CaSe, and the doublet at 

55.1/56.0 eV corresponds to polyselenides CaSex (2≤x≤8), which indicates the Se is 
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converted into CaSe through multi-step reactions. These findings are consistent with 

the results of voltage profiles. Residue Se signal could still be detected due to the 

uncompleted reaction, the reason why only 0.7 Ca2+ per Se is uptake as inferred from 

the EDS mapping and reversible capacity. The existence of polyselenides is further 

verified by the UV-vis spectrum with an absorption peak at around 320 nm (Figure 

S17).[38b, 39]  

Upon charging, the Se 3d peaks return to the binding energy position of pristine Se. 

The XPS spectra of Se/CMK-3 electrode after the 3rd cycle at discharge and charge 

states show a similar trend (Figure S19), proving the subsequent cycles follow the same 

pathway and the remarkable reversibility of Se/CMK-3 electrode. In short, the above-

detailed analysis demonstrates the Se could be reversibly converted into CaSe, and its 

reaction path is multi-step redox transformation with the generation of intermediate 

CaSex (2≤x≤8) products.  
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Figure 3. Analysis for the reaction mechanism of Se/CMK-3 electrode. SEM images 

and corresponding Ca and Se mappings a-c) after discharge and d-f) after charge. g, h) 

TEM images and corresponding C, Ca, and Se mappings after discharge. i) XPS Se 3d 

spectra at different electrochemical states. 
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at 0 K in the DFT calculations, which may differ from the experimental observations at 

room temperature (298 K). Therefore, we compare the theoretical prediction with the 

experimental results in Figure 4b. A good agreement of CaSe4 and CaSe in the 

composition and reaction voltage is observed. An additional plateau at around 2.2 V 

appears in the experimental data but is not predicted by the convex-hull plot in Figure 

4a. The most possible phase would be Ca2Se5 as inferred from Ca/Se atomic ratio 

(calculated based on the reversible capacity), and the reaction potential (vs. Ca/Ca2+). 

The three-step conversion reaction could be further confirmed in the dQ/dV curve 

(Figure 2b). It shows three pairs of peaks, corresponding to the transformation of Se to 

triclinic CaSe4 and further to orthorhombic Ca2Se5 until cubic CaSe during Ca ion 

uptake, as illustrated in Figure 4c. The detailed crystallographic structures of these three 

Ca-Se phases are depicted in the supplementary information (Table S4-6). 
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Figure 4. DFT calculations of the reaction pathway of Se cathode. a) Formation 

energies of predicted calcium selenides by theoretical calculations. The black points in 

the hull represent thermodynamically stable phases, while in the convex the red points 

represent the unstable phases with the purple point for the metastable Ca2Se5 phase. b) 

Computed equilibrium voltage curves and experimental curves of Se electrode. c) 

Computed electrochemical conversion path of Se electrode for CIBs.  
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concentration. It is found that the electrolyte with 6.25 M Ca(TFSI)2 in H2O would 

fulfill the stability requirement. The electrolyte has a wide electrochemical window of 

2.3 V, allowing the construction of high-voltage CIBs. We first evaluate the 

electrochemical behavior of Se/CMK-3 electrode in the cell with AC as the 

counter/reference electrode. The open-circuit voltage of AC is ~0.17 V vs. saturated 

calomel electrode (SCE) and possesses long-term stability (Figure S20). Thus, the 

voltage of AC vs. Ca/Ca2+ is ~3.28 V in an aqueous electrolyte. The CV curve of 

Se/CMK-3 electrode shows two pairs of cathodic/anodic peaks (inset of Figure 5b), 

differing from the observations in organic system. It may related to the kinetics 

differences in the two electrolytes, which significantly affect the reaction pathway, as 

widely observed in the conversion reaction under aqueous battery.[31c] A reversible 

capacity of 190 mAh g-1 is retained after 50 cycles at 300 mA g-1 in the aqueous 

electrolyte. The capacity fading is likely to arise from the soluble short-chain CaSex and 

CaSe in aqueous electrolyte, similar to the aqueous metal-S systems.[41] The reaction 

mechanism in the aqueous electrolyte is further investigated by XPS analysis (Figure 

5c). It shows similar multi-step conversions between Se and CaSe involving the 

intermediate products of CaSex. SEM images and corresponding elemental mappings 

of Se/CMK-3 electrode after discharge and charge further prove the reversibility of the 

electrochemical reaction (Figure S21). 

In order to certify the practical aspect of aqueous CIBs, a full cell consisting of 

Ca0.3[CuFe(CN)6]0.66·3.7H2O (Ca0.3CuHCF) cathode and a Se/CMK-3 anode is 

constructed and cycled in 6.25 M Ca(TFSI)2/H2O electrolyte (Figure 5d). Copper 
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hexacyanoferrate (CuHCF) nanoparticles are synthesized by a facile co-precipitation 

method.[26a] The SEM image and XRD pattern (Figure S22) reveal highly crystalline 

nanoparticles of CuHCF, consistent with previous reports.[26a, 26c] It delivers a specific 

capacity of 49 mAh g-1 at 100 mA g-1 in aqueous system (Figure S23). As shown in 

Figure 5e, the GCD profiles of full cell have a plateau at about 1.4 V followed by a 

slope, giving rise to an average voltage of 1.1 V at 100 mA g-1. After 50 cycles, the cell 

still delivers a specific capacity of 31 mAh g-1 based on the total mass of the active 

materials in the anode and cathode, corresponding to a specific energy of 34 Wh kg-1. 

This value could be significantly boosted by exploring high-capacity and high-voltage 

cathodes in 6.25 M Ca(TFSI)2/H2O electrolyte, where a 2.3 V CIB is possible when 

coupling with a Se anode. 
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Figure 5. The electrochemical performance and reaction mechanism analysis of 

Se/CMK-3 electrode in an aqueous system. a) The electrochemical stability of 1 M and 

6.25 M aqueous electrolytes and the voltage range of conversion reaction between Se 

and CaSe. b) Cycling performance at 300 mA g-1 and the CV curve at a scan rate of 0.3 

mV s-1 (inset). c) XPS Se 3d spectra at different electrochemical states. d) Schematic 

illustration of the aqueous full cell. e) The cycling performance and voltage profiles 

(inset) of Ca0.3CuHCF|Se/CMK-3 battery at a current density of 100 mA g-1. The 
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capacity and current density are calculated based on the weight of both Se and 

Ca0.3CuHCF for the full cell. 

 

3. Conclusion 

We demonstrated a new conversion-type Se electrode for CIBs through complementary 

theoretical and experimental studies, which is compatible with both non-aqueous and 

aqueous electrolytes. In a non-aqueous system, the Se/CMK-3 electrode delivers a 

reversible capacity of 476 mAh g-1 at 50 mA g-1 with an average CE of 99.6%. The 

overall performance, considering the specific capacity and average voltage, is among 

the best compared with reported cathode materials for CIBs. Mechanistic studies with 

SEM/EDS, XPS, UV-vis, and electrochemical methodologies reveal the stepwise 

conversion between Se0 and Se2-. Theoretical calculations indicate these intermediate 

phases most likely entail the CaSe4 and Ca2Se5, whose detailed crystal structures have 

been unraveled for the first time. Furthermore, the Se/CMK-3 electrode also shows 

remarkable electrochemical activity in aqueous Ca electrolyte and exhibits a similar 

conversion mechanism with that in non-aqueous electrolytes. A 1.1 V-class aqueous 

CIB is demonstrated by coupling the Se/CMK-3 anode with a Cu-based Prussian blue 

cathode. This work presents an alternative direction in the exploration of high-capacity 

electrodes for both non-aqueous and aqueous CIBs.  

 

4. Experimental Section 

Synthesis of Se/CMK-3 composite and electrodes  
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In a typical synthesis, commercial selenium (Se) powder and ordered mesoporous 

carbon (CMK-3) with a mass ratio of 1:1 were mixed through wet ball-milling in 

acetone for 2 h. After evaporating acetone at room temperature, the resulting powder 

was pressed into a pellet and kept at 260 ℃ for 12 h in a sealed quartz tube to obtain 

Se/CMK-3 composite.  

The slurry, consisting of Se/CMK-3, acetylene blacks, and sodium alginate binder (a 

mass ratio of 8:1:1) in deionized water, was cast onto a stainless steel foil and dried at 

80 ℃ overnight under vacuum to fabricate Se/CMK-3 electrodes.  

Characterizations 

The morphologies of Se/CMK-3 were characterized by scanning electron microscopy 

(SEM, TESCAN MAIA3) and transmission electron microscopy (TEM, JEOL 2010F). 

Raman and UV-vis spectra were carried out on a Witec-Confocal Raman system 

(UHTS 600 SMFC VIS) with an excitation wavelength of 532 nm and a UV-vis-NIR 

spectrophotometer (Perkin Elmer), respectively. The Se content in Se/CMK-3 

composite was analyzed by a thermogravimetric analyzer (NETZSCH, TGA, Q50). 

The X-ray diffraction (XRD) patterns and X-ray photoelectron spectrometry were 

respectively recorded on the Rigaku Smartlab X-ray diffractometer and Nexsa X-ray 

Photoelectron Spectrometer system. 

Electrochemical measurements 

CR2032 coin cells were assembled using the Se/CMK-3 as a working electrode, the 

commercial activated carbon cloth (AC) as a counter/reference electrode, and glass 

fiber membranes (GF, Whatman) as separators. 0.25 M Ca(TFSI)2 in ethylene 
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carbonate (EC)/dimethyl carbonate (DMC) (volume ratio of 1:1) and 6.25 M Ca(TFSI)2 

in deionized water were respectively employed as non-aqueous and aqueous 

electrolytes. The electrolyte is treated with molecular sieve (4 Å), and the water content 

in the electrolyte is 31 ppm as measured by the Karl-Fischer method. CNT layer is also 

employed in aqueous system to improve the cyclic stability of Se/CMK-3 electrode. 

The galvanostatic charge/discharge process was carried out on a Neware battery testing 

system (CT-4008T). Cyclic voltammetry (CV) curves were measured using the 

BioLogic electrochemical workstation (VSP). To obtain the AC potential vs. Ca/Ca2+, 

its open-circuit voltage was measured versus an Ag/Ag+ reference electrode[16], which 

is calibrated using a ferrocene/ferrocenium (Fc/Fc+) redox couple (see Figure S3 for 

details). In an aqueous system, Ca0.3CuHCF was prepared in two steps. First, the 

CuHCF electrode was fully depotassiated by charging to 0.85 V vs. AC at 50 mA g-1 in 

0.8 M K2SO4 electrolyte, and was washed with DI water. The CuHCF electrode was 

discharged to 0V vs. AC at 50 mA g-1 in 6.25 M Ca(TFSI)2 to obtain the Ca0.3CuHCF 

electrode.  

Theoretical calculations 

DFT calculations were conducted by applying a projected augmented wave method [42] 

using generalized gradient approximation parameterized by Perdew–Burke–Ernzerhof 

[43] performed in the Vienna Ab initio Simulation Package.[44] We adopted an energy 

cutoff of 500 eV, and the k-point was selected by limiting the spacings <0.05 Å−1. The 

energy and force convergence criteria were 10−6 eV and 0.02 eV Å−1, respectively. We 
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considered the spin polarization. The equilibrium potentials were calculated according 

to the following equation 

 U=
ECaxSe-xECa-ESe

-2xe
                           (1) 

where U is the equilibrium potential of the reaction, 𝐸𝐶𝑎𝑥𝑆𝑒 , 𝐸𝐶𝑎 , and 𝐸𝑆𝑒  are the 

computed total energies of CaxSe, Ca, and Se, respectively, x is the intercalation number 

of Ca into Se, and e is the elementary charge. Note that we selected the hexagonal phase 

of Se as the reference rather than the monoclinic one, because of its minor energy (0.01 

eV atom-1) above the hull and the hexagonal structure of the bulk Se in Figure 1b. 
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Supporting Information is available from the Wiley Online Library or from the author. 
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