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 5 

There is considerable interest in multivalent cation batteries, such as those based on Mg, Ca or Al1-6 
11. Most attention has focused on Mg. In all cases the metal anode represents a significant 7 
challenge. Recent work has shown that calcium can be plated and stripped, but only at elevated 8 
temperatures, 75 to 100 °C, with small capacities, typically 0.165 mAh cm-2, and accompanied by 9 
significant side reactions7. Here we demonstrate that calcium can be plated and stripped at room 10 
temperature with capacities of 1 mAh cm-2 at a rate of 1 mA cm-2, with low polarization (~ 100 mV) 11 
and in excess of 50 cycles. The dominant product is Ca, accompanied by a small amount of CaH2 12 
that forms by reaction between the deposited Ca and the electrolyte, Ca(BH4)2 in tetrahydrofuran 13 
(THF). This occurs in preference to the reactions which take place in most electrolyte solutions 14 
forming CaCO3, Ca(OH)2 and calcium alkoxides and normally terminate the electrochemistry. The 15 
CaH2 protects the Ca metal at open circuit. While this work does not solve all the problems of 16 
calcium as an anode in calcium-ion batteries, it does demonstrate that significant quantities of 17 
calcium can be plated and stripped at room temperature with low polarization. 18 

 19 

Lithium-ion batteries continue to dominate research effort. However, there is rapidly growing  20 
interest in multivalent-ion batteries as potential post-lithium ion energy storage devices1-6, 9-19. 21 
Although Mg and Ca are inferior to Li gravimetrically, volumetric capacity is important and in this 22 
regard Mg (3832 mAh cm-3) and Ca (2072 mAh cm-3) are respectively greater than and similar to Li 23 
(2062 mAh cm-3)7. Also, whereas Mg has a potential of 0.67 V vs. Li, Ca is much closer to Li at 0.17 V 24 
vs. Li, and Ca2+ mobility in cathodes may be higher than Mg2+ due to the lower charge density of Ca2+. 25 
As a result, interest in Ca based batteries is rising rapidly, although still at the research stage and 26 
with significant research challenges to be met7, 20-27. The problem generally encountered with 27 
multivalent metal anodes in aprotic-based electrolytes is their tendency to reduce the solvent 28 
producing passivating layers that inhibit plating and stripping of the metal1-4, 7, 12, 13.  29 

Early work on Ca metal anodes demonstrated that although calcium can be stripped it requires a 30 
relatively high overpotential. Ca plating presents an even greater problem12. In electrolyte solutions 31 
such as those based on propylene carbonate, butyrolactone and acetonitrile, Ca(OH)2, CaCO3 and 32 
calcium alkoxides are typically formed during the electrochemical reduction12. The decomposition 33 
products soon passivate the electrode surface, inhibiting further calcium plating7, 12. Recent studies 34 
reported the important result that under conditions of elevated temperatures, 75 to 100 °C, and in 35 
electrolyte solutions, specifically Ca(BF4)2 in ethylene carbonate and propylene carbonate mixtures, 36 
calcium deposition is possible but with significant side reactions, including the formation of CaF2, 37 
and with the deposition of only relatively small quantities corresponding to 0.165 mAh cm-2 7. 38 
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Demonstrating that significant quantities of calcium can be deposited and stripped with low 39 
polarization at realistic rates and at room temperature, and that this can be sustained on cycling, is a 40 
challenge.  41 

Borohydrides are strong reducing agents. Mg(BH4)2 has been investigated for Mg plating and 42 
stripping with some success, although high overpotentials are encountered, e.g. 700 mV, with low 43 
coulombic efficiencies of 40 % in tetrahydrofuran (THF) and 67 % in 1,2-Dimethoxyethane (DME). 44 
LiBH4 has to be added to the electrolyte solution to aid dissociation of Mg(BH4)2 28. In contrast 45 
Ca(BH4)2 was found to be readily soluble in THF at room temperature29. Inspired by the magnesium 46 
results, we have investigated calcium plating and stripping in the relatively reducing electrolyte 47 
solutions based on Ca(BH4)2 in THF, obtaining capacities of 1 mAh cm-2 at a rate of 1 mA cm-2, with 48 
low polarization (~100 mV) and in excess of 50 cycles.  49 

The electrolytes were prepared and the cells constructed as described in the Methods section. Initial 50 
investigation of calcium plating and stripping in Ca(BH4)2 in THF was carried out by cyclic 51 
voltammetry (CV) using three-electrode cells, Fig. 1 a. The CV is typical for metal plating on reduction 52 
and its stripping on subsequent oxidation. A coulombic efficiency of 94.8 % is obtained from the CV. 53 
Calcium deposition starts at potentials ~ 200 mV below the thermodynamic potential for Ca/Ca2+. 54 
The oxidation stability of the electrolyte solution is approx. 3V vs Ca/Ca2+, Supplementary Fig. S 1 a. 55 
To investigate the calcium anode in the Ca(BH4)2 in THF electrolyte solution in more detail, three-56 
electrode cells were constructed and subjected to galvanostatic cycling, in which the counter and 57 
reference electrodes were calcium metal. Calcium was deposited corresponding to a capacity of 1 58 
mAh cm-2, at a rate of 1 mA cm-2. The variation of voltage on calcium deposition and stripping is 59 
shown in Fig. 1 b. The polarization (overpotential) on repeated plating and stripping is ~ 100 mV, 60 
with a larger overpotential of very short duration on the 1st plating, corresponding to ~ 250 mV, Fig. 61 
1 b. The first cycle round-trip efficiency is 93 % up to the maximum oxidation potential of 0.5 V vs. 62 
Ca/Ca2+. The round-trip coulombic efficiency shown in the inset to Fig. 1 b generally increases over 63 
the first 25 cycles up to 94-96 %. The achieved cycling efficiency is beyond our expectation, but still 64 
far from practical use. It is important to note that the results in Fig. 1 b require a clean glovebox 65 
atmosphere. If the atmosphere is contaminated by solvents, such as organic carbonates, the 66 
stripping polarization increases somewhat earlier than in Fig. 1 b, see Fig. S 1 b and FTIR of the 67 
working electrode shows evidence of additional peaks.  68 

 69 

Figure 1 | Electrochemical results of Ca plating/stripping in 1.5 M Ca(BH4)2 in THF. (a) Cyclic voltammogram 70 
of Ca plating/stripping. The working, reference and counter electrodes are Au, Ca and Pt respectively. Scan 71 
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rate 25 mV s-1. Inset shows charge passed on plating/stripping from the CV. (b) Galvanostatic Ca 72 
plating/stripping at the rate of 1 mA cm-2. The working, reference and counter electrodes are Au, Ca and Ca 73 
respectively. The plating/stripping potentials are corrected for the IR drop across the electrolyte. Inset shows 74 
variation of coulombic efficiency with cycle number.  75 

 76 

It is necessary to prove that these electrochemical results do represent calcium deposition. To do so, 77 
anodes were extracted from the cell after calcium deposition and the deposit on the electrode 78 
surface was collected and subjected to powder X-ray diffraction (PXRD). All procedures were carried 79 
out in an Ar atmosphere glovebox and diffraction data collected using a sample holder for air 80 
sensitive materials, see Methods section. The PXRD pattern is shown in Fig. 2 a. The dominant 81 
product is calcium metal, along with a small amount of CaH2. To examine the possibility that non-82 
crystalline compounds could have formed, an infrared spectrum was also collected on the material 83 
removed from the electrode surface. Fourier transform infrared (FTIR) spectrum is shown in Fig. 2 b 84 
along with a range of possible calcium oxidation products, including those observed in previous work 85 
for Ca in aprotic electrolytes12. The FTIR spectrum is featureless, consistent with the products being 86 
Ca and CaH2. The Ca(BH4)2/THF electrolyte changes significantly the chemistry at the 87 
calcium/electrolyte interface from that normally encountered in Ca-based electrolytes. 88 

 89 

 90 

Figure 2 | Characterization of the product formed on Ca plating. (a) Powder X-ray diffraction patterns 91 
showing the dominant product on plating is Ca with a small amount of CaH2; (b) Infrared spectra of the 92 
deposited product and common Ca oxidation products. 93 

 94 

Presenting electrochemical data, even accompanied by proof that the dominant product of the 95 
deposition is Ca, is not sufficient. It is also necessary to quantify the amount of calcium deposited 96 
and compare it with the charge passed, in order to examine if the latter leads quantitatively to the 97 
former, i.e. to establish how close the Ca deposition comes to the theoretical ideal of 2 e-/Ca. The 98 
quantity of Ca deposited was determined by treating the electrode with a solution of D2SO4 in D2O 99 
then analysing the gases evolved by mass spectrometer. The results are shown in Supplementary Fig. 100 
S 2, in which the fluxes of the two gases evolved, D2 and HD, are shown. D2 and HD arise from the 101 
reactions: 102 

Ca + D2SO4 → D2 + CaSO4 103 
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CaH2 + D2SO4 → 2 HD + CaSO4 104 

No other significant gases were detected. Integration of the curves in Supplementary Fig. S 2 for D2 105 
and HD respectively give the quantities of Ca and CaH2 on the electrode, Table 1. The total amount 106 
of Ca deposited (i.e. the sum of Ca metal and CaH2) corresponds to 98 % of the charge passed (1.828 107 
μmol for 0.1 mAh of charge). This represents a charge/mass ratio of 2.04 e-/Ca, demonstrating that 108 
the majority of charge passed leads to Ca deposition and not to parallel electrochemical side 109 
reactions. A small amount of the Ca deposited, 5.0 mole %, reacts with the electrolyte to form CaH2. 110 
A similar analysis was applied to the electrode at the end of 1st and 10th stripping, Table 1. No Ca 111 
remained after the 1st stripping only some residual CaH2, corresponding to 2.1 mole % of the total 112 
charge passed on stripping (0.093 mAh). For the electrode at the end of 10th stripping, both D2 and 113 
HD were detected, corresponding to 4.0 mole % Ca and 6.3 mole % CaH2 respectively. These values 114 
represent the accumulation of products rather than the cycling efficiency on the 10th cycle, which is 115 
94 %. These results indicate that some of the CaH2 is lost from the electrode on stripping, and not all 116 
Ca is stripped at higher cycle numbers. 117 

 118 

Table 1 | Amounts of Ca and CaH2 formed on plating and remaining after stripping, expressed as a mole % of 119 
the amount of charge passed in each case. The values for the amounts after the 10th stripping represent an 120 
accumulation of Ca and CaH2 remaining on the electrode and not the cycling efficiency on the 10th cycle. 121 

 Ca CaH2  
After 1st plating 93.0 % 5.0 %
After 1st stripping below detection limit 2.1 % 
After 10th stripping 4.0 % 6.3 % 
 122 

The morphology of the Ca was investigated by SEM, Fig. 3. A thick film of calcium is evident after the 123 
1st plating. After stripping, some residue is left on the electrode surface, which from the above 124 
chemical analysis is CaH2. Further cycles show the corresponding plating and stripping of the Ca film, 125 
with some residue of Ca and CaH2 at the end of each stripping process. To investigate whether the 126 
CaH2 exists as a layer on top of the calcium film or instead throughout the Ca film, time-of-flight 127 
secondary ion mass spec (TOF-SIMS) was carried out with depth profiling on deposited film from a 128 
deuterated THF electrolyte solution. The results are shown in Supplementary Fig. S 3. Although D- 129 
ions were found to be more prevalent near the surface, they were also found throughout the 130 
deposited film. This result is consistent with the freshly deposited Ca reacting with the THF to form 131 
CaH2 continuously during the electrochemical deposition of Ca, as the deuterated THF is the only 132 
source of D.  133 
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 134 

Figure 3 | Cross sectional images of Au electrodes at the end of Ca plating/stripping. The specific capacity for 135 
each plating is 1 mAh cm-2. (a) Pristine Au electrode, (b) 1st plating, (c) 5th plating, (d) 10th plating, (e) 1st 136 
stripping, (f) 5th stripping, (g) 10th stripping.  137 

 138 

GC-MS studies showed that Ca reacts with THF to form CaH2 by abstracting two protons: Ca + C4H8O 139 
→ CaH2 + C4H6O, see Supplementary Information. The electrolyte salt also plays a role. Two identical 140 
cells differing only in the electrolyte salts, Ca(BH4)2 and Ca(TFSI)2, were subjected to calcium plating 141 
and stripping, see Supplementary Fig. S 5. In the case of the Ca(TFSI)2 the cell polarizes severely and 142 
there is almost no capacity. FTIR, Supplementary Fig. S 5 b, reveals multiple peaks, in contrast to the 143 
FTIR for the Ca(BH4)2/THF electrolyte. These results demonstrate the role of Ca(BH4)2 in avoiding side 144 
reactions between Ca and the electrolyte that would otherwise inhibit the Ca/Ca2+ electrochemistry. 145 
This is consistent with previous studies of calcium in THF based electrolytes using salts such as 146 
Ca(BF4)2, where decomposition products like Ca(OH)2 and Ca(OR)2 were observed and made plating 147 
and stripping impossible12.  148 

Since the reaction between Ca and the electrolyte to form CaH2 is spontaneous, we investigated 149 
whether this reaction continues unabated or saturates. Calcium was deposited on the electrode and 150 
then left at open circuit for various periods of time. The accumulation of CaH2 with time is shown in 151 
Fig. 4 a. After deposition of 1 mAh cm-2 of Ca the electrode contained, as above, 5 mole % of CaH2 152 
(expressed as a percentage of the total charge passed). The quantity of CaH2 grew to 11 mole % over 153 
some 20 hours, at which point the growth of CaH2 saturated. The CaH2 layer on the surface of the 154 
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deposited Ca serves to protect the Ca from further reaction with the electrolyte at open circuit. SEM 155 
images show the appearance of a film on the surface of the deposited Ca, Fig.4 b, which is not 156 
evident immediately after deposition, Fig. 3 b.c.d. These results indicate that CaH2 grows by reaction 157 
with Ca as it deposits, and is therefore distributed throughout the film, but then on resting at open 158 
circuit the growth of CaH2 continues until a protective film of CaH2 forms of sufficient thickness to 159 
suppress further reaction between Ca and the electrolyte solution. An overpotential of several 160 
hundred millivolts at a current density of 1 mA cm-2 is required to initiate stripping after the 161 
electrode has been standing at open circuit, compared with stripping immediately after the 162 
deposition, see Supplementary Fig. S 6 a. Also the round-trip efficiency has been reduced, 163 
commensurate with the greater accumulation of CaH2 on standing. Another consequence of the 164 
CaH2 formation is a lower round-trip efficiency at lower current densities (longer exposure of 165 
growing Ca film to the electrolyte). This is shown in Supplementary Fig. S 6 b, where the round-trip 166 
efficiency has dropped from 94 % to 90 % when plating/stripping was carried out at 0.1 mA cm-2. 167 

 168 

Figure 4 | Accumulation of CaH2 on deposited electrode. (a) Accumulation of CaH2 at open circuit after 169 
depositing 1 mAh cm-2 of Ca on the electrode, expressed as a mole percentage of the charge passed. (b) Cross 170 
sectional image of electrode after 20 hours rest at open circuit. 171 

Outlook 172 

All previous attempts to plate and strip calcium have met with the formation of decomposition 173 
products due to reaction with the electrolyte that either makes calcium plating and stripping 174 
impossible or requires elevated temperatures to achieve even relatively low plating capacities. In 175 
contrast, using the electrolyte Ca(BH4)2/THF it is possible to plate and strip calcium at room 176 
temperature and in significant quantities (1 mAh cm-2), with low polarisation (100 mV) with 177 
efficiencies of approx. 94-96 % and on continuous cycling. With Ca(BH4)2 in THF, instead of forming 178 
the usual products of calcium oxidation, CaH2 forms, and this changes significantly the Ca 179 
electrochemistry. From the above studies, we know that CaH2 forms spontaneously during calcium 180 
deposition and is included within the growing calcium film. The formation is relatively slow 181 
compared with the rate of plating and stripping. Only at open circuit, where there is no calcium 182 
deposition to compete with CaH2 formation, do we see a CaH2 film form on the calcium surface. 183 
Even so, the stripping can still be initiated with an overpotential of several hundred millivolts. 184 
Therefore, CaH2, the by-product of Ca plating/stripping in Ca(BH4)2/THF electrolyte, unlike the usual 185 
products of Ca oxidation, does not inhibit plating and stripping, but instead forms a protection layer 186 
at open circuit, sufficient to inhibit continuous calcium reaction with the electrolyte. 187 
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Although the results reported here represent a significant advance in the plating and stripping of Ca 188 
in an organic based electrolyte, they do not solve the problems of the Ca anode for rechargeable Ca 189 
batteries. The cycling efficiency of a metal anode for rechargeable batteries needs to be as high as 190 
99.98% per cycle. The cycling efficiency here, although high at 96%, is not sufficient for such practical 191 
applications. Ca is reactive. To achieve 99.98% cycling efficiency it would be necessary to form a SEI 192 
layer on Ca that is electronically insulating but Ca2+ conducting. In the present work, Ca reacts with 193 
THF to form CaH2 which acts as a passivating layer at open circuit, mitigating further reaction of Ca 194 
with the electrolyte. However this does not have the properties of a SEI and hence does not support 195 
sufficiently high efficiency. The cathode is another challenge for the Ca battery. Generally the 196 
diffusivity of divalent ions in intercalation hosts is relatively slow, which can limit practical rates, 197 
although the lower charge density of Ca2+ compared with Mg2+ makes, all other things being equal, 198 
Ca2+ mobility greater than Mg2+. It is particularly difficult to find high voltage Ca intercalation hosts 199 
with high Ca2+ mobility because the more polarizable hosts, e.g. sulphides and nitrides, are limited to 200 
lower voltages than the less polarizable oxides. The oxidation stability of the Ca(BH4)2/THF 201 
electrolyte solution, Supplementary Fig. S 1 a, is approx. 3V vs Ca/Ca2+, which limits possible 202 
cathodes to relatively low voltage the Chevrel phases24, V2O5

15 and sulfur20. The redox potential of 203 
Prussian Blue and its derivatives21, 25, 30, which have been investigated recently for use in multivalent-204 
ion batteries is too high. The combination of a Ca anode with the borohydride/ether based 205 
electrolytes and cathodes that are within the stability window may be of interest for primary 206 
batteries. 207 

 208 

Methods 209 

Please refer to the Supplementary Information for details of the Materials and Methods. 210 

 211 
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