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Calcium-ion batteries (CIBs) have potential as electrochemical energy storage devices due to the low
redox potential of Ca®*/Ca and the abundant reserves of Ca. However, the unsatisfactory calcium
storage performance of electrode materials limits the development of CIBs. Here, we propose a design
principle of high-solvation electrolytes to achieve ultra-stable calcium-ion storage. In high-solvation
electrolytes, the decomposition of TFSI™ ions and the formation of a CaF,-rich cathode electrolyte
interface with Ca®" insulation can be suppressed. With this electrolyte, Na;VeO16:2.9H,0O shows a high
discharge capacity of 240.7 mA h g~! at 20 mA g! and an ultra-long life of 60000 cycles (over
600 days) at 1000 mA g1 A three-dimensionally reduced graphene oxide aerogel and (NH4)>VeO1e-
1.5H,0 also exhibit a long life of 6000 cycles and 9000 cycles, respectively. These materials have the
longest cycle life among reported materials so far in CIBs. This work endows the electrode materials
with ultra-stable calcium-ion storage and provides a design principle of electrolytes for cathode
materials in CIBs.

The reserves of raw materials play a crucial role in whether electrochemical energy storage devices can be used for large-scale energy storage. Due to the low
redox potential of Ca®'/Ca (—2.87 V vs. SHE close to that of Li'/Li) and the abundant reserves of Ca in the earth’s crust, Ca-ion batteries (CIBs) have received
widespread attention from researchers as potential electrochemical energy storage devices. However, the unsatisfactory Ca storage performance of electrode

materials limits the development of CIBs. In this work, we studied for the first time the correlation between the solvation structure of electrolytes and the

performance of cathode materials in CIBs. The results indicated that the decomposition of TFSI" ions and the formation of the CaF,-rich cathode electrolyte

interface with Ca®>" insulation can be suppressed in a high-solvation Ca electrolyte. Finally, we proposed a design principle of Ca electrolytes for cathode

materials with ultra-stable calcium-ion storage.

Introduction

new electrochemical energy storage systems based on abundant
materials, such as sodium-ion, potassium-ion, multivalent-ion

The low reserves of raw materials (such as Li, Ni, and Co) for
lithium-ion batteries (LIBs) make them unsuitable for large-
scale energy storage, which motivates researchers to develop
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batteries, etc. Since each multivalent-ion can transfer two or
three electrons, multivalent-ion batteries are expected to be
energy storage devices with higher energy density and lower
cost.’™ In addition, compared with Li, Na or K metal anodes,
Mg and Ca metal anodes are less likely to form dendrites,
which can effectively improve the safety of batteries.* There-
fore, multivalent-ion batteries are considered potential candi-
dates for post-LIBs.

Among multivalent-ion (Al**, Zn*>*, Mg”*, and Ca®") batteries,
Ca®*/Ca has the lowest redox potential of —2.87 V vs. standard
hydrogen electrode (SHE), which is close to that of Li'/Li
(—3.04 V vs. SHE). Therefore, calcium-ion batteries (CIBs) can
achieve higher working voltage and energy density among these
multivalent-ion batteries. In addition, Ca®>* has the lowest

This journal is © The Royal Society of Chemistry 2024
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charge density, Ca metal tends to be uniformly deposited/
stripped, and Ca is the fifth most abundant element, meaning
that CIBs have good rate performance, low cost, and high
safety. However, the unsatisfactory calcium storage perfor-
mance of electrode materials, caused by the large radius and
divalent nature of Ca®>" and the decomposition of electrolytes,
limits the development of CIBs. In the past two decades,
considerable efforts have been made to develop electrolytes
compatible with Ca metal anodes, and some breakthroughs
have been made, such as Ca(BF,),/ethylene carbonate:propy-
lene carbonate,” Ca(BH,),/tetrahydrofuran® and Ca[B(hfip)4],/
glyme (DME).” Recently, Zhang et al. realized the compatibility
of Ca(TFSI),-based electrolytes with the Ca metal anode by
regulating the solvation structure of Ca®>".® Unfortunately, these
electrolytes are poorly compatible with cathode materials.
Ca(TFSI),, as a commercially available and highly compatible
salt, has been used in ~50% of the reported cathode materials
for CIBs. However, most electrode materials exhibited poor
cycling performance or low specific capacity (Table S1, ESIT).
The electrolyte solvation structure has been shown to have
significant impacts on the cathode materials’ performance in
monovalent ion (Li*/Na*/K") and multivalent-ion (Mg>*/Zn>")
batteries.*°'? However, the correlation between the solvation
structure of electrolytes and the performance of cathode mate-
rials in CIBs is unclear. Therefore, it is of great significance to
study the correlations between the solvation structure of Ca>*
and the cathode materials’ performance in Ca(TFSI),-based
electrolytes and propose a design principle of Ca electrolytes
for ultra-stable calcium-ion storage.

Here, we regulate the solvation structure of Ca®>" in
Ca(TFSI),-based electrolytes by using different solvation power
solvents, including DME, diglyme (G2), and tetraglyme (G4).
Classical molecular dynamics (CMD) simulation and Raman
spectrum data indicate that the solvation degree of Ca®*
increases with the solvent from DME to G2 and G4. With a
high-solvation and well-compatible Ca(TFSI),/G4 electrolyte,
Na,V046:2.9H,0 (NVO) shows an ultra-long life of 20 000 cycles
at room temperature and 60 000 cycles (over 600 days) at 50 °C.
A three-dimensional reduced graphene oxide (3D rGO) aerogel
and (NH,),Ve016-1.5H,0 (NHVO) also exhibit a long life of 6000
and 9000 cycles, respectively. The formation and composition
of the cathode electrolyte interphase (CEI) in CIBs were first
studied by ex situ transmission electron microscopy (TEM) and
X-ray photoelectron spectroscopy (XPS). The results demon-
strate that the excellent cycling performance of the electrode
materials benefits from minimizing the decomposition of the
TFSI™ ion and preventing the formation of the CaF,-rich CEI in
the high-solvation Ca(TFSI),/G4 electrolyte. In addition, taking
NVO as a representative, the differences in the calcium storage
mechanism and electrolyte kinetic behavior in different solva-
tion electrolytes were studied through in situ X-ray diffraction
(XRD), in situ attenuated total reflectance Fourier-transform
infrared (ATR-FTIR), and 3D tomography reconstruction tech-
nologies. And, the crystal structure and Ca>" storage site of NVO
were observed for the first time at the atomic scale by double
aberration correction TEM.
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Results and discussion
Calcium electrolyte design principles

The design principles of Ca(TFSI),-based electrolytes are sum-
marized in Fig. 1a-c. In low-solvation electrolytes (Fig. 1a), the
primary solvation sheath of Ca®" contains TFSI™ ions, and the
TFSI™ ions are reduced during the discharge process,'® leading
to CaF,rich CEI formation and electrolyte consumption.
In addition, CaF, is unfavorable for the conduction of Ca*".*?
Therefore, electrode materials may exhibit poor cycling perfor-
mance in low-solvation electrolytes due to the continuous
consumption of electrolytes and the formation of the CaF,-
rich CEL In high-solvation electrolytes (Fig. 1b), the TFSI™ ions
exist as solvent-separated ion pairs (SSIPs) or free ions. The
TFSI™ ions do not exist in the primary solvation sheath of Ca®*
and do not migrate to the cathode side during discharge. As a
result, the reduction of TFSI™ ions at the electrode interface is
minimized during the discharge process, which prevents the
formation of the CaF,-rich CEI and the consumption of electro-
Iyte, further enhancing the cycling performance of electrode
materials. As shown in Fig. 1c, the proposed design principle of
Ca(TFSI),-based electrolytes is to inhibit the reduction of TFSI™
by utilizing high-solvating power solvents.

To illustrate the correlation between solvents with differ-
ent solvating powers and the solvation structure of Ca®>" in
Ca(TFSI),-based electrolytes, three ether solvents with different
chain lengths (DME, G2, and G4) are considered. Gaussian
calculated electrostatic potentials (¢) of different solvents and
the corresponding binding energies between Ca*>* and solvents
are shown in Fig. 1d-f and Fig. S1 (ESIt). The results indicate
that the solvent molecules show high negative charge densities
near oxygen atoms, and these oxygen atoms may coordinate
with Ca®" in electrolytes. The binding energies between Ca**
and solvent oxygen atoms increase with solvent from DME, G2
to G4, and the minimum formation energies are —3.97, —4.52,
and —5.6 eV, respectively. The results indicate that G4 has a
higher solvating power. CMD simulations were performed to
study the solvation structure and the coordinated numbers
(CNs) of Ca*" in Ca(TFSI),/DME, Ca(TFSI),/G2 and Ca(TFSI),/
G4 electrolytes (Fig. 1g-j and Fig. S2 and S3, ESIt). The results
(Fig. 1g-i and Fig. S2, ESI}) illustrate that the primary solvation
sheath of Ca*" in Ca(TFSI),/G4 does not contain TFSI . In
addition, we calculated the CNs of Ca®" in different electrolytes
(Fig. 1j) based on the radial distribution functions (RDF)
(Fig. S3, ESIf). The CNs of TFSI™ decrease as the solvent
changed from DME, G2 to G4. Almost no TFSI™ are present
in the primary solvation sheath of Ca®" in Ca(TFSI),/G4, indi-
cating that Ca(TFSI),/G4 is a high-solvation electrolyte. Raman
spectra (Fig. 1k) of different electrolytes are used to analyze
TFSI -Ca”" interactions due to the TFSI~ complex breathing mode
located at 735-755 cm™ ' and the 740 cm ™' mode corresponding to
SSIPs or free TFSI ions (without Ca®>" coordination).>'*'> The
results suggest that almost no TFSI -Ca>" interactions are found
in Ca(TSFI),/G4, which is well consistent with the results of CMD
simulations. The Fourier transform infrared (FTIR) spectra of
different electrolytes are shown in Fig. S4 (ESIT). The vibrational
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Fig. 1 Design principles and physicochemical characterization of Ca(TFSI),
TFSI™ ions leads to constant consumption of electrolytes and the format

-based electrolytes. (a) In the low-solvation electrolytes, the reduction of
ion of CaF,-rich CEl on the electrode surface. (b) In the high-solvation

electrolytes, the reduction of TFSI™ ions is inhibited. (c) The design principle of Ca(TFSI),-based electrolyte is to minimize the reduction of TFSI™ ions:
select high solvating power solvents to increase the solvation degree of electrolytes. (d)—-(f) Gaussian calculated electrostatic potentials (¢) of different
solvents and the corresponding binding energies between Ca®* and the solvent: (d) DME, (e) G2, and (f) G4. (g)—(i) CMD simulation of Ca(TFSl),-based
electrolytes: snapshots of CMD simulations of 0.3 M Ca(TFSI), in (g) DME, (h) G2 and (i) G4. (j) The coordination numbers of Ca®* in different electrolytes.

(k) Raman spectra of Ca(TFSI), salt and Ca(TFSI), in different solvents.

features in the range of 1300-1400 cm ' correspond to the
asymmetric -SO, stretching bands in TFSI™ ions, which are usually
used to observe jon-ion interactions."®™® In the Ca(TFSI),/G4
electrolyte, the peak shape of the asymmetric -SO, stretching
bands is consistent with the vibrational peaks of free TFSI™ ions
in Zn(TFSI), and LiTFSIL,""'® indicating the presence of only free
TFSI" ions in the Ca(TFSI),/G4 electrolyte. The analysis of the FTIR
spectra further confirms the results of the Raman spectra. Cu//
activated carbon cloth (ACC) batteries with different electrolytes
were assembled to illustrate the effects of solvent molecules on the
decomposition of TFSI". Cyclic voltammetry (CV) curves of Cu//
ACC at 0.1 mV s~ are shown in Fig. S5 (ESIt). In Ca(TFSI),/DME
and Ca(TFSI),/G2, the reduction peaks are observed in the range
from —0.8 to —0.5 V vs. ACC, corresponding to the decomposition
of TFSI".% Interestingly, the reduction peak is absent in Ca(TFSI),/
G4. The result indicates that the decomposition of TFSI” can be
effectively inhibited in the Ca(TFSI),/G4 electrolyte. In addition,
the results of linear sweep voltammetry (LSV) demonstrate that the
Ca(TFSI),/G4 electrolyte has high oxidation stability (Fig. S6, ESIt).

Calcium storage performance in high-solvation electrolytes

The above results demonstrate that TFSI™ is reduced in low-
solvation electrolytes during discharge. However, further veri-
fication is needed to determine whether the reduction of TFSI™

6618 | Energy Environ. Sci., 2024,17, 6616-6626

will affect the performance of electrode materials. NVO with
large layer spacing and Na' pillars was synthesized by hydro-
thermal method (Fig. S7, ESIt) and used as a cathode material
to study the effect of the solvation structure of Ca®>" on the Ca**
storage performance. The XRD pattern of NVO (Fig. 2a) can be
well indexed to the PDF card of Na,Vs014-3H,O (PDF#: 00-016-
0601), and the scanning electron microscopy (SEM) image
shows that NVO is ultra-long nanowires (Fig. S8, ESIf). The
high magnification high-angle annular dark-filed (HAADF)
scanning transmission electron microscopy (STEM) images of
NVO are shown in Fig. 2b and ¢ and Fig. S9 (ESIT). The crystal
structure of NVO was observed for the first time at the atomic
scale. The bright dots in the HAADF-STEM images are assigned
to heavy V atoms, and the position of the V atoms is consistent
with the crystal structure of NVO along a and b directions
(Fig. 2b and Fig. S9, ESIt). The HAADF-STEM image of NVO
further indicates that NVO is a layered structure material with a
large layer spacing of 0.79 nm, corresponding to the (001)
crystal plane of NVO (Fig. 2c). Some other characterization
techniques for NVO are shown in Fig. S10-S12 (ESI{). The
results indicate that the valence state of V in NVO is +5 and
each NVO contains 2.9 H,0O molecules.

Since the Ca(TFSI),/DME electrolyte is not compatible with
the Ca metal,** ACC is selected as the counter electrode with a

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Calcium storage performance of Na;VeO16:2.9H,0 in different electrolytes. (a) XRD pattern of NVO. (b) and (c) HAADF-STEM images of NVO and
corresponding crystal structures along a direction. (d) Cycling performance of NVO with different electrolytes at 500 mA gt and room temperature after
five cycles at 20 mA g* (the loading of the active material is ~1.1 mg cm~2). (e)-(g) Charge/discharge profiles as a function of cycle number of NVO

using (e) Ca(TFSI),/DME, (f) Ca(TFSI),/G2, and (g) Ca(TFSI),/G4 electrolytes.

stable potential of 3.068 V vs. Ca®>*/Ca (Fig. S13, ESI%)."® The
Ca** storage performance of NVO in three different electrolytes
was characterized at room temperature (Fig. 2d). The cell with
Ca(TFSI),/DME shows poor cycling performance, including
rapid capacity fading by 84.0% after 2800 cycles and increased
cell overpotential during cycling (Fig. 2e). The cell in the
Ca(TFSI),/G2 electrolyte exhibits improved cycling perfor-
mance, but capacity fading and increased cell overpotential
are still observed (Fig. 2f). The capacity retention of NVO is
48.5% after 10000 cycles in the Ca(TFSI),/G2 electrolyte.
In contrast, the cell with a high-solvation Ca(TFSI),/G4 electro-
lyte shows a long-life of 20 000 cycles and the capacity increases
gradually. The overpotential of the cell gradually decreases
during 20 000 cycles as shown in Fig. 2g with a high Coulombic
efficiency (CE). In addition, in the Ca(TFSI),/G4 electrolyte, NVO
can also exhibit a high discharge capacity of 240 mA h g~ and
excellent cycling performance at low current density (Fig. S14,
ESIf). The high calcium storage capacity of NVO has also been
verified in a three-electrode system (Fig. S15, ESIt). The reasons for
the capacity increase and overpotential decrease during the cycle
will be discussed in detail later. Combining the CMD simulation,
Raman spectroscopy and FTIR spectroscopy analysis results of
electrolytes, the electrochemical performance testing indicates that
electrolytes with a high proportion of SSIPs or free TFSI™ ions

This journal is © The Royal Society of Chemistry 2024

are conducive to achieving long cycling lifetimes of electrode
materials.

Cathode electrolyte interface components in different solvation
electrolytes

The above electrochemical performance tests have shown that
NVO has the best cycling performance in high-solvation
Ca(TFSI),/G4 electrolyte, whether this is related to suppressed
reduction of TFSI” ions needs to be further studied. The
composition and properties of the CEI layer on the cycled
NVO electrode surface with different electrolytes were ana-
lyzed by XPS and TEM. In low-solvation Ca(TFSI),/DME and
Ca(TFSI),/G2, the reduction of TFSI™ induces the formation of
inorganic-rich CEI, including CaF, and S-based compounds
(Fig. 3a and b and Fig. S16a and b, ESIT). In sharp contrast, in
high-solvation Ca(TFSI),/G4, the peak corresponding to CaF, is
very weak even after 210 s Ar” sputtering (Fig. 3c) and the sulfur-
based compounds are not observed (Fig. S16¢, ESIT), which
indicates that the decomposition of TFSI™ ions can be signifi-
cantly suppressed in a high-solvation electrolyte.

The STEM image for the cycled NVO electrode in Ca(TFSI),/
DME (Fig. 3d and Fig. S17, ESI{) demonstrates the presence of a
2.3 nm thick CEI on the surface of NVO. The HAADF-STEM
image and elemental maps show that the edge of NVO contains

Energy Environ. Sci., 2024, 17, 6616-6626 | 6619
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more F, Ca, and C elements (Fig. 3e). The EDX spectra (Fig. 3f)
additionally indicate the formation of CaF,rich CEI in
Ca(TFSI),/DME. The cycled NVO STEM image in Ca(TFSI),/G2
shows a thinner CEI of 1.3 nm (Fig. 3g). In contrast, in high-
solvation Ca(TFSI),/G4 electrolyte, almost no CEI can be
observed on the surface of NVO, which also confirms that the
decomposition of TFSI™ and the formation of CaF,-rich CEI can
be suppressed in the Ca(TFSI),/G4 electrolyte. In addition, the
stable NVO in these electrolytes verifies that the fading of
capacity in the low solvation-electrolytes is not caused by the
loss of active material (Fig. S18, ESIT). XPS and TEM results
show that the cycling performance of NVO is closely related to
the solvation structure of Ca®* and the inhibition of TFSI~
decomposition is beneficial for electrode materials to achieve
stable calcium-ion storage.

6620 | Energy Environ. Sci., 2024, 17, 6616-6626

High-temperature performance and compatibility
of high-solvation electrolytes

To demonstrate the high-temperature performance and com-
patibility of the Ca(TFSI),/G4 electrolyte, the calcium storage
performances of NVO and NHVO at 50 °C and the 3D rGO
aerogel at room temperature were evaluated. NVO shows a high
discharge capacity of 210.7 mA h g * without capacity fading
after 100 cycles at 100 mA g~ ' (Fig. 4a and Fig. S19, ESIt) and
exhibits a capacity of 148.0 mA h ¢~ at 1000 mA g~ * (Fig. S20,
ESIT). It is impressing that NVO can maintain a capacity of
110.9 mA h g~ " with a capacity retention of 75% after 60000
cycles (over 600 days, Fig. 4b). To the best of our knowledge, the
60 000 cycles in CIBs are the longest. In addition, when the test
temperature turns from 50 °C to 25 °C and back to 50 °C, NVO
can still maintain stable cycling performance. Rate performance

This journal is © The Royal Society of Chemistry 2024
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tests show that NVO has a capacity of 59.1 mA h g ' at
3000 mA g~ ' (Fig. S21, ESIt). The effects of interlayer H,O on
the calcium storage performance and the reaction kinetics in
Ca(TFSI),/G4 are additionally investigated (Fig. S22-S23, ESIT).
The results demonstrate that the interlayer H,O molecules
play an important role in achieving excellent calcium storage
performance, and the average diffusion rate Ca** in the NVO
electrode is 2.8 x 10" em® s™ .

In addition, NHVO exhibits a capacity of 71 mA h g ' and a
long-life of 9000 cycles at 500 mA g~' (Fig. 4c and Fig. S24,
ESIt). The 3D rGO aerogel delivers a capacity of 62 mA h g™*
and 6000 cycles with 81.5% capacity retention at 1000 mA g~ *
(Fig. 4d and Fig. S25, ESIt). The results indicate that NHVO and
3D rGO aerogel can also exhibit excellent cycling stability in
Ca(TFSI),/G4, meaning that Ca(TFSI),/G4 has good compati-
bility with electrode materials. To assess the compatibility of
the high-solvation Ca(TFSI),/G4 electrolyte with the Ca metal
anode, the performance of NVO|Ca and Ca|Ca cells in the
Ca(TFSI),/G4 electrolyte was evaluated. The observed poor
electrochemical performance suggests that the Ca(TFSI),/G4
electrolyte is not compatible with the Ca metal anode

This journal is © The Royal Society of Chemistry 2024

(Fig. S26, ESIT). XPS depth profile analysis indicates that the
SEI on the surface of the cycled Ca metal anode contains CaF,
and CaO (Fig. S27, ESIt), which have been shown to have high
diffusion barriers for Ca*>* ions.*® The poor compatibility could
be attributed to the particularly strong and well-defined
G4:Ca®" interactions."**” Finally, the electrochemical perfor-
mances of 3D rGO aerogel, NHVO, and NVO are compared with
the reported cathode materials in organic electrolytes (Fig. 4e).
Among the reported cathode materials, 3D rGO aerogel, NHVO,
and NVO all exhibit the longest cycle life and high-capacity
retention. In particular, NVO exhibits an ultra-long life of
60000 cycles (more than 600 days) and a capacity retention of
75%, which further suggests that high-solvation Ca(TFSI),-
based electrolytes may be the best choice for ultra-stable
calcium-ion storage.

A Ca-jon full cell (NVO|Ca,Ti;C,) with the Ca(TFSI),/G4
electrolyte was assembled. The NVO| Ca,Ti;C, full cell has a
discharge capacity of 69.1 mA h g~ ' (Fig. S28a, ESIt) and 60
cycles life at 20 mA g~ and room temperature (Fig. S28b, ESIY),
which indicates that the potential application of NVO cathode
materials and Ca(TFSI),/G4 electrolyte in CIBs. To further
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underscore the potential of NVO in Ca-metal batteries, a
NVO||Ca[B(hfip),],/DME|/Ca battery was assembled and exhi-
bits a 174.7 mA h g ' discharge capacity (Fig. S29a, ESIY),
affirming the viability of NVO in Ca-metal batteries. However,
after 10 cycles, the capacity dwindled to 50.7 mA h g'
(Fig. S29b, ESIt). This decline is attributed to the insufficient
compatibility between Ca[B(hfip),],/DME and the Ca-metal
anode.*® Therefore, enhancing the compatibility between the
electrolyte and the Ca metal is pivotal for advancing CIBs, and
it will be a primary focus of our forthcoming endeavors. More-
over, in the Ca-system without using a Ca metal anode, a
graphite anode with the low working voltage may be a suitable
option to enhance the working voltage of Ca-ion full cells.*’
However, the low specific capacity of the graphite anode limits
its commercial application. Therefore, it is also crucial to

View Article Online
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further improve the CE and specific capacity of the graphite
anode through the electrolyte solvation structure regulation or
material modification in the future work.

Storage and activation mechanism in high-solvation
electrolytes

In situ XRD was used to investigate the Ca®" storage mechanism
of NVO. In Ca(TFSI),/G4, the (001) diffraction peak of NVO
shifts to high angle during the discharge process, indicating
that the interlayer spacing of NVO decreases (Fig. 5a). Mean-
while, the (—301), (110) and (—211) diffraction peaks of NVO
shift to low angle, meaning the increase of a and b. During the
charge process, all the diffraction peaks shift reversely and
return to the initial position at the end, which indicates that
NVO has good structural reversibility and the calcium storage

b
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Fig. 5 Calcium storage mechanisms of NVO in high-solvation electrolytes. (a) In situ XRD patterns of NVO and the corresponding charge/discharge
profiles in the Ca(TFSI),/G4 electrolyte. (b) The configuration of the cell for in situ ATR-FTIR tests. (c)-(e) In situ ATR-FTIR spectra of NVO and the
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mechanism of NVO is a single-phase solid solution reaction in
the Ca(TFSI),/G4 electrolyte. Interestingly, the shift of the
diffraction peaks is not monotonic in the Ca(TFSI),/G4 electro-
lyte. In stage I, the (111) and (—211) diffraction peaks shift
significantly, while the (—301) and (110) diffraction peaks shift
slightly. In stage II, the (111) and (—211) diffraction peaks
shift slightly, and the (—301) and (110) diffraction peaks shift
significantly. During the charge process, two similar stages are
observed. However, the changes of these diffraction peaks in
the Ca(TFSI),/G2 electrolyte are different (Fig. S30, ESIT), which
may be due to the presence of solvation co-insertion in high-
solvation Ca(TFSI),/G4 electrolyte. The research on solvation
co-insertion will be further discussed later.

The dynamic behaviors of electrolytes on NVO electrodes
were studied by in situ ATR-FTIR spectroscopy. The configu-
ration of the cell for in situ ATR-FTIR tests is shown in Fig. 5b,
and the FTIR spectra of different solvents and electrolytes are
shown in Fig. S31 (ESIt). In situ ATR-FTIR spectra of NVO in
Ca(TFSI),/DME (Fig. 5c¢) indicate that the intensity of the
corresponding TFSI™ absorption peaks (including v,(SO,),
v,(CF3), v5(SO,) and v,(SNS)) gradually weakens>*>' and the
intensity of the corresponding DME solvent absorption peak
(va(COC))*? increases during discharge, which is due to the
migration of TFSI™ to the anode and the desolvation of Ca®" at
the interface of the cathode. The reverse peak evolution is
observed during charge. In Ca(TFSI),/G2, similar changes of
the absorption peaks were observed, and the more pronounced
intensity change is due to the stronger interaction between G2
and Ca** (Fig. 5d). In Ca(TFSI),/G4, the observed absorption
peak changes are different from that of other two electrolytes
(Fig. 5e). Two distinct stages are observed during discharge and
charge, respectively, which are similar to the changes in the
in situ XRD pattern (Fig. 5a). It is particularly noteworthy that
the intensity of the corresponding G4 solvent absorption peaks,
including C-O-C, -CH; and -CH,, remain unchanged at stage
111, which may be caused by G4 solvent co-extraction during
charge, corresponding to the presence of solvent co-insertion
during discharge. However, in situ ATR-FTIR spectra of NVO for
the high wavenumber regions (Fig. S32, ESIt) indicate that
there is no solvent co-insertion phenomenon in Ca(TFSI),/DME
and Ca(TFSI),/G2 electrolytes. In addition, in situ ATR-FTIR
spectra reveal the reversible shifts of V—0 and V-O-V absorp-
tion bands, further demonstrating the good structural reversi-
bility of NVO. 1D in situ ATR-FTIR spectra of NVO for all 2D
plots are additionally shown in Fig. S33-S35 (ESIY).

Ex situ FTIR, inductively coupled plasma atomic emission
spectroscopy (ICP-AES), TEM and 3D visualization of tomo-
graphic reconstruction techniques were performed to reveal
the solvent co-insertion phenomenon and the activation pro-
cess mechanism during the initial cycles. The ex situ FTIR
spectra of G4 solvent and NVO in Ca(TFSI),/G4 electrolyte show
that the absorption peak of G4 is absent at —0.8 V and appears
at —1.4 V (Fig. 6a), indicating the solvent co-insertion at low
potential. The reversible process can be observed during the
charge. The results further confirm the existence of two distinct
stages during discharge or charge and solvent co-insertion,

This journal is © The Royal Society of Chemistry 2024
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consistent with the in situ XRD and in situ ATR-FTIR results.
However, the FTIR spectra of the discharged NVO in Ca(TFSI),/
DME and Ca(TFSI),/G2 have no absorption peaks of solvents
(Fig. 6b).

The ICP-AES data of NVO electrodes at different states after
different cycles (Fig. 6¢) indicate that the amount of Ca>* ions
in NVO increases and a small amount of Na is de-inserted
from NVO during the cycling process. At the 10th cycle, the
molar ratio of Ca:V is 0.45, corresponding to a capacity of
217 mA h g7, which is close to the discharge capacity of NVO
(Fig. 4a). The ICP-AES data show that the increase in specific
capacity is due to the increase in the amount of inserted Ca*",
so the reason why the inserted Ca®" ions increase during cycling
needs to be further revealed. The high spatial and energy
resolution of electron energy-loss spectroscopy (EELS) map-
pings were used to analyze the distribution of Ca in NVO in
different states. The ADF image of the discharged NVO and the
corresponding EELS mappings of V and Ca (Fig. 6d), at the 1st
cycle, reveal that element Ca accumulates at the ends of the
nanowires, meaning that Ca®>* ions are inserted into nanowires
from the ends. At the 10th cycle, the element Ca is evenly
distributed in nanowires (Fig. 6e), further confirming the
increase in the amount of inserted Ca** and the presence of
an activation process. The 3D reconstruction and orthoslicing
images of NVO nanowires (Fig. 6f-h and Fig. S36-S38, ESIt)
after the first 10 cycles demonstrate that there are some voids
(black circles) inside NVO nanowires and some nanowires are
broken (yellow circles), which will increase the contact area
between NVO and electrolyte. In addition, Ca®* may be inserted
from the end of nanowires, and broken nanowires are bene-
ficial to increase the Ca”* storage activity of NVO. The electro-
chemical impedance spectra (EIS) of NVO at different cycles
(Fig. S39, ESIT) show a decrease in interfacial charge transfer
resistance with cycling, which is also conducive to the insertion
of Ca®" ions. The rotational and orthogonal slicing processes
are shown in Movies S1 and S2 (ESIY). Ex situ TEM images with
different magnifications after 10 cycles also show that some
NVO nanowires are broken (Fig. S40, ESIT). The above results
suggest that the activation process is due to the fracture of NVO
nanowires. The effect of NVO nanowires fracture on solvents
insertion is studied. The EDX spectra of NVO with different
states (initial state, 2nd discharged state, and 5th discharged
state) indicate a gradual decrease in the atomic ratio of V to O
(Fig. S41, ESIY), implying an increase in solvents insertion.*’

The insertion/extraction and storage sites of Ca®>" were
further investigated by ex situ XPS, density functional theory
(DFT) computations, and atomic-resolution TEM. The ex situ Ca
2p XPS spectra of NVO (Fig. 6i) indicate that two strong peaks
corresponding to the Ca 2p signal are observed for discharged
NVO and the peak intensity of Ca 2p becomes weak for charged
NVO, demonstrating the insertion/extraction of Ca** during
discharge/charge. Some other characterizations, to prove the
insertion of Ca®*" and the change of vanadium valence, are
shown in Fig. S42-S46 (ESIY), including ex situ XPS, EELS, and
TEM. Additionally, the vanadium K-edge X-ray absorption near-
edge spectra (XANES) spectra of NVO at the initial state and
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fully discharged state show that the K-edge of the vanadium of
the fully discharged NVO shifts to low energy (Fig. S47a, ESIY),
indicating that V°* is reduced during discharge. The corres-
ponding Fourier transform extended X-ray absorption fine
structure (FT-EXAFS) spectra in R space indicate the V-O
distance of initial NVO are 1.06 A and 1.57 A (Fig. S47b, ESI%),
and the change of the bond length can be observed for the fully
discharged NVO, which is due to the insertion of Ca®* during
discharge. DFT computation results show that there are two
possible Ca®" storage sites in NVO (named site 1 and site 2,
Fig. 6j and Fig. $48, ESIt) and Ca** ions prefer to occupy site 1
to form a more thermodynamically stable structure with a lower
formation energy of —205.67 eV (Fig. 6j). Double spherical
aberration correction TEM was further used to study the inser-
tion sites of Ca®" ions. The HAADF-STEM images of fully
discharged NVO and the intensity profiles for the corres-
ponding position (Fig. 6k) confirm that Ca®" ions are inserted

6624 | Energy Environ. Sci., 2024, 17, 6616-6626

into site 1, which is consistent with DFT calculations. The Ca?*"
storage site of NVO is determined for the first time at the
atomic scale. The feasibility of site 1 accommodating solvent
co-insertion is further investigated through DFT calculations.
The spatial size of site 1, shown in Fig. S49 (ESIt), indicates that
one Ca** ion and one G4 molecule can be placed into site 1.
After relaxation, the NVO structure with co-inserted Ca** ions
and G4 solvent can exist stably (Fig. S50, ESIt). These results
suggest that G4 solvent co-insertion into site 1 is theoretically
possible. However, the extent of solvent insertion may require
further experimental and theoretical studies.

Conclusions

In summary, we found that the decomposition of TFSI™ ions
and the formation of the CaF,-rich CEI can be suppressed in a

This journal is © The Royal Society of Chemistry 2024
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high-solvation Ca(TFSI),/G4 electrolyte, which can effectively
alleviate the depletion of electrolyte and the irreversible capa-
city loss, endowing CIBs with excellent stability. With the high-
solvation Ca(TFSI),/G4 electrolyte, NVO as a cathode material
for CIBs exhibits a high discharge capacity of 240.7 mA h g™,
an ultra-long life of 20000 cycles at room temperature and
60000 cycles (over 600 days) at 50 °C. In addition, the high-
solvation Ca(TFSI),/G4 electrolyte has good compatibility with
other electrode materials. The phenomenon of co-insertion of
solvents into the high-solvation Ca(TFSI),/G4 electrolyte is
revealed by in situ ATR-FTIR and ex situ FTIR. In situ XRD and
ex situ TEM results show that the calcium storage mechanism
of NVO is a single-phase solid solution reaction. The crystal
structure of NVO and the Ca®* storage site of NVO were
determined for the first time at the atomic scale by double
aberration correction TEM. These findings provide a Ca(TFSI),-
based electrolyte design principle by adjusting the solvent
chemistry to enable the electrode materials for CIBs with
ultra-long life and are expected to encourage more research to
promote the development of CIBs.

Experimental section

Experimental details and characterization are included in the
ESL}
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