#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

A novel high-energy-density lithium-free anode
dual-ion battery and in situ revealing the interface
structure evolutiont

i ") Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 4058

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Li-Na Wu,1?® Zheng-Rong Wang,1®® Peng Dai,” Yu-Xiang Xie,®> Cheng Hou, ©2
Wei-Chen Zheng,” Fa-Ming Han,° Ling Huang, ©*® Wei Chen ® *@

and Shi-Gang Sun® *°

Lithium-free anode dual-ion batteries have attracted extensive studies due to their simple configuration,
reduced cost, high safety and enhanced energy density. For the first time, a novel Li-free DIB based on
a carbon paper anode (Li-free CGDIB) is reported in this paper. Carbon paper anodes usually have
limited application in DIBs due to their poor electrochemical performance. Herein, by using a lithium
bis(fluorosulfonyl)imide (LiFSI)-containing electrolyte, the battery shows outstanding electrochemical
performance with a capacity retention of 96% after 300 cycles at 2C with a stable 98% coulombic
efficiency and 89% capacity retention after 500 cycles at 5C with a stable coulombic efficiency of 98.5%.
Moreover, the electrochemical properties of the CGDIB were investigated with a variety of in situ
characterization techniques, such as in situ EIS, XRD and online differential electrochemical mass
spectrometry (OEMS). The multifunctional effect of the LiFSI additive on the electrochemical properties
of the Li-free CGDIB was also systematically analyzed, including generating a LiF-rich interfacial film,
prohibiting Li dendrite growth effectively and forming a defective structure of graphite layers. This design
strategy and fundamental analysis show great potential and lay a theoretical foundation for facilitating
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1. Introduction

Dual-ion batteries (DIBs) have emerged as promising energy
storage systems with the merits of high energy density,
outstanding rate performance, simple design, low cost, and
green and environmentally friendly characteristics.”” With
regard to DIBs, the negative electrode materials greatly affect
the energy density.*” In a typical DIB system, graphite acts as
both the anode and cathode material, while an ionic liquid (IL)
is utilized as the electrolyte.®” Nevertheless, the application of
graphite anodes is restricted by the low capacity, high cost and
high viscosity of ILs and even the insufficient compatibility of
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the further development of DIBs with high energy density.

ILs and graphite anodes.>*® In 2016, Prof. Yongbing Tang and
coworkers reported transformational work in which they
developed a novel aluminum-graphite DIB (AGDIB) with low-
cost aluminum (Al) as the anode and an ethyl methyl
carbonate (EMC) electrolyte as the electrolyte.” Remarkably,
owing to its high theoretical capacity (993 mA h g~') and low
potential (=0.38 V vs. Li/Li’), Al foil instead of traditional
graphite was used as the anode to greatly improve the specific
energy density of the AGDIB. The battery delivers an energy
density of =220 W h kg~ " at a power density of =130 W kg,
which is significantly superior to that of most commercial
lithium-ion batteries (=200 W h kg™* at =50 W kg™ '). Subse-
quently, using the lithium metal anode, due to its highest
theoretical specific capacity (3862 mA h g~ ') and lowest elec-
trochemical potential (—3.04 V vs. standard hydrogen elec-
trode),' our group reported a Li-graphite DIB, which exhibits
an outstanding theoretical energy density of 243 W h kg™ " at
234 W kg~ .1 Therefore, anode materials play a crucial role in
determining the energy density of DIBs. However, metallic
anodes (Al, Sn, Li, etc.) were subjected to inevitable volume
changes during the repetitive alloying/dealloying process (Al:
=97%; Sn: =260%). In addition, uncontrolled growth of
lithium dendrites during metal plating/stripping may cause
internal short-circuits, fast capacity fading and other potential
safety issues. Moreover, Li metal anodes are employed in most

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc00244b&domain=pdf&date_stamp=2022-04-02
http://orcid.org/0000-0003-2967-0326
http://orcid.org/0000-0003-2403-1170
http://orcid.org/0000-0001-5700-0114
http://orcid.org/0000-0003-2327-4090
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc00244b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013014

Open Access Article. Published on 08 March 2022. Downloaded on 3/20/2026 3:46:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

research, usually with excess lithium, which will reduce the
actual specific capacity and volume specific capacity of the
battery and cause pollution and waste. Moreover, the instability
of Li metal will lead to repeated SEI generation/rupture, which
could result in the decomposition of the electrolyte, an increase
in the internal impedance and a shortened lifespan of the
battery.”™* To solve the above issues, many effective
approaches have been explored to enhance the stability of
anode materials, including interface modification,'>' struc-
tural engineering”*® and introducing electrolyte additives'**® or
solid-state electrolytes.>"*> Despite the aforementioned effective
strategies, it is essential to further improve the performance of
DIBs for practical applications.

Currently, lithium-free anodes with a simplified assembly
process, higher energy density, and superior safety'* are
attracting researchers’ interest. Nevertheless, the large volume
changes, Li dendrite growth, constant electrolyte consumption,
and formation of a thick accumulated SEI layer® in a lithium-
free anode also bring about poor coulombic efficiency and
cycling performance. Generally, an ultrathin Li metal anode
(e.g., thickness < 50 pm, ideally 20 pm or less) is a potential
material for improving the safety and stability of the battery.
However, in fact, the price of high-quality thin Li foil even
exceeds US$1000 kg™ * (graphite-based anode: US$20 kg™ '), and
the manufacturing techniques are rather complex. Therefore,
the high cost of ultrathin Li metal anodes hinders their prac-
tical application in DIBs.'* Based on the above, it is imperative
to develop other anode materials that are cheaper, safer and
more stable and benefit the performance improvement of DIBs.

Herein, we for the first time assembled a novel lithium-free
anode dual-ion battery coupled with a carbon paper anode
(named Li-free CGDIB). Compared with metal anodes, carbon
paper anodes exhibit several benefits, including (1) satisfactory
electronic conductivity, mature preparation technology, low
cost, and environment friendliness;** and (2) 3D matrix host
structures that can relieve volume variation and structural
degradation and play a positive role in dendrite growth inhibi-
tion.”® Nevertheless, the poor electrochemical performance of
the carbon paper electrode is a restricting factor for its appli-
cation in DIBs.*® Notably, as an electrolyte additive, lithium
bis(fluorosulfonyl)imide (LiFSI) showed superiority in
improving the interface stability and cycling performance of
graphite substrates, which was conducted to suppress the
destruction of graphite from metallic lithium and form a stable
SEI film, showing the excellent electrochemical performance of
graphite electrodes.”””® Consequently, combining the Li-free
CGDIB technique with a LiFSI-containing electrolyte, it is
worth noting that the Li-free CGDIBs enable a reversible
discharge capacity of =95 mA h g " at 2C (1C = 100 mA g )
with a capacity retention of 96% after 300 charge/discharge
cycles and a superior capacity retention of 89% after 500
cycles at 5C. According to the estimation, the theoretical specific
energy density of the Li-free CGDIBs is calculated to be
~387 W h kg ' at a power density of 450 W kg™ and
~320 W h kg™' at 970 W kg~ ', which clearly exceed those of
most DIBs. The outstanding properties of the Li-free CGDIB
demonstrate that it is a potential energy storage device with the
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key metrics of low cost, rapid charging performance and high
energy density. In addition, for the first time, with a suit of
complementary electrochemical characterization techniques
and in situ characterization techniques, we can intensively
analyze in detail the function of the LiFSI additive in Li-free
CGDIBs to understand the advantage of the LiFSI additive and
develop its potential for large-scale DIB techniques.

2. Results and discussion

2.1 Selection of anode material and optimization of LiFSI
additive content

The choice of anode material is crucial for the performance of
DIBs. Fig. S1t compares the cycling properties of DIBs with
different anodes (Cu, graphite, and carbon paper) at 2C in the
3.0-5.0 V working voltage range. Obviously, the battery based on
the Cu anode shows a “diving” phenomenon of discharge
capacity after the activation process, which is most likely related
to the short circuit triggered by the growth of Li dendrites on the
Cu anode. It is worth noting that a rapid capacity decay
phenomenon occurred for the DIB based on the graphite anode,
which means that severe exfoliation ensued on the graphite
anode during the cointercalation of the solvated Li*. Surpris-
ingly, based on the carbon paper anode, the favorable cycling
performance of the battery indicates that the carbon paper
anode shows great potential for ensuring the electrochemical
performance in DIBs. Therefore, carbon paper is a promising
anode material for Li-free DIBs.

Although a Li-free CGDIB coupled with a carbon paper anode
based on an electrolyte (4 M LiPFs + EMC + VC + FEC + LiFSI)
has the potential to exhibit impressive electrochemical perfor-
mance, the electrolyte composition plays a significant role in
enhancing the electrochemical properties of the Li-free CGDIB.
The conventional composition of 4 M LiPFs + EMC + VC + FEC
has been widely used in DIBs due to its superior performance
arising from combining the merits of the electrolyte compo-
nents. In this work, after screening and matching different
electrolyte additives, it can be found that combining conven-
tional DIB electrolytes (4 M LiPFg + EMC + VC + FEC) with LiFSI
is appropriate and useful in promoting the cycling ability of Li-
free CGDIBs, and LiFSI greatly affects the electrochemical
properties of Li-free CGDIBs. Naturally, we first investigated the
correlation between the cycling performance of Li-free CGDIBs
and the content of LiFSI in electrolytes with different molar
contents. As shown in Fig. S2,1 the capacity of the battery with
only 0.02 M LiFSI additive decayed after 50 cycles. With
increasing amount of LiFSI, the cycling ability of the battery is
also enhanced. However, the capacity of the battery decreased
with 0.12 M LiFSI additive. These results imply that 0.02 M LiFSI
additive is not enough to participate in the decomposition
reaction to form a stable interphase film, but a thick interphase
film is generated with 0.12 M LiFSI additive due to its excess
decomposition, which possibly weakens the diffusion of ions
and leads to a decrease in the specific capacity. It is worth
noting that a higher capacity of 90 mA h g™ is obtained in the
battery with 0.1 M LiFSI additive after activating cycles and can
be retained in the remaining cycles. That is, 0.1 M LiFSI additive
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is the optimized amount for obtaining the outstanding perfor-
mance of Li-free CGDIBs.

To further analyze the influence of the amount of LiFSI on
the performance of the battery, the corresponding XPS experi-
ments were employed to illustrate the performance of the
battery at higher/lower concentrations of LiFSI based on the
specific compositions of the SEI It was reported that an inor-
ganic SEI film is favorable for a high Li" transference number
and for effectively prohibiting the growth of Li dendrites,
enhancing the stability of the interface and reducing the
impedance, and thus leading to improved electrochemical
performance.”*?** Meanwhile, the organic component is benefi-
cial for enhancing the flexibility of the SEI films®" but unfavor-
able for Li* transport. Fig. S31 displays the atomic percentages
of C, P, O, F, and Li in anodes from cells after cycling in CDE
with different amounts of LiFSI for ten cycles at 0.5C rate.
Compared with higher/lower concentrations of LiFSI (0.02 M/
0.12 M), the inorganic component content of LiF species
increased with 0.1 M LiFSI. On the other hand, the content of
the dominant C-O-C species, C=O0 species and oxygen amount
distinctly decreased, which could be ascribed to the decreased
organic component (possibly ROCOOLI),*” which may be due to
the suppression of electrolyte decomposition.*> The XPS results
indicate that the addition of 0.1 M LiFSI can result in the
formation of an inorganic-rich SEI layer. At higher/lower
concentrations of LiFSI (0.02 M/0.12 M), the decreased inor-
ganic component seems incapable of imparting a satisfactory
Li" interfacial transfer ability and a stable interface, leading to
a high interface resistance.”” Hence, a lower capacity and
shorter lifespan of the battery was obtained at higher/lower
concentrations of LiFSIL. In contrast, the SEI component with
a higher inorganic LiF component and lower organic compo-
nent was achieved after the addition of 0.1 M LiFSI. Maybe this
configuration is favorable for the high Li" transference number.
Meanwhile, the anions easily coordinate with Li’, creating
a cross-linked network to inhibit the growth of Li dendrites,
suppress the decomposition of electrolyte and improve the
stability of the SEI layer,**** which eventually enhances the
capacity and prolongs the lifespan of the battery.

Furthermore, the influencing factors on the electrochemical
performance of DIBs from electrolyte features, such as solvation
structure, ion conductivity, and viscosity, were also studied.
Fig. S41 shows the “Li NMR spectra of the electrolyte with
different amounts of LiFSI. The peak of “Li in CDE + 0.02 M
LiFSI electrolyte shifts from —0.600 ppm to —0.605 ppm in CDE
+ 0.1 M LiFSI and —0.614 ppm in CDE + 0.12 M LiFSI. The
decreased chemical shifts can be attributed to the participation
of more FSI" anions in the solvation sheath with increasing
LiFSI concentration. Increased Li'-FSI~ coordination may
result in a weaker solvation between Li* and PFs , which can
affect the composition of the SEI film and improve the
conductivity of the SEI film, enabling a robust and uniform
interface for improved cycling stability of the battery.*
However, the weaker solvation may lead to the decrease of
inferior ionic conductivity of the electrolyte.** As shown in Table
S1,t the ionic conductivity (o) of the CDE electrolyte is 2.63
mS cm . As the concentration of LiFSI increased from 0.02 M
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to 0.12 M, the ionic conductivity decreased from 2.50 to 2.26
mS cm ™. Meanwhile, the addition of FSI™ can contribute to the
increase of the viscosity (n). The viscosity of the CDE electrolyte
is 30.01 mPa s. As the concentration of LiFSI increased from
0.02 to 0.12 M, the viscosity of the electrolyte increased from
31.82 mPa s to 36.12 mPa s. The decrease in inferior ionic
conductivity and increase in viscosity of electrolyte with
increasing concentration of LiFSI can be explained by the
stronger Li'-FSI™ interaction and poorer mobility of the charge
carriers.**”** Therefore, it is crucial to find the balance between
electrolyte properties (higher viscosity and lower ionic conduc-
tivity of electrolyte) and high electrochemical performance. In
the case of poor electrolytes, it is worth noting that the effect of
the LiFSI additive on solvation structure, SEI composition, and
Li ion deposition behaviors may become more dominant factors
in the electrochemical performance of the DIB.

To supply strong evidence of the effect of the LiFSI additive,
we mainly discuss the characterization results for conventional
DIB electrolytes (CDEs) and 0.1 M LiFSI-containing CDE elec-
trolyte (abbreviated as CDE + LiFSI).

The relationship between the electrochemical perfor-
mances of the Li-free CGDIBs and LiFSI additive was investi-
gated in the 3.0-5.0 V voltage window. Fig. 1a shows the
cycling performance comparison of the battery at 2C. In CDE +
LiFSI, the Li-free CGDIB exhibits a satisfactory reversible
discharge capacity of 90 mA h g™ " after activating cycles at 0.5C
and a capacity retention of 96% after 300 cycles at 2C with
a corresponding coulombic efficiency of 98%. Conversely,
a “fluctuation” phenomenon of capacity and coulombic effi-
ciency occurred during cycling in CDE, possibly related to the
instability of the battery caused by Li dendrite formation.
Fig. S5 shows the galvanostatic voltage curves of the Li-free
CGDIB in CDE + LiFSI for different cycles. Except for the 10
charge/discharge curve at 0.5C, other curves overlap well, and
there is a small polarization after 10 cycles in the battery,
indicating that LiFSI enables the cycling properties of the
battery to improve considerably. Fig. 1b compares the average
discharge middle voltage of the Li-free CGDIB. The inset
shows the voltage profiles in CDE + LiFSI from 160 h to 200 h.
It is clear that a ~4.3 V average discharge middle voltage is
obtained with LiFSI and that it shows 96% retention after 300
cycles. However, the “fluctuation” phenomenon also presents
in the discharge middle voltage in CDE within the first few
activating cycles, which could be due to the instability of the
battery. Fig. 1c and d show the galvanostatic voltage curves of
the Li-free CGDIB in CDE and CDE + LiFSI from 0.5 to 8C,
respectively. The battery shows a large polarization and
a decreased reversibility in CDE with increasing current rate
(Fig. 1c), while the curves are basically identical to those with
CDE + LiFSI (Fig. 1d), indicating decreased polarization and
thereby improved rate capability of the battery. Fig. 1e further
compares the rate capacities of the Li-free CGDIB. Impres-
sively, the discharge capacity still holds high stability for each
of the 5 cycles, even after the high current cycles. In particular,
the 8C/0.5C capacity ratio increased to 92% from 51%
compared with the battery in CDE. The above results further
demonstrate that LiFSI can help improve the capacity

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) The cyclability of Li-free CGDIBs cycled in different electrolytes in the voltage range of 3-5V at 0.5C (1-10 cycles) and 2C (11-300

cycles). (b) The discharge medium voltage of Li-free CGDIBs cycled in different electrolytes during cycling tests. The inset shows the galva-
nostatic charge/discharge curves cycled in the electrolyte with LiFSI during the period of 160-200 h. The corresponding galvanostatic charge/
discharge curves of selected cycles for the Li-free CGDIBs (c) in CDE and (d) in CDE + LiFSI. (e) Rate performance of Li-free CGDIBs in the voltage
range of 3-5 V. (f) Cyclability of Li-free CGDIBs cycled in different electrolytes in the voltage range of 3-5V at a high current density of 5C (0.5C

for 1-10 cycles and 5C for 11-500 cycles).

reversibility and thus ensure the high rate ability of Li-free
CGDIBs. The long-duration cycling stabilities of the Li-free
CGDIBs at 5C are compared in Fig. 1f. The CGDIB with LiFSI
exhibits an outstanding capacity retention of 89% after 500
cycles, and the corresponding coulombic efficiency is main-
tained at 98.5%. In contrast, the capacity of the CGDIB in CDE
decays dramatically after 200 cycles, and the corresponding
coulombic efficiency also shows the “fluctuation” phenom-
enon, which might be due to the unstable interfacial film
during cycling in CDE. The comparison result indicates that
LiFSI plays a significant role in enhancing the cycling ability of
the CGDIB. Even more remarkably, the calculated energy
density of the Li-free CGDIB is =387 W h kg™ at a power
density of 450 W kg™ and =320 W h kg™' at 970 W kg *,
which is competitive with most reported DIBs (Table S21).

© 2022 The Author(s). Published by the Royal Society of Chemistry

2.2 Electrochemical testing and mechanism analysis by in
situ techniques

The superior electrochemical performance of the Li-free CGDIB
guides us to discuss the strong effect of the LiFSI additive on the
electrochemical properties. Therefore, systematic characteriza-
tion was carried out. Fig. 2a displays the typical cyclic voltam-
mograms of the Li-free CGDIB at 3.0-5.0 V. Generally, each
current peak position in the profile corresponds to the PFs~
intercalation and deintercalation stages. Compared to CDE,
upon charging, PFs~ intercalation shows an obvious shift to the
lower potential region in CDE + LiFSI. In particular, the onset
potential of PF, intercalation changes from 4.05 V (vs. Li/Li")
(in CDE) to 3.94 V (vs. Li/Li*) (in CDE + LiFSI). In addition, the
main intercalation process is located at 4.05-5.0 V (vs. Li/Li*) in
CDE, while ranging from 3.94 V to 4.9 V (vs. Li/Li") with LiFSL

Chem. Sci., 2022, 13, 4058-4069 | 4061
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deposition on a Pt electrode. (d) Tafel plots of different electrolytes.

Upon discharging, the anion de-intercalation potential drops to
about 4.38 and 3.89 V (vs. Li/Li") with LiFSI compared to 4.45 and
4.00 V (vs. Li/Li") observed in CDE. This result suggests that the
LiFSI additive can possibly weaken the coordination ability
between Li" and PF,~, which further benefits PF,~ prevailing over
the initial intercalation kinetic process. Fig. 2b compares the
nuclear magnetic resonance (NMR) spectra. Notably, the “Li
signal of lithium salts in CDE moves from —0.55 to —0.61 ppm
after the addition of LiFSI, which may be the result of an intro-
duction of electron-rich FSI" and the weakened coordination
ability between Li" and PF, . In the following, we also studied the
effect of LiFSI on the properties of electrodeposited Li nano-
particles. Comparing the Li electrodeposition behavior on the Pt
electrode between —0.4 V and 0.2 V at a current density of 0.5 mV
s~ (Fig. 2¢), it is apparent that the overpotential of Li electro-
deposition increased with the addition of LiFSI. Furthermore,
similar results can also be obtained from the exchange current
density derived from the Tafel tests. Fig. 2d presents the Tafel
curves based on the carbon paper||Li battery at 1 mV s~ *. By
fitting the Tafel curves, the exchange current density decreases
from 3.31 mA cm™ > in CDE to 2.21 mA cm ™ in the presence of
LiFSI. Hence, the addition of LiFSI to CDE could increase the
nucleation overpotential, which induces the smooth deposition
of Li" and thus controls the growth of Li dendrites.

To further demystify the effect of LiFSI on the initial inter-

facial reactions, the evolved gas resulting from the
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decomposition of electrolyte was monitored in the first two
cycles by online differential electrochemical mass spectrometry
(OEMS), and thus the electrolyte/electrode interface reaction
was inferred. As shown in Fig. 3, only varied CO, gas signals
were detected. For CDE (Fig. 3a), the CO, gas signal peak rises
steeply starting from 3.9 V to 4.2 V and continues to slightly
increase up to the end of the first charging process, suggesting
the continued decomposition reaction of the electrolyte during
interfacial film formation in the first charging cycle. It should
be noted that a slight amount of CO, gas is generated at the end
of the first discharging stage, signifying the decomposition
reaction associated with the repair of the interfacial film.
During the second charging/discharging process, although the
repeated variation trend of CO, gas is detected, the intensity of
the peak obviously decreases. This indicates the decomposition
of the electrolyte and formation of the interfacial film again. For
CDE + LiFSI (Fig. 3b), similar to CDE, the CO, gas signal peak
rises steeply and reaches a peak value within 3.9-4.2 V in the
first charging process, indicating the decomposition of elec-
trolyte and the formation of the interfacial film only in the
potential range of 3.9-4.2 V. In contrast, less CO, production
can be observed during the end charging stage and the dis-
charging process due to the mitigation of electrolyte decom-
position. In addition, the repeated variation of the CO, gas
signal peak during the second charging/discharging process
exhibits a weaker peak intensity compared to that in CDE.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Therefore, it can be concluded that the LiFSI additive can
suppress the excessive decomposition of electrolyte and benefit
the formation of a stable interfacial film. In addition, DFT
theoretical calculations indicate that the adsorption energy of
the FSI" anion on graphene is —5.2 eV, while the adsorption
energy of the PFs~ anion on graphene is —4.5 eV (Fig. 3c). The
result shows that there is a stronger interaction between the
FSI"” anion and carbon substrate and suggests that FSI™ pref-
erentially decomposes and participates in the formation of the
interface film.

To gain further insights into the effect of LiFSI on CEI/SEI
composition, the surface compositions of the carbon paper
anode and graphite cathode after cycling were investigated by X-
ray photoelectron spectroscopy (XPS). The bar graph in Fig. S6+
displays the atomic percentages of C, P, O, F and Li in the cycled
cathode and anode from cells after cycling in CDE and CDE +
LiFSI for ten cycles at 0.5C rate, respectively. It can be seen that
the cathode and anode cycled in CDE + LiFSI have lower oxygen
content and C-O-C content, demonstrating that the LiFSI
additive is effective in suppressing the decomposition of
solvent.*® Moreover, a negligible variation of phosphorus
content was detected in CDE + LiFSI. This phenomenon indi-
cates that the addition of LiFSI can effectively inhibit the
decomposition of LiPFs* and result in more PFs anions
participating in the intercalation/de-intercalation process in the
cathode reaction, which will alleviate the corrosion reactions
from decomposed PF; and ensure the stability of the CEI/SEI
film.*" In addition, the higher LiF content of the electrode in
CDE + LiFSI compared to that in CDE suggests that FSI™ is more
labile to be reduced and participates in the formation of a stable
LiF-rich interfacial film.*” This can improve the diffusion of Li"
and thus decrease the charge transfer resistance, thereby
ensuring a smooth charge transfer reaction and suppressing the
growth of Li dendrites.*®

The chemical environment of dominant species C, F, and P
is identified by the XPS spectra, and the results are compared in
Fig. 4. Fig. 4a-c compare the effect of LiFSI on the CEI
composition. In the C 1s spectra (Fig. 4a), the peaks at ~284.4,
~285.7 and ~291.4 eV belong to C-H/C-C, C-O-C and C-F
(PVDF binder), respectively.®® The F 1s spectra show two peaks
at ~685.7 eV (Li-F) and ~691.4 eV (organic fluorides) (Fig. 4b).*
It is obvious that the ratio of Li-F on the CEI increases in CDE +
LiFSI. The increment in Li-F content is most likely responsible
for the decomposition of LiFSI. Moreover, the LiF- rich layer is

© 2022 The Author(s). Published by the Royal Society of Chemistry

beneficial to improving the diffusion ability of Li' and sup-
pressing the electrolyte decomposition.”” In the P 2p spectra
(Fig. 4c), the peaks at ~133.9 eV and ~134.9 eV correspond to
P-O and Li,PO/F,, respectively. The existence of P-O can
enhance the interfacial transfer kinetics of Li*,** while Li,PO,F,
can improve the stability of the interfacial film.** In CDE + LiFS],
the increased peak intensity of Li,PO,F, indicates that LiFSI can
contribute to building a more stable CEI on the graphite
cathode.

Furthermore, the surface composition of the SEI is also
compared in Fig. 4d-f. Obviously, the LiFSI additive has
a noticeable effect on the composition of the SEI film. For the C
1s spectra (Fig. 4d), observably, C=0 shows a weaker peak
intensity in CDE + LiFSI than in CDE, signifying that LiFSI is
beneficial for forming a uniform SEI and prevents the side
reaction of the electrolyte. From the F1 s spectra (Fig. 4e),
although the composition of the SEI is similar to that of the CEI,
the content ratio is different. Notably, the increased proportion
of the Li-F peak in the SEI than in the CEI indicates that elec-
trolyte decomposition mainly participates in the formation of
the SEI The higher peak intensity of Li-F favors the improve-
ment of Li" interfacial transfer ability, thus effectively prohib-
iting the growth of Li dendrites and further electrolyte
decomposition. From the spectra of P 2p shown in Fig. 4f, it is
clear that the peak at ~133.63 eV (Li,PF,) disappears in CDE +
LiFSI, while Li,PF, is probably residual LiPFg according to the
reported work.*> The present result confirms that LiFSI prevents
the decomposition of LiPFs. Altogether, combined with the
results of NMR and DFT theoretical calculations, the LiFSI can
decompose prior to the electrolyte and LiPF, and form a more
stable and homogeneous LiF-rich SEI. In addition, the LiF-rich
SEI can enhance the interfacial diffusion of Li*, induce
a homogeneous deposition of Li' and effectively inhibit Li
dendrite growth.

Electrochemical impedance spectroscopy (EIS) is a powerful
technique to identify the electrode/electrolyte interphase prop-
erties and kinetic processes. To further reveal the influence of
LiFSI on the interfacial changes, in situ EIS tests were performed
during the initial cycling process with a three-electrode system,
which recorded the impedance spectra of the anode, cathode
and full cell. In general, the high-frequency region of EIS is
related to interphase resistance (Ry), while the intermediate-
frequency region is related to charge transfer resistance (R
through the electrode/electrolyte interface. The measured

Chem. Sci., 2022,13, 4058-4069 | 4063
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cycles.

interfacial resistance and charge transfer resistance can reflect
the effect of LiFSI on the interface stability. Obviously, the
Nyquist plots show an apparent radius variation of the semi-
circle during the charging/discharging process (Fig. 5a-h and
S7a-dt). From the equivalent circuit shown in Fig. S8,f the
correlated variations of R and R, are achieved by fitting the
Nyquist plots using ZView software.

As shown in Fig. 5i, upon introducing the LiFSI additive,
a significant difference in the variation tendency of Ry was
observed in the first cycle. In CDE, R begins to increase from
4.3 V at the first charging stage and stepwise increases up to
4.8 V, which is associated with the formation of an SEI and
excessive decomposition of the electrolyte.** A decreasing
tendency in Ry is observed at higher voltages (>4.8 V), which is
related to the unstable SEI caused by possible inner microstress
or corrosion of the electrolyte.** Moreover, combined with the
OEMS results and the working mechanism of Li-free CGDIBs, it

4064 | Chem. Sci,, 2022, 13, 4058-4069

can be inferred that SEI formation is preferentially associated
with the decomposition of the electrolyte and interphase
change on the anode surface. During the discharging process, R¢
restarts to increase from 4.5 V, suggesting the decomposition of
the electrolyte and its main responsibility for repairing the
unstable SEL.** After adding the LiFSI additive, the R¢at 4.3 Vin
the charged state and 4.5 V in the discharged state can be
observed due to electrolyte decomposition and SEI formation
and repair. Remarkably, the value of Ry in the presence of LiFSI
can maintain a relatively high stability, suggesting that less
electrolyte decomposed. The difference in the variation
tendencies of Ry is clear evidence that LiFSI plays a vital role in
suppressing electrolyte decomposition and favoring stable SEI
formation.

The variation tendency of R, is shown in Fig. 5i. In CDE,
a slight increase of R, at 4.35 V can be observed during the first
charging process. This result may be associated with the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 In situ EIS profiles of Li-free CGDIBs on the cathode and anod

e at the first two cycles cycled in CDE (a—d) and in CDE + LiFSI (e-h).

Variation trend plots of R and R, on the cathode and anode at the first two cycles cycled in CDE and CDE + LiFSI (i-1).

concentration polarization of the Li* embedding process on the
anode followed by an increase in R..** On the other hand, R
decreases with potentials higher than 4.4 V, which represents
the insertion of Li" into the anode accompanied by reduced
concentration polarization, thereby resulting in an increased
content of Li on the anode along with a decrease in R...** At the
end of the discharging process, the minor increase in R, indi-
cates the end of the deinsertion process of Li* on the anode.
After the addition of the LiFSI additive, there was a minimum at
4.3 V, which corresponds to the insertion of Li" into the anode.
In addition, LiF on the anode is helpful for improving the
diffusion of Li" and thus for decreasing the concentration
polarization. At 4.2 V during the discharging process, the
smaller increase in R is possibly because of the decreased
concentration polarization caused by the reduced Li* content at
the discharging state.

Meanwhile, compared to the variation tendencies of R¢ on
the SEI, the value of Ry on the CEI decreases significantly
(Fig. 5j), which strongly confirms that the SEI plays a decisive
role in determining the interphase properties. In CDE, a slight
increase in Ry at higher voltages (>4.8 V) correlates with the
construction of a new phase and the continuous decomposition
of the electrolyte. After the addition of the LiFSI additive, the
stability of R¢ suggests that the electrolyte decomposition reac-
tion is effectively suppressed and CEI formation is controlled.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Notably, a smooth variation tendency of R, is reflected in both
CDE and CDE + LiFSI. Similarly, the increase of R.; at 4.4 V is
related to the concentration polarization during the intercala-
tion reaction of PFs~, and the decrease in R at 4.8 V is asso-
ciated with the completion of the PF¢ ™~ intercalation reaction. At
the same time, after the addition of the LiFSI additive, the R,
remains stable during the charging/discharging process, signi-
fying the unobstructed intercalation/deintercalation reaction of
PF, .

Fig. S9af compares the corresponding effect of LiFSI on the
variation tendencies of R and R, in the full cell. In CDE, similar
to the variation tendencies of Ry during the charging process, at
4.8V, the value of R¢ decreases sharply and reaches a minimum
at 5 V, which signifies the decomposition of the interfacial film
at a higher voltage. Meanwhile, the increase of R . at 4.3 V is due
to the concentration polarization caused by the electrode/
electrolyte interphase reaction. Upon charging to 4.4 V, the
value of R; starts to decrease because of the end of the electrode/
electrolyte interphase reaction. During the discharging process,
Ry slightly increases until 3.9 V suggesting the formation of
interfacial film again. Simultaneously, the corresponding R,
begins to increase, showing the completion of the electrode/
electrolyte interphase reaction. After the addition of the LiFSI
additive, the stable variation tendencies of R and R, indicate
that LiFSI can effectively inhibit the decomposition of the

Chem. Sci., 2022, 13, 4058-4069 | 4065
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electrolyte and is beneficial for building a stable interfacial film
during the charging/discharging process. Furthermore, the
LiFSI additive can facilitate the diffusion of Li* and thus
decrease the charge transfer resistance, thereby ensuring
a smooth charge transfer reaction.

Fig. 5k compares the variation tendencies of R and R, on the
anode in the second cycle. Obviously, the value of R in CDE is
higher than that in CDE + LiFSI. Combined with the OEMS
results, the decomposition reaction of the electrolyte is signifi-
cantly reduced in the presence of LiFSI, indicating that the
formed SEI film is stable enough in the first cycle, and no more
SEI film is reformed in the second cycle. For the variation
tendencies of R, a slight increase in R, starts at 4.4 V in CDE,
which suggests the existence of concentration polarization
during the insertion reaction of Li'. After the addition of the
LiFSI additive, an increase in R occurs at the discharging state,
which means the end of the deinsertion reaction of Li".

Fig. 51 compares the variation tendencies of R and R on the
cathode in the second cycle. Remarkably, much difference can
be observed for CDE and CDE + LiFSL In CDE, the irregular
increases in Ry and R starting at the end of the charging
process are clear evidence that an unstable CEI forms, which
could be due to the excessive decomposition of the electrolyte
which in turn affects the intercalation/deintercalation reaction
of PF¢ . After the addition of the LiFSI additive, the stable R
and R, are correlated with the stable CEI and intercalation/
deintercalation reaction of PF, .

Fig. S9bf compares the variation tendencies of Ry and R in
the full cell in the second cycle. In CDE, the observed irregular
increasing trends of Ry and R, during discharging are similar to
those for the cathode. This abnormal increasing trend could be
ascribed to two reasons: the change in the graphite structure
and uncontrolled growth of the CEI After the addition of the
LiFSI additive, the stable trends of R; and R can be understood
by the fact that LiFSI suppresses the excessive decomposition of
electrolyte and facilitates a stable interfacial film, thus ensuring
the completion of the electrode reaction.

In the following, EIS was employed to elucidate the influence
of LiFSI on the interphase properties between electrodes and
the electrolyte after 10, 50, 100 and 200 cycles at 2C. From the
Nyquist impedance spectra shown in Fig. S10a and b,f the
battery resistance in CDE experiences a significant increase
from 10 to 200 cycles (Fig. S10af), which indicates that an
unstable interphase is formed and leads to continuous elec-
trolyte decomposition. In contrast, the battery resistance in
CDE + LiFSI remains relatively stable from 10 to 200 cycles
(Fig. S10bt). The results verify that LiFSI has a positive effect on
the interfacial stability, and the LiF-rich interface also facilitates
charge transport at the interphase to indirectly protect the
electrode materials and prevent side reactions during long-term
cycling.

Subsequently, explicit evidence for the formation of the SEI
induced by LiFSI can be further observed with SEM. Fig. 6
presents the SEM images of the carbon paper anode after 10, 50,
100 and 200 cycles in Li-free CGDIBs at 2C. Meanwhile, as
shown in Fig. S11,1 pure carbon paper has a 3D structure and
consists of randomly interlaced carbon fibers with a smooth
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surface. After 10 cycles in CDE, it is obvious that the inhomo-
geneous SEI on the surface of carbon fibers with small deposits
(Fig. 6a) is probably associated with nonuniform Li deposition.
However, in the presence of the LiFSI additive, a more uniform
SEI forms without any deposits (Fig. 6¢). Moreover, in CDE, after
50 cycles, the SEI was still not completely coated on the carbon
paper, and Li deposition with spherical structures was gener-
ated (Fig. 6b). It is worth noting that after 50 cycles, a homoge-
neous SEI has already been formed on carbon paper in the
presence of LiFSI (Fig. 6f). Moreover, from Fig. 6c, exposed
carbon fibers can be clearly observed after 100 cycles in CDE due
to the generated porous and incomplete SEI. In contrast,
a stable and complete SEI is formed after cycling in CDE + LiFSI.
As expected, in the 200th cycle, the carbon paper cycled in CDE
shows an incomplete SEI and uneven Li deposition (Fig. 6d). In
comparison, the SEI formed in CDE + LiFSI is significantly
homogeneous and complete without any deposits. Altogether,
the SEM images prove that the addition of LiFSI is beneficial for
generating a uniform and complete SEI, and the LiF component
of the SEI is favorable to facilitate the diffusion ability of Li* and
suppress the growth of Li dendrites.

In general, X-ray diffraction (XRD) is an authoritative tech-
nique to recognize the structural change of graphite material
during the anion intercalation/deintercalation process. Here, to
further confirm the impact mechanism of LiFSI on the PFs~
intercalation/deintercalation behavior, in situ XRD was per-
formed for the Li-free CGDIBs in CDE and CDE + LiFSI during
the galvanostatic charging/discharging process. The structural
parameters obtained from XRD spectra are summarized in
Table S3.t

As shown in Fig. 7a, obviously, a dominant (002) peak of
graphite appears as expected at 26.4°, which will be analyzed in
detail. Once charging starts, the intensity of the (002) peak
begins to decline. With charging to 4.61 V, the intensity of the
(002) peak continuously decreases, and (00n + 1) and (00n + 2)
act as two new peaks appearing on each side of the (002) peak.
Here, stage 5 is first observed, and the corresponding periodic
repeat distance (I.) is calculated to be 21.14 A and the PF,~
gallery height (d;) is 7.74 A (Fig. 7c). Stage 3 can be reached at
4.68 V. Subsequently, a voltage drop step occurs from 4.68 to
4.66 V, which corresponds to a staging transition from stage 3 to
2. During the interval of voltage, the (002) peak gradually dis-
appeared, and the (00n + 1) and (00n + 2) peaks continued to
move sideways with an increased intensity. By charging from
4.66 to 4.85 V, it can be observed that the (007 + 1) and (007 + 2)
peak positions remain stable with a corresponding stage
number of 2. The stable stage number and the increased voltage
are presumably related to the decomposition of the electrolyte.*®
The staging transition from stage 2 to 1 is finished between
4.85 V and 4.89 V, where the (00n + 1) and (00n + 2) peaks
continually move sideways, while I.. is equal to d;, indicating the
maximum stage number of 1 attained in this stage. At higher
voltage (>4.89 V), for the (00n + 1) and (00n + 2) peaks, the stage
number of 1 remains, but there is a slight shift of the peak
position to higher 26 values and the distance remains
unchanged, which is associated with the structural rearrange-
ment of the embedded PFs~ anions.*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 SEM images of the carbon paper anode after cycling in CDE and CDE + LiFSI at the 107 (a and e), 50 (b and f), 100" (c and g) and 200" (d

and h) cycles at 2C.

As soon as the discharge reaction starts, the distance
between the (00n + 1) and (00n + 2) peaks gradually shortens,
and the intensity of the peaks gradually weakens, signifying that
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a relatively low intensity at the end of the discharging process,
which may be correlated with the fact that the embedded PF4s~
is incompletely deintercalated from the graphite cathode.

With further analysis of Fig. 7b, the variation tendency of the
in situ XRD spectra in CDE + LiFSI is similar to that in CDE. At
approximately 4.63 V, the first observable intercalation stage is
4, the corresponding I. is calculated to be 17.69 A, and d; is 7.65
A. The stage number of 3 is gained at 4.66 V and remains
unchanged until 4.77 V. The staging transition from stage 3 to 2
finishes between 4.74 V and 4.87 V. The XRD spectra at higher
voltages (>4.88 V) show that the (00n + 1) and (00n + 2) peaks
remain and two new peaks appear on either side of the (00n + 1)
and (00n + 2) peaks, which are named (007n) and (00n + 3),
respectively. The simultaneous presence of four peaks indicates
the coexistence of stage 2 and stage 1 in the voltage range
(Fig. 7f). During the discharging process, the staging transition
from 1 to 2 also finishes at 4.41 V. However, the reappeared
(002) peak in fact does not return to the original position. Such
a result would be related to the increased complexity because
more PFy~ anions participate in the intercalation process in
CDE + LiFSI, thereby causing an irreversible change in the
graphite layers and forming a defective structure of the graphite
cathode.

According to the above results, the addition of LiFSI can
effectively inhibit the decomposition of the electrolyte and
LiPFg, which will alleviate the corrosion reactions on the SEI
from decomposed PF;, and more PFs anions will participate in
the intercalation/deintercalation process. Meanwhile, the
presence of LiFSI can increase the coexisting composition of
stage 2 and stage 1, and the defective structure favors offering
more embedded spacing to receive future PFs~ anions, which
ensure high-rate capacitive charge storage. Furthermore, the
PF,~ gallery height (d;) was calculated to be approximately 7.75
A, and gallery expansion (Ad) was calculated to be approxi-
mately 4.4 A at stage 1. These results further demonstrate that
FSI” does not participate in the PFs intercalation/
deintercalation reaction on the graphite cathode.

3. Conclusion

In summary, based on the carbon paper anode and LiFSI-
containing electrolyte, we first successfully constructed
a novel Li-free CGDIB with superior electrochemical perfor-
mance. The key advantages of using carbon paper as an anode
are the ability to effectively avoid the instability caused by the
volume expansion of the metal anode and the safety hazard
caused by lithium dendrites and to eliminate the structural
collapse of the graphite anode. Moreover, by combining elec-
trochemical characterization and a variety of in situ character-
ization techniques, the work here for the first time
systematically analyzes the multifunctional effect of the LiFSI
additive on the Li-free CGDIB, including the following: (1) it can
restrain the excessive decomposition of the electrolyte and
participates in the formation of a stable and homogeneous LiF-
rich interfacial film; (2) it can improve the diffusion properties
of Li*, induce the uniform deposition of Li* and further prohibit
the growth of lithium dendrites; and (3) it can contribute to the
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formation of a defective structure of graphite layers when more
PF¢~ anions participate in the intercalation process, which is
beneficial for increasing the rate capability of the Li-free CGDIB.
As a consequence, with the carbon paper anode and LiFSI-
containing electrolyte, the theoretical specific energy density
of the Li-free DIB reaches =387 W h kg™ " at a power density of
450 W kg ' and ~320 W h kg™ " at 970 W kg~ '. Furthermore,
the Li-free CGDIB presents an excellent rate ability with a 96%
8C/0.5C capacity ratio. Consequently, the design of Li-free
CGDIBs and the understanding obtained from the multifunc-
tional effect of the LiFSI additive provide theoretical support for
enabling the future development of high-energy-density Li-free
DIBs.
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