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Manipulating anion intercalation enables a
high-voltage aqueous dual ion battery

Zhaodong Huang', Yue Hou', Tairan Wang', Yuwei Zhao!, Guojin Liang!, Xinliang Li', Ying Guo', Qi Yang® ',

Ze Chen', Qing Li', Longtao Ma', Jun Fan® '™ & Chunyi Zhi® '™

Aqueous graphite-based dual ion batteries have unique superiorities in stationary energy
storage systems due to their non-transition metal configuration and safety properties.
However, there is an absence of thorough study of the interactions between anions and water
molecules and between anions and electrode materials, which is essential to achieve high
output voltage. Here we reveal the four-stage intercalation process and energy conversion in
a graphite cathode of anions with different configurations. The difference between the
intercalation energy and hydration energy of bis(trifluoromethane)sulfonimide makes the
best use of the electrochemical stability window of its electrolyte and delivers a high inter-
calation potential, while BF,~ and CF3SOs™ do not exhibit a satisfactory potential because the
graphite intercalation potential of BF,~ is inferior and the graphite intercalation potential of
CF3SO5™ exceeds the voltage window of its electrolyte. An aqueous dual ion battery based on
the intercalation behaviors of bis(trifluoromethane)sulfonimide anions into a graphite cath-
ode exhibits a high voltage of 2.2 V together with a specific energy of 242.74 Wh kg~". This
work provides clear guidance for the voltage plateau manipulation of anion intercalation into
two-dimensional materials.
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ARTICLE

he full use of renewable intermittent energy, such as wind,

solar, and tidal energy, is a viable solution to meeting the

growing global energy demand, which requires the devel-
opment of large-scale energy storage technology with low cost,
safety, and ecofriendliness!=3. Lithium-ion batteries (LIBs) pos-
sess satisfactory electrochemical performance and have been
successfully commercialized, but the safety problems associated
with the use of organic electrolytes and the expense of lithium
salts and transition metals make them uneconomical grid-
connected stationary energy storage systems (ESSs). In contrast,
aqueous batteries have high safety and superior ion conductivity,
and their assembly does not require an oxygen- and water-free
environment, which could greatly reduce the cost of large-scale
production. The renaissance of aqueous energy storage systems,
especially the development of zinc ion energy storage technology
provides a possible solution for stationary ESSs*-¢, while the latest
research indicates that the dendrites and corrosion of metal
electrodes affect the cycling stability and cycle life”-8. Exploring a
new aqueous battery system based on inexpensive components is
pivotal to the development of large-scale ESSs.

Graphite cathode-based dual ion batteries (DIBs) have attrac-
ted extensive attention due to their nontransition metal
configuration®14, which is economical and environmentally
friendly, possessing an average high potential over 1.4 V vs. the
standard hydrogen electrode (SHE)!>-1°. DIBs primarily differ
from traditional rechargeable ion batteries in that they effectively
introduce the intercalation behavior of anions and could greatly
improve the output voltage of the batteries?9-22. High-potential
electrodes are highly important for improving the energy and
specific power of rechargeable batteries. The output voltages of
aqueous graphite-based DIBs depend on the intercalation energy
and hydration energy, and thereby on the competition between
the interaction of anions and the host matrix, as well as the
interaction between anions and water. The energy barriers
between solvated ions, isolated ions, and the intercalant state are
shown in Fig. 1a. The energy difference between solvated ions and
isolated ions is deemed the desolvation energy (denoted as
—AE,), corresponding to the desolvation process between ions
inserted into the host matrix. The intercalation energy (denoted
as AE,) is determined as the energy difference before the inter-
calant state and isolated ions. The electrode potential of graphite
is determined as the Gibbs free energy difference between the
intercalant and solvated ions (AG = AE,—AE,), according to the
relationship between potential and Gibbs free energy (e = — 45),
which means that the electrode potential is positively correlated
with the difference between intercalation energy and solvation
energy. In addition, the electrode potential should be within the
electrochemical stability window of the electrolyte (Fig. 1b, ¢, <
€ limit Where € jmir 1s the cathode limit potential of the electro-
lyte). Otherwise, the electrolyte will decompose before the anions
are inserted into graphite (when &, > €, imir). Hence, the key to
achieving high voltages is to study in depth the interactions
between anions and solvent as well as electrode materials. To
explore the underlying mechanisms, a series of careful studies
were conducted on the effects of anion intercalation energy and
solvation energy on the voltage plateau of graphite cathode-based
DIBs.

In this work, a high-voltage metal-free aqueous DIB was
constructed with a 3,4,9,10-perylenetetracarboxylic diimide
(PTCDI) organic anode and graphite cathode. The electro-
chemical behaviors of three types of anions, bis(tri-
fluoromethanesulfonimide) (TFSI~), CF3SO5~ (Otf~), and BE,—,
inserted into graphite were studied in three electrolytes (NaTFSI,
NaOtf, and NaBF,). The intercalation energy and solvation
energy were calculated using a modified Vienna ab initio simu-
lation package (VASP) method and Gauss calculations based on
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Fig. 1 Regulation principles of high electrode potential. a Schematic of
energy barriers between solvated ions, isolated ions, and intercalant state,
corresponding to the desolvation process and intercalation process of
anions insertion into graphite; b illustration exhibiting the electrode
potential (e) is calculated by Gibbs free energy (AG) and should located
within the electrochemical stability windows of electrolytes; n (mol) is the
electron transfer number and F is the Faraday constant, € im is the
cathode limit potential of electrolyte.

first principles, through which the theoretical voltage plateaus of
PTCDI-G DIBs in different electrolytes were determined. The
optimized PTCDI-G DIB in the NaTFSI electrolyte delivered a
high discharge voltage plateau of 2.2 V and a superior capacity of
120 mAh gL In addition, the energy storage mechanism of
TFSI inserting into graphite in aqueous electrolytes has been
thoroughly explored by in situ X-ray diffraction (XRD) and
in situ Raman spectroscopy.

Results

Characterization of NaTFSI, NaOtf and NaBF, electrolytes. A
large electrolyte mass is required for non-rocking-chair batteries
as a reservoir of carriers, which entails maximizing the ionic
content of the electrolyte. The use of highly concentrated salts not
only widens the electrochemical stabilization windows of the
electrolytes but also improves the specific energy of the DIBs.
PFs~ anions are widely used in organic dual ion batteries, and
their intercalation behaviors into graphite have been broadly
studied. According to Feng’s report on Zn-graphite dual ion
batteries!?, the intercalation potential of PF¢~ is lower than that
of TFSI™. In addition, hexafluorophosphates are unstable in the
air, which may pose a safety risk. Hence, considering the elec-
trochemical performance and safety, we chose TFSI—, Otf, and
BF, ™ anions to study the effects of anion type on the voltage of
aqueous dual ion batteries. Generally, the lattice energy and the
solvation energy of ions determine the solubility of a salt. The
lattice energy represents the energy difference between the crystal
lattice and isolated ions, which is semiquantitatively indicated by
the lattice melting temperature?3. The melting temperatures of
NaTFSI, NaOtf, and NaBF, are 257°C, 254°C, and 384°C,
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Fig. 2 Physicochemical properties and Raman spectra of three electrolytes. a The hydration energy comparison of BF;~, Otf~, and TFSI—; (b) Diagrams
of BF,—, (¢) Otf~, and (d) TFSI~ anions, respectively, with length and width noted; (e) LSV curves of three electrolytes; (f) The EIS spectrum tested by a
coin cell with Cu and SS foil as anode and cathode, respectively. The inset shows amplification of low-frequency areas; (g) The comparison of calculated
ionic conductivity of three electrolytes; (h) Raman spectra of NaBF,, (i) NaOtf, and (j) NaTFSI electrolytes, respectively.

respectively. The solvation energy of anions corresponds to the
energy gained during the solvation process, which is positively
correlated with the charge density of the anions*%2>, ie., the
smaller the anions of a given charge are, the greater the solubility.
The hydration energies of TFSI~, Otf~, and BF,~ were calculated
through Gauss calculations based on first principles as shown in
Fig. 2a, which will be discussed in detail later. The specific cal-
culation method is provided in the Methods section. BF,~ showed
the lowest hydration energy of —2.941 eV, and TFSI~ showed the
highest hydration energy of —2.841 eV. The diagrams of the three
anions (Fig. 2b—d) show that Ehe widths of BF,—, Otf~, and TFSI—
were 2.0A, 2.6 A, and 4.2 A, respectively. High concentration
saturated sodium salts (8.4 M NaTFSI, 9.2 M NaOtf, and 9.8 M
NaBF,) were adopted as electrolytes because the effect of hydra-
tion energy on the solubility of these three salts is greater than that
of the melting point.

The electrochemical stability windows of the three electrolytes
were evaluated by linear sweep voltammetry (LSV) measure-
ments, as displayed in Fig. 2e, with copper and steel stainless (SS)
foils serving as anode and cathode current collectors, respectively.
Because of the ultrahigh concentration of the three electrolytes,
the distance between the cations and anions is enormously
reduced, forcing them to share solvation molecules, so anions are
inevitably involved in the primary solvation sheaths26. Thus, the
content of water molecules in the sheath is depleted, which is
beneficial for suppressing water-related parasitic reactions. In
addition, ultrahigh concentrations of salt break the hydrogen
bonding network between water molecules, which effectively
decreases the mass transfer rate of HT and OH~. Taking all these
factors into consideration, the hydrogen and oxygen evolution
reactions were efficiently inhibited and achieved a wide

electrochemical stability window. The electrochemical stability
windows of the NaBF,, NaOtf, and NaTFSI electrolytes are
expanded to 2.81, 3.46, and 3.68V, respectively. Notably, the
cathode limits of NaBF,, NaOtf, and NaTFSI are 1.22V, 1.88V,
and 1.88V, respectively, which determined whether the anions
could insert into graphite within the potential windows. The ionic
conductivity of the electrolytes was evaluated by electrochemical
impedance spectroscopy (EIS), as displayed in Fig. 2f. Coin cells
with Cu and SS foil as the anode and cathode, respectively, were
adopted for the EIS test. The inset of Fig. 2f shows that the
x-intercepts of NaBF,, NaOtf, and NaTFSI were 0.9, 3.27, and
3.39 Q. The ionic conductivities (o, mS cm—1!) were calculated
using the following equation:

7' 1
Z/Z + Z//Z .Z

M

where [ is the distance between two electrodes, which is
approximately equal to the thickness of the separator, and A is
the area of the separator. The ionic conductivities of NaBF,,
NaOtf, and NaTFSI, as displayed in Fig. 2f, were calculated to be
85.9, 23.9, and 23.0 mS cm ™, respectively, which were positively
correlated with their concentrations.

The Raman spectra of highly concentrated NaBF,, NaOtf, and
NaTFSI electrolytes are shown in Fig. 2h—j. The characteristic
peak at 795.7 cm~! in Fig. 2h corresponds to the B-F symmetric
stretching vibration of BF,~ in the solvent?”-28, and increased in
intensity with NaBF, concentration. The O-H stretching
vibration of H,O molecules showed an obvious blueshift with
increasing salt concentration, which demonstrated the reduced
activation of H,O in highly concentrated electrolytes?*-31. The
characteristic peaks from 300 to 650 cm™! in the orange dotted
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Fig. 3 Electrochemical performance comparison of PTCDI-G in three electrolytes. a CV curves of PTCDI-G in NaBF,, (b) NaOtf, and (¢) NaTFSI
electrolytes at a scan rate of 5mV s, respectively; (d) GCD curves of PTCDI-G in NaBF,, (e) NaOtf, and (f) NaTFSI electrolytes at a current density of

025Ag .

box in Fig. 2i and j are attributed to the S=O and C-F rocking
vibrations of Otf~ and TFSI—, while the peaks at =780 cm~! can be
attributed to the S=O and C-F asymmetric bending of Otf~ and
TFSI~, respectively’2-34. The extra peak located at 438 cm~! in
Fig. 2j is ascribed to the N-S-CF; bending vibration of TFSI~3>3¢.
Compared with those of deionized water, the O-H stretching
vibrations of NaOtf and NaTFSI in the solution have an obvious
blueshift trend as the concentration increases, indicating that the
water activity is reduced because of the highly concentrated NaOtf
and NaTFSL

Electrochemical performance comparison in three electrolytes.
To construct metal-free electrode dual ion batteries, an organic
electrode, PTCDI, was adopted as the anode material. The XRD
and SEM images of PTCDI and graphite are shown in Supple-
mentary Fig. 1. The electrochemical sodium storage performance
of PTCDI in aqueous systems was explored through a three-
electrode system with PTCDI, Pt, and Ag/AgCl serving as
working, counter and reference electrodes, respectively. The
sodium storage performance of the PTCDI anode may be affected
by the Nat concentration in the electrolyte but has no relation-
ship with the type of anion, so saturated NaTFSI was adopted as
the electrolyte. The CV and GCD curves of the PTCDI anode,
shown in Supplementary Fig. 2, exhibited two distinct sodium ion
extraction potentials at approximately —0.800 and 0.000 V vs. Ag/
AgCl, corresponding to —0.5776 and 0.222 V vs. SHE. The initial
five cycle CV curves in Supplementary Fig. 2a show that the first
discharge process underwent a quasi-activation process, and the
following four cycles almost completely overlapped each other,
indicating the stable cycling ability of the PTCDI anode. GCD
curves at different current densities from 0.25Ag=!to 4 Ag~1, as
shown in Supplementary Fig. 2b, displayed a shape similar to the
initial shape. Considering the superior sodium storage perfor-
mance of PTCDI in aqueous electrolytes, it was matched with
graphite to construct an aqueous sodium-based dual ion battery
(PTCDI-G). The electrochemical properties of PTCDI-G were
explored in three electrolytes including NaBF,, NaOtf, and
NaTFSI saturated solutions, to study the effects of anion type and
solvation energy on the electrochemical performance of dual-ion
batteries, especially discharge voltage plateaus.

The CV and GCD curves of PTCDI-G in NaBF,, NaOtf, and
NaTFSI electrolytes are compared in Fig. 3a—f. The initial five CV
curves of PTCDI-G in the NaBF, electrolyte are displayed in
Fig. 3a. The initial anode curve showed a sharp increase in slope
near 1.6 V, which could be ascribed to the partial decomposition
of the electrolyte. This result was consistent with the charge
plateau at 1.6 V while no distinct discharge plateau was observed
in the first GCD curve, as shown in Fig. 3d. The subsequent CV
curves showed a broad cathode peak between 0.7 and 1.0V,
which corresponded to the discharge plateau in the subsequent
GCD curves. Figure 3b shows the initial five CV curves of the
PTCDI-G DIB in the NaOtf electrolyte. There were strong anode
peaks but no obvious cathode peaks, which was consistent with
the GCD curves shown in Fig. 3e. Given that the sodium insertion
and extraction potentials of the PTCDI anode were included in
the electrochemical stability windows, it could be deduced that
the potential of Otf~ embedded into graphite exceeded the
cathode limit of the potential range. The CV curves and GCD
curves of PTCDI-G in the NaTFSI electrolyte in the initial
five cycles are displayed in Fig. 3c and f, which delivered an
ultrahigh cathode peak (discharge plateau) at =2.2 V, as well as a
superior capacity of 120 mAh g~!. Unlike those of the NaBF, and
NaOtf electrolytes, the CV and GCD curves of PTCDI-G in the
NaTFSI electrolyte were coincident in the first and subsequent
cycles, indicating its stable cycling performance. In addition,
according to the GCD curves in Fig. 3f, the charge capacity
remained similar, while the discharge capacity slowly increased
with the cycling number, exhibiting the improved Coulombic
efficiency of PTCDI-G in the NaTFSI electrolyte. The reasons for
the differences in electrochemical behaviors among the three
electrolytes will be discussed in detail later.

In situ XRD and in situ Raman probing of TFSI™ intercala-
tion. To investigate the energy storage mechanism of aqueous
graphite-based DIBs, XRD and Raman measurements were
conducted. Given that reaction products, such as graphite
intercalation compounds (GICs), maybe decomposed after a
series of coin cell detaching, washing, and drying processes, the
use of in situ technology is necessary when studying energy
storage systems involving GICs. The intercalation of complex
anions embedded into graphite is in a unique, periodic way
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Fig. 4 Energy storage mechanistic study of PTCDI-G in NaTFSI electrolyte. a In situ XRD patterns of graphite in PTCDI-G during the initial charging and
discharging process; (b) The computed XRD of TFSI~ embedded into graphite at Stage O, (c¢) Stage 1, (d) Stage 2, and (e) Stage 3, respectively; (f) The
GCD curve tested at a current density of 50 mA g~ for the initial cycle; (g) In situ Raman spectrum of graphite in PTCDI-G during the first charging and

discharging process.

named the staging mechanism and, is caused by the balance
between ionic repulsion of anions between the intercalant layers
and van der Waals forces between graphite layers3”-38. Typically,
the staging mechanism proposed before comprised three stages
from Stage 1 to Stage 3, which represent the insertion of anions
in every four layers, two layers, and one layer of graphite,
respectively. Another small plateau is observed at 1.5V in
NaTFSI electrolyte, far from the plateau of 2.2 V, which may be
attributed to other energy storage behaviors such as adsorption
behavior. Hence, we proposed a four-stage mechanism of com-
plex anion insertion into graphite in aqueous electrolytes. A
schematic diagram of the graphite intercalation process is dis-
played in Supplementary Fig. 3, in which Stage 0 corresponds to
the edge plane adsorption state before the intercalation process.
To verify the four-stage intercalation behaviors of anion inser-
tion into the graphite cathode in the NaTFSI electrolyte, in situ
XRD measurements were conducted. Figure 4a shows the in situ
XRD patterns of the graphite cathode in PTCDI-G during the
initial charging and discharging process at a current density of
50 mA g~!. The staging mechanism of TFSI™ intercalation into
graphite can be demonstrated by the splitting of the (002)
reflection during the charging process, signifying the formation
of GICs3%-4l, The computed XRD patterns of TFSI" anions
embedded into graphite at different stages from Stage 0 to Stage
3 are provided in Fig. 4b-e, respectively. The variation in XRD
profiles matched well with the computed XRD patterns including
that of Stage 0, which verified that TFSI~ anions went through
an edge plane adsorption state before the staging intercalation
into graphite. Subsequently, the split peaks gradually returned to
the original position of 26° as the anions were steadily extracted
from graphite during the discharging process, demonstrating
the high reversibility of anion insertion into/extraction from
graphite.

In situ Raman characterization was also conducted to study the
effects of TFSI" anions on the vibration of hexagonal graphite.
Figure 4g shows the real-time Raman signals at different voltages
in the charging and discharging states from left to right, and
Fig. 4f shows the corresponding GCD curve during Raman testing
at a current density of 50 mA g~!. The original graphite showed a
typical G band at 1580 cm™!, which corresponded to the strong
carbon-carbon stretch vibration, representing the degree of
graphitization*2. The G band showed a blueshift with the
continuous insertion of TFSI~ during the charging process, and
finally shifted to 1650 cm—! when charged to 2.5V, demonstrat-
ing that the intercalated TFSI~ anions altered the chemical
surroundings of the adjacent graphite layers, which was
consistent with previous reports*3-4>, The Raman peaks subse-
quently showed a redshift and returned to the original position of
graphite during the discharging process, further evidencing the
good reversibility of TFSI" intercalation into and extraction from
graphite.

First-principles calculation study of TFSI—, Otf~ and BF,~
anions intercalation into graphite. To better understand the
relationship between anion intercalation behaviors based on a
four-stage mechanism and the corresponding potentials, first-
principles calculations were conducted. The ‘contact ion pair’
(CIP) model was adopted to calculate the theoretical voltage in
previous reports3846, This model assumes that dissolved salts
remain in the form of contact ion pairs in the solvent and are
surrounded by solvent molecules. We found it not applicable in
our system, as the calculated results remarkably deviated from the
experimental data, because it ignores the dissociation energy of
the electrolyte molecule and the differences between the hydra-
tion energy of the CIP and that of the single anion. A more
reliable approach is to calculate the solvation energy of anions
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Fig. 5 Theoretical calculations of PTCDI-G in three electrolytes and their corresponding calculated theoretical voltage. a The edge plane adsorption
energy comparison for BF,~, Otf~, and TFSI—; (b) Intercalation energy of BF,~, Otf—, and TFSI~ embedded into graphite for Stage 1 to Stage 3; (¢) The
diffusion energy barrier of BF;~, Otf~, and TFSI~ in graphite matrix; (d) The calculated theoretical voltage and experimental voltages of PTCDI-G with
NaBF, electrolyte; (e) The calculated theoretical voltage and experimental voltages of PTCDI-G with NaOtf electrolyte; (f) The calculated theoretical

voltage and experimental voltages of PTCDI-G with NaTFSI electrolyte. The marks of O, 1, 2, 3 in (d-f) represent the calculated voltages of Stage O to Stage
3 matching with the first sodium extraction of PTCDI, respectively; the marks of T, 2', 3’ represent the calculated voltages of Stage 1to Stage 3 matching

with the second sodium extraction of PTCDI, respectively.

separately in aqueous electrolytes when considering the solvation
process of ions and anions and their hydrogen bonds with sur-
rounding water molecules. The VASP and Gauss calculations
based on first principles were adopted to calculate the intercala-
tion energy and the solvation energy, respectively. The difference
between the intercalation energy and the solvation energy is the
theoretical voltage. Supplementary Table 1 displays the theore-
tical voltage and its difference with the experimental voltage as
calculated using two models. The theoretical voltages of Otf~
calculated by the two models were =2.514 and 2.680 V, both of
which exceeded the limit of electrochemical stability of the NaOtf
electrolyte, which matched the experimental data that no dis-
charge plateau was observed. However, the theoretical voltages
calculated by applying the CIP model to the NaTFSI and NaBF,
electrolytes remarkably deviated from the experimental discharge
voltage by up to 0.282 and 0.489 V, respectively. The differences
between the theoretical voltages calculated through our model
and the experimental voltages for TFSI~ and BF,~ were only
0.022 and 0.073 V, respectively, which matches well with practical
GCD curves.

To simulate the intercalation staging mechanism of the three
anions, four stages from Stage 0 to Stage 3 are modeled. The edge
plane adsorption of BF,~ on graphite is shown in Supplementary
Fig. 4a-c, from which the decomposition of BF,~ was clearly
observed. The tetrafluoroborate ion was converted to boron
trifluoride, and another fluorine atom was bonded to graphite,
which was ascribed to the greater stability of the carbon-fluorine
bond compared to the boron-fluorine bond. The area of the edge
plane was limited, which means that tetrafluoroborate ions
partially decompose through an activation-like process before
being embedded into graphite. This result can explain the
oxidation peaks and decomposition plateaus at 1.6 V in Fig. 3a
and d, leading to low Coulombic efficiency in the initial few
cycles. The main view and top view of the subsequent insertion
process from Stages 1-3 (see Supplementary Fig. 4d-i, respec-
tively) show that three F atoms in the tetrafluoroborate ions lie
directly above the three carbon atoms in a hexagonal graphite

ring. The Otf~ anion was adsorbed on the edge plane of graphite
through one of the O atoms bonding to graphite as displayed in
Supplementary Fig. 5a-c. Because of the asymmetry of Otf~
anions and ionic repulsion between the adjacent intercalant, the
Otf~ located in the adjacent layers rotated 90° as exhibited in
Supplementary Fig. 5d-i, which greatly increased the migration
barrier of ions. For TFSI™ anions, all four O atoms in TFSI™ have
a strong tendency to bond with C atoms in graphite when
adsorbed on the edge plane of graphite (see Supplementary
Fig. 6a-c). Because of the symmetry of TFSI~ anions, the
intercalants in different layers remained consistent with each
other, as shown in Supplementary Fig. 6d-h. The adsorption
energies of BF,~, Otf~, and TFSI~ on the edge plane of graphite
are compared in Fig. 5a. BF,~ showed the lowest value of
—5.255 eV, compared to —4.086 eV for Otf~ and —1.826 eV for
TFSI". The calculated intercalation energies of the three anions in
the different stages are shown in Fig. 5b. BF,~ anions also possess
the lowest intercalation energy in all stages due to their small
radius and stronger C-F bond connected with graphite in the
adsorbed state. The intercalation energies showed an increasing
trend as the intercalation stage increased from Stage 1 to Stage 3:
—2.46, —2.445, and —2.292eV, respectively, because of ion
repulsion between the intercalants. However, the Otf~ anions
possessed the highest intercalation energy (—0.84, —0.797,
—0.707 eV) in all stages due to their larger radius than that of
BF,~ and the C-O bond being weaker than the C-F bond when
absorbed. Similarly, the intercalation energies of TFSI~ were
—1.283, —1.147, and —1.029 eV in Stage 1 to Stage 3, respectively,
lower than that of Otf~, because four oxygen atoms of TFSI~
tended to be bonded with graphite when absorbed, compared to
only two oxygen atoms of Otf~, as shown in Supplementary
Fig. 5f and Supplementary Fig. 6f. Notably, PTCDI-G in the
NaTFSI electrolyte showed four-stage intercalation behavior with
a corresponding distinct voltage plateau, which was not observed
in the NaOtf and NaBF, electrolytes. Stage 0 corresponds to the
edge plane adsorption behaviors on the graphite cathode. It
depends on the adsorption energy and the solvation energy of
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Fig. 6 Electrochemical performance of PTCDI-G in NaTFSI electrolyte. a CV curves at relatively low scan rates of 1- 5mV s=1; (b) CV curves at scan rates
of 10 to 100 mV s~ ; (€) Cycling performance at a current density of 0.25 Ag~": (d) GCD curves of different cycles; (e) Rate capability from the current
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previous reports about aqueous sodium ion batteries (ASIBs) and aqueous dual ion batteries (ADIBs); (h) Ragone plot of this work and other aqueous

batteries (the calculation is based on the mass of graphite).

anions in different electrolytes. The values of the difference
between the adsorption energy and solvation energy for NaOtf
and NaBF, electrolytes were negative, which means no plateau
corresponding to Stage 0 will appear when NaOtf or NaBF,
electrolytes are used.

The diffusion energy barriers of BF,~, Otf~, and TFSI~ in the
graphite matrix are compared in Fig. 5c. The asymmetric
structure of Otf~ anions increases the resistance to diffusion in
the graphite matrix, leading to a large energy barrier (up to 0.223
eV). In contrast, the diffusion energy barriers of BF,~ and TFSI~
were always lower than 0.100 eV, enabling their fast diffusion
during the electrochemical process.

The theoretical potential of anions inserted into graphite can
be calculated through the intercalation energy and solvation
energy of the anions, assuming that the contribution of entropic
variation is negligible. The specific calculation method and
equation are provided in the Methods section. The edge plane
adsorption energies of BF,~ and Otf~ were much lower than
their corresponding hydration energies, indicating that no output
voltage plateau was contributed by their edge plane adsorption
behaviors. In contrast, the adsorption energy and hydration
energy of TESI™ anions differed by 1.015 V; thus, the edge plane

adsorption behaviors of TFSI~ anions would contribute a
discharge plateau of 1.592V combined with the first sodium
extraction potential (—0.578 V vs. SHE) of the PTCDI anode. The
intercalation potentials of BF;~ embedded in graphite through
Stage 1 to Stage 3 were calculated as 0.481, 0.496, and 0.649 V vs.
SHE, which were lower than the upper limit (1.22 V) of a highly
concentrated NaBF, electrolyte, as shown in Fig. 2e, demonstrat-
ing that the insertion of BF,~ anions into graphite can occur
within the electrochemical stability window of the electrolyte.
Considering the two sodium extraction potentials of the PTCDI
anode (—0.5776 and 0.2224 V vs. SHE) and three intercalation
stage potentials, there were six voltage plateaus for PTCDI-G in
the NaBF, electrolyte as displayed in Fig. 5d. The initial three
voltage plateaus at 1.226, 1.073, and 1.058 V corresponded to the
first sodium extraction potential of the anode, and the voltage
plateaus at 0.426, 0.273 and 0.258 V corresponded to the second
sodium extraction potential of PTCDI. For Otf~, the intercalation
into graphite potentials was calculated to be 2.059, 2.102, and
2.192'V vs. SHE from Stage 1 to Stage 3, respectively. Considering
that the electrochemical stability cathode limit of the NaOtf
electrolyte was 1.88V, the electrolyte decomposed before the
Otf~ anions insert into the graphite cathode. This result means
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that the behavior of Otf~ anion intercalation into graphite was
infeasible in highly concentrated NaOtf electrolyte, which is
consistent with the previous discussion of CV and GCD results.
The calculated theoretical voltages of PTCDI-G with the NaOtf
electrolyte also have six plateaus at 2.770, 2.680, 2.637, 1.970,
1.880, and 1.837 V, respectively, as displayed in Fig. 5e, exhibiting
a large gap with the experimental plateaus. Actually, the first
charge curve shown in Fig. 3e exhibited a charging plateau at
1.8-1.9 V due to the partial insertion of Otf~ anions correspond-
ing to the second sodium extraction potential of PTCDI,
accompanied by the decomposition of the electrolyte. A voltage
over 2V corresponds to violent decomposition of the electrolyte,
which is precisely why no corresponding discharging plateau was
observed during the discharge process. The intercalation
potentials of TFSI" embedded into graphite were calculated to
be 1.558, 1.694, and 1.812V vs. SHE for Stage 1 to Stage 3,
respectively, as shown in Fig. 5f. The potentials were lower than
the cathode limit (1.88 V) of the NaTFSI electrolyte, enabling the
insertion of TFSI" anions into graphite within the electrochemical
stability window of electrolyte. Considering the voltage plateau
contributed by the edge plane adsorption behaviors, the
calculated voltages of PTCDI-G in the NaTFSI electrolyte were
expected to have seven voltage plateaus at 2.390, 2.272, 2.136,
1.592, 1.590, 1.472, and 1.336 V, respectively. Notably, the plateau
provided by Stage 0 almost coincides with the plateau provided by
Stage 1 corresponding to the first sodium extraction potential of
PTCDI, which together contribute to the obvious discharge
plateau at approximately 1.5V of PTCDI-G with NaTFSI
electrolyte. The interlayer spacing of the embedding layer and
the average interlayer spacing after the intercalation of three
anions are shown in Supplementary Table 2. The energy released
by the stable intercalant formed by the insertion of anions is
greater than the energy needed for the interlayer expansion of
graphite; thus, the intercalation of anions leads to a large volume
expansion of graphite. The interlayer spacings of fully charged
graphite should be 7.27, 8.65, and 8.30 A for BF,~, Otf~, and
TFSI~ anions intercalation, respectively. The intercalation
process of TESI™ insertion into graphite is shown in Supple-
mentary Movie 1, from which the expansion of graphite and the
torsion of anions can be clearly observed.

The intercalation potentials of solvated anions inserted into
host materials are determined by the solvation energy of the
anions and the intercalation energy of the anions into the host.
Supplementary Table 3 displays the intercalation potentials of
different solvated anions, including TFSI~, Otf~, and BEF,~,
inserted into graphite at different intercalation stages.

The anion type mainly affects the potential of the solvated
anions embedded into cathode materials, which depends on the
solvation energy of the anions and the intercalation energy of the
anions inserted into cathode host materials. The solvation energy
corresponds to the energy gained by the anions during the
solvation process, which is positively correlated with the charge
density of the anions. The intercalation energy is determined by
the interaction between the anions and host materials, as well as
the size of the anions. For the insertion behaviors of anions into
host materials, the more negative the solvation energy and the
more positive the intercalation energy, the higher the theoretical
cathode potential will be.

Electrochemical performance of PTCDI-G in NaTFSI electro-
lyte. By comparing the electrochemical performance of the three
electrolytes and the corresponding theoretical calculation, we
found that the electrochemical performance of PTCDI-G in the
NaTFSI electrolyte was better than those of the other methods.
Therefore, we conducted a series of detailed tests on the

electrochemical performance of PTCDI-G in the NaTFSI elec-
trolyte. As shown in Fig. 6a, at relatively slow scan rates of 1, 2,
and 5mVs~L, two anode peaks appeared at 2.28 and 2.40V,
which coincided with the calculated voltages, demonstrating the
staging mechanism of anion intercalation into graphite. The
three discharging peaks coincided with each other, forming a
broad cathode peak at =2.2'V. Figure 6b displays the fast scan
rates from 10mVs~! to 100mVs~! of PTCDI-G, in which
anode peaks located at 2.5V and cathode peaks shifted from
2.2V to 2.0 V because of the polarization at fast scan rates. The
counter peaks at =1.5 V correspond to the edge plane adsorption
behaviors and anion insertion behaviors and matched the second
sodium extraction potential of PTCDI. Battery-like intercalation
behaviors are usually considered diffusion-controlled processes,
while adsorption on the surface of electrode materials is deemed
a surface-controlled process. The adsorption behaviors on the
surface of the electrode were surface-controlled behaviors, which
contributed to a larger proportion of the capacitance as the scan
rate increased. Hence, the redox peaks couple at 1.5 V obviously
increases with the scan rate, which demonstrates the occurrence
of edge plane adsorption behaviors of TFSI~ (Stage 0) from
another perspective. The cycling performance of PTCDI-G is
exhibited in Fig. 6c and delivered a capacity of 116.3 mAh g~!
after 300 cycles at a current density of 0.25 A g~1, with high-
capacity retention of 98.0%. The corresponding GCD curves of
different cycles from the 1st to 300th cycle are shown in Fig. 6d.
The Coulombic efficiency of PTCDI-G in the NaTFSI electrolyte
is approximately 95% upon long-term cycling. Inferior Cou-
lombic efficiency is the common problem of graphite-based dual
ion batteries and is primarily ascribed to the high voltage of
graphite-based dual ion batteries and trace amounts of gas
production. Electrolyte decomposition was accompanied by the
charging process in the high voltage region. In addition, the low
Coulombic efficiency was attributed to the oxidation and cor-
rosion of edges of stainless-steel coin cells’’. This problem
should be solved by exploring aqueous electrolytes with wider
electrochemical stability windows. The GCD curves almost
coincided with each other, exhibiting the superior cycling sta-
bility of PTCDI-G. The rate performance of PTCDI-G in the
NaTFSI electrolyte is shown in Fig. 6e, and delivered capacities of
121.0, 105.4, 90.3, 72.9, 62.4, and 54.8 mAh g~! at current den-
sities of 0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 A g~1, respectively. When
the current densities were set back to low densities, the capacity
also returned to 62.5, 72.8, 90.2, 106.2, and 119.4mAhg~],
respectively. The GCD curves at different current densities are
displayed in Fig. 6f and exhibited similar shape and output
voltage plateaus, demonstrating the good rate capability of
PTCDI-G. The small output voltage plateau at =1.5V became
more obvious as the current density increased, which was con-
sistent with the results of the CV curves in Fig. 5b. The long-term
cycle life at high current density is shown in Supplementary
Fig. 7. The PTCDI-G DIB in the NaTFSI electrolyte remained at
57 mAh g~1 after 10000 cycles at an ultrahigh current density of
8 A g~1. An activation process occurs during the initial several
hundred cycles, which may be attributed to the insufficient
intercalation of anions during the charging process at ultrahigh
current density. The electrochemical performance of PTCDI-G
DIB in NaTFSI electrolyte at different mass loadings is displayed
in Supplementary Fig. 8. The GCD curves of PTCDI-G DIB with
mass loadings of 1, 3, 5, 7, and 9mgcm—2 are displayed in
Figure S8a, and they delivered 0.12, 0.34, 0.53, 0.72, and
0.91 mAh of discharge capacity, respectively. In addition, all
GCD curves showed an obvious high voltage plateau of 2.25V.
The linear fitting of capacity with different mass loadings is
revealed in Figure S8b, among which the slope and intercept
were 0.098 and 0.034, respectively.
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The plateau median voltage of PTCDI-G in the NaTFSI
electrolyte was compared with those of previous reports of
aqueous sodium ion batteries (ASIBs)47->8 and aqueous dual ion
batteries (ADIBs)*-%° as shown in Fig. 6g. Most of the voltage
plateaus of ASIBs and ADIBs were lower than 1.5V because of
the narrow electrochemical stability windows of water. After
the concept of ‘water in salt’ was proposed, many high voltage
aqueous batteries have been explored. However, limited by the
reactive potential of cathode materials, no aqueous batteries
have a high plateau median voltage of over 2 V. The ultrahigh
intercalation potential of TFSI- embedded into graphite up to
1.812 V enabled the excited output voltage plateau of 2.2 V. More
importantly, through the optimization of the intercalation anions
and their hydration energy, the voltage of the anions inserted into
two-dimensional materials still has great space for optimization.
The specific power and specific energy of PTCDI-G were
calculated based on the mass of graphite, and the specific
calculation method is shown in the Methods section. PTCDI-G
delivered high specific energy and specific power and was
compared with other aqueous batteries, as exhibited in the
Ragone plot (Fig. 6h). The PTCDI-G delivered high specific
energy of 242.74 Whkg~! at 504.66 W kg~!, which remained at
120.41 Whkg=! when the specific power was increased to
16162.42 W kg~ 1.

Discussion

We thoroughly investigated the influence of the interaction
between anions and water and between anions and host materials
on the electrochemistry of their reaction potentials to obtain a
high-voltage aqueous DIB. TFSI~ can make the best use of the
electrochemical stabilization window of its electrolyte to deliver a
high intercalation potential due to its appropriate difference
between intercalation energy and hydration energy. In contrast,
the difference between the intercalation energy and hydration
energy of BF,~ is small, and the graphite intercalation potential of
Otf~ exceeds its electrolyte stability window, leading to their
inferior output voltage. In addition, we revealed the energy
conversion and four-stage intercalation behaviors of anions with
different configurations in a graphite cathode. The one-to-one
correspondence between the four stages of TFSI™ inserting onto
graphite and their voltages was confirmed by in situ XRD and
in situ Raman spectroscopy. The theoretical voltage plateaus
calculated by DFT agree well with the experimental results, which
further verified the feasibility of output voltage manipulation by
studying the interaction among anions, water, and electrode
materials. The DIB assembled with the PTCDI anode and gra-
phite cathode based on the intercalation behaviors of TFSI~
delivered an ultrahigh voltage of 2.2V, as well as a large capacity
of 120 mAh g~1. This work is instructive for the design of high-
voltage DIBs based on two-dimensional layered cathode
materials.

Methods

Chemicals and battery components. Crystalline flake graphite (99.9%, Aladdin),
3,4,9,10-perylenetetracarboxylic diimide (PTCDI, 99.9%, Aladdin), sodium fluor-
oborate (NaBF,, 99.99%, Aladdin), sodium bis(trifluoromethanesulfonimide)
(NaTES]I, battery grade, Huizhou Dado New Material Technology Co., Ltd),
sodium trifluoromethanesulfonate (NaOtf, 98%, Aladdin), nmethyl-2-pyrrolidone
(NMP, 99%, Aladdin), ketjenblack (ECP-600JD, Lion Corporation), poly(vinyli-
dene fluoride) (PVDF, average Mw ~400000, Aladdin), Cu foil (9 pm, MTI Cor-
poration), stainless foil (1 mm, MTI Corporation), and glass microfiber separator
(GF/D-090, Whatman) were used as received.

Preparation of saturated NaBF,, NaOtf, NaTFSI electrolytes. The electrolytes
were prepared by adding 2.152 g NaBF,, 3.166 g NaOtf, 5.093 ¢ NaTFSI into 2 mL
deionized water, respectively. Transparent viscous liquids were formed after stir-
ring vigorously.

Assembly and testing of PTCDI-G with different electrolytes. The graphite
cathode was prepared by mixing crystalline flake graphite, ketjenblack and PVDF
(mass ratio: 8:1:1) in NMP solvent and stirred to form a black uniform slurry,
followed by coating on stainless foil. The PTCDI anode was prepared by mixing
PTCDI, ketjenblack and PVDF (mass ratio: 7:2:1) in NMP solvent and stirred to
form a brown uniform slurry, followed by coating on Cu foil. Both the mass
loading of graphite cathode and PTCDI anode are ca. 1 mgcm™2. The 2032-type
coin cells of PTCDI-G batteries were assembled with graphite cathode and PTCDI
anode (area ratio: 1:2) with a glass microfiber separator. These coin cells were
cycled between 0.3V and 2.5V on CHI760E electrochemical workstation and
LAND CT2001A battery testing devices. The specific energy and specific power
were calculated based on the mass of graphite cathode through the following
equations.

_ I(A)x V(V)x t(h)

E(Whkg™") = T kg @
-1
P(Wkg ) = E(%;g) ®

where I is the charging and discharging current, V is the average output voltage, t is
the discharging time, m is the mass of graphite cathode.

Structural characterization of graphite. In situ XRD patterns were recorded with
Cu Ka radiation (A = 1.5406 A) at 40 kV and 40 mA using Bruker AXS D8 Phaser.
In situ and ex situ Raman spectra were performed with a laser of 532 nm wave-
length using Raman spectroscopy (WITec alpha300 access). A Teflon electro-
chemical in situ cell with graphite and PTCDI as cathode and anode, respectively,
were used for in situ XRD and Raman measurements. The CHI760E electro-
chemical workstation was utilized to record the GCD measuring when the XRD
and Raman tests were performed.

Computational methods. All the theoretical calculations were based on density
functional theory (DFT) implemented in VASP?0. The projector augmented wave
(PAW) method was used to describe the interaction between electrons and ions.
The exchange and correlation energy were described by gradient-corrected
Perdew-Burke-Ernzerh (GGA-PBE)’172 functional. According to the experi-
mental results, the stage 3 configuration is set as C,4[TESI]™, C,4[OTF]~ and
C36[BF4]~. When optimizing the structure, a 520 eV cutoff of plane-wave basis
was used. The first Brillouin zone was sampled by Monkhorst-Pack scheme with
0.06m/A resolved value at each direction for all configurations. The Gaussian
smearing with 0.2 eV smearing width was used. The accurate intercalation energy
was further calculated by applying a tetrahedron method static self-consistency
and 0.04 /A resolved Gamma-point mesh. The energy and force convergence
criteria were set 1 x 1075 eV and 0.01 eV/A in structural optimization and energy
calculation. The anion diffusion barrier at stage 1 was calculated by the climbing
image nudged elastic band (NEB) method’® with 0.02 eV/A force convergence
criteria. To properly describe the van der Waals (vdWs) interaction, Grimme’s
DFT-D3B]J empirical correlation was used’47>. And spin polarization was inclu-
ded in all calculations. The structure visualization was made by the VESTA
software.

The intercalation voltage E;,, can be approximately calculated as,

_ E(Cn[Anion]m) - E(Cn) — mE

qas(Anion) — mE,, ;(Anion)

int T

@
m

In the formulation above, the entropic contribution is assumed as negligible, E
(Cn[Anion],,) is the total energy of anion-intercalated graphite, m is the number of
intercalated anions, E(C,) is the energy of pure graphite in AB stacking,
Egas(Anion) is the energy of the isolated anion in vacuum. Ej 4(Anion) is the anion
hydration energy calculated in Gaussian09 A.1 using SMD module’® with up to six
explicit water molecules and B3LYP/6-311 G**7778 with D3B]J empirical
correlation”47>,

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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