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The Na-based dual-ion batteries (NDIBs), combining the advantages of Na-ion batteries and dual-ion bat-
teries, are attracting more attention due to their merits of abundant source, low cost and high energy
density. However, the main challenges faced by NDIBs are their low capacity and poor cycling. Herein,
we report a new ion storage mechanism for high-performance NDIBs using amorphous carbon (AOMC)
as cathode. Unlike the graphite carbon that can only accommodate the PFg anion (typical DIB system),
the AOMC herein can both accommodate Na* cation and PFg anion due to its amorphous feature, which
is conceptually new dual-ion system for achieving much higher capacity. Ex-situ X-ray photoelectron
spectroscopy, X-ray diffraction and Raman studies reveal that the disordered carbon in the AOMC can
be transformed to the partial graphitic stacking in short range, improving both capacity and cycling sta-
bility of NDIBs. As a consequence, the AOMC delivers a highly reversible storage capacity of 136 mAh g!
for 800 cycles at a very high current density of 2.0 A g~!, much higher than all the reported NDIBs. Such
concept can be generalized to develop high-performance dual-ion full cell using sodium ion pre-
intercalated materials as anode and AOMC as cathode.
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1. Introduction

Portable electronics and electric vehicles with high energy den-
sity and power density are urgently needed due to the rapid
growth of the environmental pollution, global population and
urbanization and the consumption of traditional fossil sources
[1-3]. Lithium-ion batteries (LIBs), as the dominant energy storage
devices, have been commercially used since 1990s [4-6]. Despite
of the great progress in LIBs industry, the drawbacks are still obvi-
ous, such as limited lithium resources and safety issues caused by
lithium dendrites, hindering their large-scale applications [7-9].
Designing new battery system is attracting more attention, such
as sodium-ion batteries (SIBs) [10,11], potassium-ion batteries
(KIBs) [12,13], lithium-air batteries [14,15] and dual-ion batteries
(DIBs) [16-18]. The SIBs are considered as promising alternatives
to LIBs for energy storage because of their infinite sodium
resources. But the main problems faced by SIBs are their low
full-cell voltage (Na/Na* (—2.71 V vs. standard hydrogen electrode)
with 0.3 V higher than Li/Li* (—3.04 V)), sluggish kinetics and poor
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cycling stability [9,19-21]. A Na-based rechargeable battery sys-
tem with high voltage, high rate and long cycle life is urgently
required.

Due to the advantages of high voltage plateau, eco-friendliness,
low cost and good safety, the DIBs systems are showing promising
prospect superior to LIBs [22,23]. Typically, in the charge process of
DIBs, the anion (PFg, TFSI, etc.) and the cation (Li* or Na*) simul-
taneously intercalate into or deposit onto the (cathode and anode)
materials, respectively, whereas in the discharge process, the anion
and cation deintercalate from the electrode and go back to the
electrolyte. The layered graphite is composed of a number of gra-
phene layers stacked together by the van der Waals force, which
is a common cathode for DIBs. Meantime, the mesocarbon
microbead [24], hydrocarbon [25], diamino-rubicene [26] and
the layered aromatic amine [27] also have the ability to store the
anions. Recent advances in Na-based DIBs (NDIBs) reveal that bat-
tery performance can be further enhanced by combining both the
advantages of SIBs and DIBs [28,29]. However, the capacity of
reported graphite-based NDIBs can only reach 74 mAh g~ !, leading
to the low energy density in spite of high voltage plateau. Another
noticeable issue is that the intercalation/deintercalation of the
large size anions into/from the graphite layer can result in large
interlayer spacing increasing and huge volume expansion, leading

2095-9273/© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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to poor cycling stability. Other carbonaceous materials, such as the
mesocarbon microbead film and pine-needles-derived carbon,
were also investigated as NDIB cathodes. However, due to the slug-
gish kinetics and large radius of cations and anions, neither the
capacity nor the cycling stability was satisfactory [30,31]. In this
regard, exploring a new intercalation and deintercalation mecha-
nism beyond the existing theory for DIBs is highly desiable for fur-
ther boosting the capacity, rate ability and stability of battery, yet
still a grand challenge.

Herein, we demonstrate a new sodium-based dual ion storage
mechanism for boosting the performance of NDIBs in terms of capac-
ity, rate ability and stability by the use of amorphous ordered meso-
porous carbon (AOMC) as cathode. It is amizingly found that the
AOMC has the ability to accommodate both the PFg anion and Na
ion during charge or discharge process whereas only the PFg anions
can intercalate into the graphite cathode in transitional NDIBs.
Another noticeable feature is that although the original AOMC is
amorphous, while after cycling, the disordered carbon is transformed
to the partial graphitic stacking in short range. The large interlayer
spacing (4.36 A, much larger than that of graphite) and the unique
layered structure in short range can accommodate more ions into
the carbon layer and tolerate the increase of the interlayer spacing
and the volume expansion. These make AOMC-based new NDIBs sys-
tem exhibit much higher capacity, higher rate ability and longer
cycling than graphene-based traditional NDIBs system. This new dis-
covery is also performed in full-cell NDIBs using sodium ion pre-
intercalated materials as anode and AOMC as cathode, which not
only highlights the importance of introducing AOMC as an ideal cath-
ode for high-performance NDIBs but also provides a new thought on
the design of rechargeable multi-ion batteries in the future.

2. Experimental
2.1. Synthesis of the graphene grown on the nickle foam (GNF)

The GNF was synthesized through a chemical vapor deposition
(CVD) method [32,33]. The nickel foam was washed by ultrapure
water, acetone and ethanol for 30 min, respectively under ultra-
sonication. The nickel foam was dried under vacuum for 1 h. Then
the nickel foam was loaded into a CVD chamber and heated at
1000 °C for 20 min under the mixed gases of H, (10%) and Ar
(90%), respectively. Then the above mixed gases were turned off,
and the CVD process was carried out at 1000 °C for 30 min under
CH4 atmosphere. When the CVD process was finished, the CH,
gas was turned off and the N, gas was turned on till the CVD
chamber was cooled down to room temperature.

2.2. Synthesis of the amorphous ordered mesoporous carbon (AOMC)

SBA-15 silica template was synthesized according to the previ-
ous reports [34,35]. 2.0 g of the SBA-15 was added into a solution
containing 2.5 g of sucrose and 0.28 g of H,SO,4 in 10 mL distilled
water. Then the mixture was firstly dried at 100 °C for 6 h and con-
tinued to dry at 160 °C for 6 h in an oven. The above product was
added into a solution containing 1.6 g of sucrose and 0.18 g of
H,SO04 in 10 mL distilled water. The obtained product was car-
bonized by pyrolysis at 900 °C under vacuum. Then 5 wt% of
hydrofluoric acid was used to remove the silica template. The
obtained amorphous ordered mesoporous carbon was filtered,
washed with ethanol and finally dried at 120 °C for 12 h.

2.3. Material characterization

The morphology of the AOMC and GNF was characterized
using field emission scanning electron microscopy (FESEM, JEOL,

JSM-6701F) and transmission electron microscopy (TEM, JEOL,
JEM-2010). TEM was operated at an accelerating voltage of
200 kV, and equipped with an energy-dispersive X-ray (EDX) spec-
trometer (Bruker Quantax). Scanning transmission electron micro-
scopy (STEM) analyses were carried out using a Hitachi HD2700C
(200 kV). The structure was characterized by X-ray diffraction
measurement (XRD, Rigaku, D/max-RB). The Raman spectra were
performed on an iHR550 Raman microscope using a laser with
excitation wavelength of 532 nm at room temperature. The surface
area was measured according to the Brunauer-Emmett-Teller (BET)
method.

2.4. Electrochemical measurements

The electrochemical performances were conducted using the
CR2032 coin type half-cells. The electrode was ground and made
into a slurry containing 80 wt% of the active material AOMC and
20wt% of polyvinylidene fluoride (PVDF) in N-methyl-
pyrrolidone. The mixture was thoroughly mixed and laminated
onto a copper (for anode) or aluminium (for cathode) current col-
lector and dried at 60 °C for 12 h under vacuum. Then a tablet
machine was used to make a thin and smooth electrode slices.
The diameter of every electrode slice is 14 mm and the thickness
is about 50-100 pum. This electrode or GNF was used as the work-
ing electrode, and Na foil or sodium ion pre-intercalated SnO,, elec-
trode was used as both the counter and reference electrodes. The
original SnO, with nanoscale is commercially purchased. The elec-
trolyte used was a 1.0 mol L~! NaPFg in a mixed solution of ethy-
lene carbonate (EC) and dimethyl carbonate (DMC) with a
volume ratio of 1:1 with 5% fluoroethylene carbonate (FEC). The
glass fiber (GF/D) from Whatman was used as the separator. Dur-
ing the normal operation, the coin cells were assembled and disas-
sembled in an argon-filled glovebox. The electrode was sealed in an
argon-filled container and quickly taken out before the XRD and
XPS measurements. Galvanostatic charge and discharge process
was conducted using the LAND-CT2011A battery-testing instru-
ment at room temperature under different current densities. Cyclic
voltammetry (CV, CHI 660e) measurements were conducted with a
scan rate of 0.1 mV s

3. Results and discussion

The schematic illustration of charge and discharge process
of this new NDIBs system using AOMC cathode is shown in
Fig. 1a—e. The discharge process is firstly carried out in the original
battery, during which the Na ions remove from the Na metal
anode, move through the electrolyte to the cathode and intercalate
into the AMOC electrode (Fig. 1a). In the external circuit, the elec-
trons transfer from the anode to cathode side. In the subsequent
charge process, the Na ions deintercalate from the cathode and
deposit onto the anode at low voltage (Fig. 1b). When charged at
high voltage, the PFg anions begin to intercalate into the AOMC
electrode (Fig. 1c). And in the external circuit, the electrons trans-
fer from the cathode to the anode side. In the following discharge
process, the reversible reaction takes place, that is, the PFg anions
deintercalate from the cathode and move to the electrolyte at high
voltage (Fig. 1d), and the Na ions remove from the anode and inter-
calate into the AMOC electrode at low voltage (Fig. 1e). Unlike the
graphene cathode grown on the nickel foam (GNF) that can only
accommodate the PFg anions (Fig. S1 online), the AOMC cathode
can accommodate two kinds of ions (Na ion and PFg anions) due
to its amorphous feature, hence contributing to a higher capacity.

The AOMC cathode was synthesized by a template method
using sucrose as carbon source and SBA-15 as template. The lattice
structure of AOMC was tested by wide and low-angle XRD. Two
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Fig. 1. (Color online) Schematic illustration of storage mechanism AOMC-based NDIBs and characterization of AOMC. (a—e) Schematic illustration of the charge and discharge
process of AOMC-based NDIBs. (f) Nitrogen adsorption-desorption isotherms and pore size distribution (inset of f) of AOMC. (g) TEM, (h) HRTEM images and (i) the

corresponding SAED pattern of AOMC.

broad peaks at approximately 23° and 44° are observed from the
wide-angle XRD pattern (Fig. S2 online), indicating its amorphous
phase. An intense peak and two weak peaks are observed from
the low-angle XRD pattern, corresponding to the (100), (110)
and (200) lattice planes, respectively, characteristic of two-
dimensional (2D) hexagonally ordered pore arrangement [36].
The Raman spectrum of AOMC (Fig. S3 online) shows that the D-
band (assigned to A;g vibration mode of sp? carbon rings caused
by defects) is more intensive than the G-band (assigned to E,,
vibration mode of sp? carbon atoms) with a Ip/Ig value of 1.25, indi-
cating its low degree of graphitization. Fig. 1f shows the N, adsorp-
tion/desorption isotherm profile of the as-prepared AOMC. The
type IV isotherms (IUPAC definition) are obtained with a high
BET surface area of 1070 m? g '. The high nitrogen uptakes at
the low relative pressure demonstrate the high microporosity of
the as-prepared AOMC, while the H1 hysteresis loop reveals the
presence of mesopores [37]. The average pore size is centered at

6.5 nm (inset of Fig. 1f), and meantime a small portion of pores
peaked at 0.5 and 2.4 nm are observed, representing the existence
of the micropores and mesopores. The typical SEM (Fig. S4 online)
and TEM (Fig. 1e, 1f) images of the AOMC show the microflake
structure with the diameter of 500 to 800 nm. When viewed along
the direction of hexagonal pore arrangement, the as-prepared
AOMC displays a well-ordered hexagonal arrangement of meso-
porous channels, an inverse replica of SBA-15. The amorphous nat-
ure was further proved by the selected area electron diffraction
(SAED, inset of Fig. 1f), well agreeing with the results from XRD
patterns and Raman spectra. The graphene grown on the nickel
foam was also synthesized (Figs. S5, S6 online). The differential
scanning calorimetry-thermogravimetric analysis (DSC-TGA) was
also carried out to measure the loading content of graphene in
GNF (Fig. S7 online). The value is calculated to be 16.3%, being in
good accordance with the results from elemental analyzer method
(Table S1 online).
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The GNF cathode was firstly tested in the coin cell. Fig. S8
(online) shows the galvanostatic charge and discharge profiles for
NDIBs. Two high discharge voltage plateaus (4.6 and 4.1 V) and
one charge plateau (4.7 V) are clearly observed (Fig. S8a online),
being in accordance with the cyclic voltammograms (CV) curves
(Fig. S9 online). The capacity tends to be stable after 10 cycles.
The final capacity of GNF reaches 102 mAh g~! over 50 cycles at
0.5A g !, with a Coulombic efficiency of ca. 100% (Fig. S8b online).
The energy dispersive X-ray spectrometry (EDS) mappings of the
GNF electrode before and after a charge process (Fig. S10 online)
show that only PFg anions intercalate/deintercalate into/from the
GNF cathode, being consistent with the previous reports [28,29].
Indeed, when evaluated as anode for SIBs, the carbon materials
usually show low voltage plateau of ca. 0.3 V, indicating that the
intercalation/deintercalation behavior of Na ions only happens at
low voltage [38]. Therefore, in the high voltage range between
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1.5 and 5.0V, the Na ions do not participate in the intercalation/
deintercalation process.

However, when the AOMC electrode was used as anode for SIBs,
the charge and discharge curves are quite different. The voltage
plateau is inconspicuous, and the intercalation/deintercalation
behavior is observed in a wide voltage range (Fig. S11 online).
The optical photograph of a charged NDIB is shown in Fig. 2a.
The galvanostatic charge and discharge curves are shown in
Fig. 2b. To get a clear observation, the first discharge curve is sep-
arated out (inset of Fig. 2b). The assembled battery shows an open-
circuit voltage of around 2.5V, and is firstly discharged to 1.5V
with a capacity of 58 mAh g~ '. In this process, Na ions intercalate
into the AOMC electrode, forming sodium carbide, Na,C. In the sub-
sequent process, this electrode is charged to 5.0 V. The following
discharge curves are quite different from the first one. The charge
and discharge voltage range is set to be 1.5-5.0V. The second
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Fig. 2. (Color online) Electrochemical performance of AOMC-based NDIBs. (a) Optical photograph of the charged NDIBs. (b) The 2nd, 3rd, 10th, 50th and 100th charge and
discharge curves of AOMC at 0.05 A g~! for NDIBs. The inset of b shows the initial charge and discharge curves. (c) Charge and discharge capacity and Coulombic efficiency of
AOMC at 0.05 A g~. (d) The rate performance from 0.5 to 3.0 A g~ for NDIBs. (e) The cycle performance and Coulombic efficiency at a high current density of 2.0 Ag~! over

800 cycles.
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charge and discharge capacities are 277 and 239 mAh g™, respec-
tively, with a Coulombic efficiency of 86.3%. The capacity loss
mainly occurs in the first ten cycles, attributable to the self-
volume-accommodation process. The capacity loss after 10th cycle
is much less, demonstrating a high reversibility, being in accor-
dance with the CV curves (Fig. S12 online). To demonstrate the fea-
sibility of this new-concept storage mechanism in full cell, we use
sodium ion pre-intercalated SnO, as anode and AOMC as cathode
to assemble the full cell (Fig. S13 online). The charge and discharge
profiles are similar to those of half-cells, except for a lower voltage
plateau. Over 100 cycles, the discharge capacity can remain as high
as 127.8 mAh g~! at a current density of 0.05A g™ .

The cycling stability and Coulombic efficiency of the AOMC at
0.05 Ag~! over 100 cycles are shown in Fig. 2c. In the first several
cycles, although the capacity is a bit higher, yet the capacity loss is
severer, and the Coulombic efficiency is low and unsteady, which
may be due to the side reaction and self-volume-accommodation
process. In the subsequent cycles, the amorphous carbon is trans-
formed into partial graphitic stacking in a short range, thus form-
ing a more stable structure. As a result, the Coulombic efficiency
increases, and the capacity loss decreases. The capacity is more
stable after 20 cycles, and can retain 159 mAh g~! after 100 cycles
with the capacity retention of approximately 93%, indicating good
cycling stability. During charge process, the PFg anions intercalate
into the AOMC electrode, whereas during the subsequent discharge
process, a small amount of PFg anions are stuck and cannot dein-
tercalate from the AOMC, resulting in the Coulombic efficiency
below 100%.

The rate performance of the as-prepared AOMC at different cur-
rent densities was also evaluated from 0.5 to 3.0 Ag~! for NDIBs
(Fig. 2d). Reversible capacities of 172, 151, 139 and 127 mAh g~!
are observed after increasing the charge and discharge current

densities to 0.5, 1.0, 2.0 and 3.0 A g'. Remarkably, after 70 cycles
at different current densities, the capacity can be restored to
170 mAh g~! when the current density returns to 0.5Ag !, indi-
cating excellent rate performance and reversibility of NDIBs. The
capacity comparison of AOMC and GNF at different current densi-
ties demonstrates that the rate performance of AOMC is much bet-
ter than that of GNF (Fig. S14 online).

Long-term cycling stability at a high current density of 2.0 A g~!
over 800 cycles are presented in Fig. 2e. A reversible capacity of
136 mAh g~! is obtained over such a long-time charge and dis-
charge process with a capacity decay of only 0.02% per cycle. Such
excellent capacity and cycling stability are superior to most of the
reported NDIBs, even lithium-based DIBs (Tables S2, S3 online).

For better understanding the intercalation and deintercalation
mechanism, X-ray photoelectron spectroscopy (XPS) was per-
formed to investigate the chemical composition and the surface
electronic state of the as-prepared AOMC (Fig. 3a-d). The C 1s
spectra of the AOMC electrode at different charge and discharge
states are shown in Fig. 3a. Typical C-C spectrum is observed in
the original AOMC [39], while after the first discharge process
(a1), this peak becomes weak. And at the same time the C-Na peak
at 286.3 eV begins to appear [40], indicating the intercalation of Na
ions. In the subsequent process charged to 2.5 and 3.5V (a2 & a3),
the C-C peak continues to disappear, and the C-Na peak is almost
totally disappeared at 3.5V. Meantime, two obvious peaks at
294.6 and 297.3 eV that appear at higher binding energy can be
attributed to two types of C-F peaks, corresponding to the previous
report of CHF3 and CF,4 [41]. When charged to 5.0 V (a4), the inten-
sity of the C-F peak becomes stronger, indicating the continuous
intercalation of PFg anions into the AOMC electrode. In the follow-
ing discharge process (a5-a7), the intensities of the C-F peaks grad-
ually become weak, accounting for the deintercalation of PFg
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Fig. 3. (Color online) XPS spectra and ex-situ XRD patterns of different charge and discharge states. XPS spectra of the AOMC electrode at different charge and discharge
states: (a) C, (b) Na, (c) Pand (d) F. a1, b1, c1, d1: discharged to 1.5 V of the first cycle. a2, b2, c2, d2: charged to 2.5 V of the second cycle. a3, b3, c3, d3: charged to 3.5 V of the
second cycle. a4, b4, c4, d4: charged to 5.0 V of the second cycle. a5, b5, ¢5, d5: discharged to 3.5 V of the second cycle. a6, b6, c6, d6: discharged to 2.5 V of the second cycle.
a7, b7, ¢7, d7: discharged to 1.5V of the second cycle. (e) Ex-situ low-angle XRD patterns of the AOMC electrode at different charge and discharge states.



Wei (Alex) Wang et al./Science Bulletin 64 (2019) 1634-1642 1639

anions. It should be noted that the intensity change of the C-Na
peak only occurs between 1.5 and 3.5V, indicating the Na ions
intercalation and deintercalation only happen in this voltage range.
The Na 1s spectra [42] of the AOMC electrode at different charge
and discharge states (Fig. 3b) also show that the peak begins to
appear when discharged to 2.5 V (b6), appears to be more obvious
when discharged to 1.5V (b1, b7), and disappears above 3.5V
(b3-b5), agreeing well with the result in Fig. 3a. This result demon-
strates that the Na ions can intercalate into the AOMC only in a low
voltage (<3.5 V). Usually it is difficult for the amorphous carbon to
accmmodate Na ions in the voltage range of 1.5 to 3.5V, while in
this work the Na ions can intercalate/deintercalate into/from the
AOMC. One reason can be attributed to the particular structure
of partial graphitic stacking in short range, which has more ordered
carbon atom arrangement than amorphous carbon and larger
intercalayer spacing than graphite. This particular structure may
affect the voltage during charge/dischage process. Another reason
is that the intercalation/deintercaltion process is quite different
from the common Na-ion batteries, as described in Fig. 1. The
simultaneous intercalation/deintercalation of PFs at the AMOC
side in a charge or discharge process may increase the voltage
for Na intercalation. The variation trends of P 2p and F 1s spectra
at different charge and discharge states are quite similar (Fig. 3c,
3d). In the first discharge process to 1.5V (c1, d1), no peaks can
be observed. In the subsequent charge process from 1.5 to 5V
(c1-c4, d1-d4), both the P 2p and F 1s peak intensities gradually
increase, indicating the intercalation of PFg anions. Then the PFg
anions deintercalate from the AOMC in the following discharge
process, along with the decrease of the P 2p and F 1s peak intensi-
ties (c4-c7,d4-d7) [43,44]. A slight peak shift can be also observed,
which can be attributed to the different surrounding of the elec-
tron cloud. After more PFg anions intercalated into the AOMC, the
electron cloud around P and F atoms changed, leading to a slight
change of binding energy. Only traces of the P 2p and F 1s peaks
are left when discharged to 1.5 V, demonstrating the deintercalation
of PFs anions. After the full charge process in the second cycle, we
also measured the element content of the AOMC cathode by disas-
sembling the coin cell (Table S4 online). The atomic ratio of F to P
is 6.23, close to that in PFg, which demonstrates the intercalation
of PFg in cathode. In addition, the atomic ratio of C to P is 15.11, indi-
cating the possible formation of PF¢C;5 1. The corresponding capacity
of the intercalation of PFg is ca. 147 mAh g~'. Only a trace of Na ele-
ment exists in the cathode, which means the majority of Na ions
deintercalate from the cathode. Therefore, the deintercalation of Na
in the second cycle contributes the same capacity as the initial dis-
charge capacity, which is ca. 58 mAh g~!. The adsorption behavior
of PFg on cathode can be another factor for the capacity contribution
due to its large surface area [45]. Therefore, the total capacity of the
charge process in the second cycle can be contributed by three parts,
the intercalation of PFg, the deintercalation of Na and the adsorption
of PFg. Based on the charge capacity of 277 mAh g~! in the second
cycle, the capacity contributed by the adsorption of PFg is ca.
72mAhg .

The above data reveal that both Na ions and PFg anions can
intercalate/deintercalate into/from the AOMC electrode, well
agreeing with the EDS mapping of the AOMC electrode during
cycling (Fig. S15 online). The electrochemical reaction for the
new NDIBs system is proposed as follows.

In the discharge process of the first cycle:

Anode: Na — e~ — Na* (1)
Cathode: xC + Na* + e~ — NaG; (2)
Overall: Na + xC — NaGC, (3)

In the charge process of the second cycle:

Anode: Na* +e™ — Na (4)
Cathode: Na,C — xe~ — C+xNa* (5)
C+yPFs~ — ye™ — C(PFg), (6)
In the discharge process of the second cycle:
Anode: Na — e~ — Na* (7)
Cathode: C(PFs), + ye~™ — C+ yPFs™ (8)
C+xNa* +xe™ — Na,C 9)
Overall: (x — y)Na + yNaPFs + 2C — Na,C + C(PFs), (10)

Ex-situ low-angle XRD patterns of the AOMC electrode at differ-
ent charge and discharge states were measured to further under-
stand the electrochemical reaction (Fig. 3e). A distinct diffraction
peak at 1.1°, attributed to the lattice plane (1 0 0), can be observed
in the original AOMC, indicating the two-dimensional (2D) hexag-
onally ordered mesoporous arrangement [36]. When discharged to
1.5 Vin the initial cycle, the diffraction peak shifts to a larger angle,
indicating smaller mesopores. In the subsequent charge process,
the Na ions deintercalate from the AOMC along with the intercala-
tion of the PFg anions into the AOMC. The combined result leads to
the negative shift of the peak, indicating the increase of the carbon
interlayer spacing. In the following discharge process, the peak can
be partially recovered, demonstrating the recovery of the carbon
interlayer spacing. These results show a high reversibility of the
AOMC during charge and discharge process.

To study the formation of carbon layer and the variation of
crystallinity, the Raman spectra of the AOMC at different charge
and discharge states were performed (Fig. 4a-e). The degree of order
in carbon materials was measured by the intensity ratio of
D-band to G-band in the Raman spectra. When discharged to 1.5V
in the first cycle (Fig. 4a), the value of Ip/I; decreases from 1.25 to
1.14, indicating a higher degree of graphitization. As the PFg anions
intercalate into the AOMC structure (Fig. 4b, c), the value of Ip/Ig
continues to decrease. Even when the PFg anions deintercalate from
the AOMC, the value of Ip/Ig slightly recovers. This particular phe-
nomenon can be explained as follows. The intercalation of Na cation
or PFg anion into the amorphous carbon can result in the rearrange-
ment of carbon atoms and realize the transformation from the disor-
dered carbon to the partial graphitic stacking in short range (Fig. 4f,
section A and B). Although the PFg anion deintercalates from the
AOMC electrode in the discharge process of the second cycle, the
value of Ip/I; only slightly increases from 1.01 to 1.04 (Fig. 4f, section
C), indicating almost same degree of order, which is due to the
replacement of PFg by Na* during the Na intercalation process. The
Raman spectra of the GNF at different charge and discharge states
are also carried out to demonstrate the degree of order (Fig. S16
online). The original GNF is well crystallized, and after a discharge
process, the intensity of D-band becomes higher, indicating the
emergence of more defects derived from the intercalation of Na ions.
Meanwhile, the 2D-band splits into a few peaks, implying the
aggregation of more graphene layers. And after the subsequent
charge process, the D-band begins to appear, activated by the defect
introduced from the intercalation of PFg anions.

The intercalation and deintercalation mechanisms for graphite
and AOMC are illustrated in Fig. 5. The interlayer spacing of gra-
phite is 3.40 A (Fig. S17a, d online). During a charge process, the
PFs anions are squeezed into the interlayer spacing (Fig. 5a). The
graphite layers deform severely, and the interlayer spacing
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Fig. 4. (Color online) Raman spectra of different charge and discharge states. Raman spectra of the AOMC electrode at different charge and discharge states: (a) discharged to
1.5 V of the first cycle, (b) charged to 3.5 V of the second cycle, (c) charged to 5.0 V of the second cycle, (d) discharged to 3.5 V of the second cycle, (e) discharged to 1.5 V of the
second cycle. The black line is the original curve, the blue line is the fitted curve, the red peak is the D band, and the green peak is the G band. (f) The relationship between the

charge and discharge states and the intensity ratio of D-band to G-band.

increases up to 4.18 A (Fig. S17b, e online). Even after the PFg
anions entirely deintercalate from the graphite layer, the inter-
layer spacing cannot recover to its original value (Fig. S17c, f
online). The deformation of graphite layer can cause the structure
collapse after the repeated cycles, resulting in a poor cycle life. The
TEM image of GNF after 800 cycles (Fig. S18 online) shows that the
morphology is largely changed, and the lattice fringe becomes
unconspicuous, indicating the large deformation of graphite layer
during cycling. The carbon atoms are disordered in amorphous
AOMC, while after a discharge process (Stage I), Na ions intercalate

into the AOMC, accompanying by the rearrangement of carbon
atoms from disordered to partial graphitic stacking in a short
range (Figs. 5b, S19a (online)). The lattice fringe can be seen, and
the interlayer spacing is measured to be 3.74 A (Fig. S19c online).
In the subsequent charge process, the Na ions deintercalate from
the NaC,, and meantime the PFg anions intercalate into the AOMC
(Stage II). At the end of this process, the interlayer spacing further
increases to 4.36 A (Stage III, Fig. S19b, d online). This interlayer
spacing is much larger than that of graphite, which can better
accommodate the increased interlayer spacing and volume expan-
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Fig. 5. (Color online) Schematic of storage mechanism for graphite and AOMC. Schematic illustration of the charge and discharge process of (a) graphite and (b) AOMC for

NDIBs.
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sion. This can be also proved by TEM images (Fig. S20 online),
showing even after 800 cycles the morphology of AOMC is mainly
maintained.

The reasons for the high-performance NDIBs are as follows: (1)
The storage mechanisms of graphite and AOMC are quite different.
In graphite, only PFg anions can intercalate/deintercalate into/from
the graphitic layers in the voltage range of 5.0-1.5 V, while both Na
ions and PFg anions can intercalate/deintercalate into/from the
AOMC, enhancing the capacity performance. (2) Unlike the well-
crystallized graphite, in which the PFg anions are squeezed into
the restricted interlayer spacing, resulting in low capacity and poor
stability, we found that the amorphous AOMC has larger interlayer
spacing in a short range, making it possible to accommodate more
ions and tolerate the deformation of carbon layers.

4. Conclusion

In summary, we demonstrate a conceptually new NDIBs that both
Na ions and PFg anions can simultaneously intercalate/deintercalate
into/from the AOMC electrode, totally different from the previous
reported graphite-based dual-ion storage mechanism. During the
charge and discharge processes, the disordered carbon in AOMC
can be transformed to the partial graphitic stacking with large inter-
layer spacing and unique layered structure in short range after
cycling. These features lead to a new NDIBs system with very high
capacity, high rate performance and excellent stability. They deliver
the charge and discharge capacities of 277 and 239 mAh g~ ! at a cur-
rent density of 0.05Ag™!, respectively, much higher than the
reported traditional graphite-based NDIBs. They can also retain a
highly reversible storage capacity of 136 mAh g~ for over 800 cycles
at a very high current density of 2.0Ag'. Thus, the
environmentally-friendly, cost-effective and high-energy-density
AOMC electrode for NDIBs provides excellent guidance for the design
of future multi-ion battery system and shows attractive potential for
high-performance energy storage application.
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