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Layered transition metal oxides are promising cathodes for sodium ion

capacitors due to their high specific capacity. In this work, we present

a layered birnessite sodium manganese dioxide (Na0.77MnO2$0.5H2O)

supported by a two-dimensional conductive network (denoted as

b-NMO/C) as a cathode for non-aqueous sodium ion capacitor (SIC).

The interlayer crystal water and carbon networks promote the ion/

electron transport kinetics and overcome the structural instability,

leading to largely enhanced electrochemical performance. As a result,

the as-synthesized b-NMO/C cathode delivers a capacity of 192 mA h

g�1 at 0.25C and 43 mA h g�1 even at a high rate of 100C. The attained

performance is compared favorably with those of state-of-the-art Mn-

based cathodes for sodium ion storage. Furthermore, the assembled

asymmetric SIC (b-NMO/C//graphite) exhibits the highest energy

(91Wh kg�1 achieved at�84Wkg�1) and power (5816Wkg�1 achieved

at �37 W h kg�1) densities within the voltage range of 0.5–3.8 V.
Sodium storage technologies have garnered immense atten-
tions as potential substitutes to lithium ion batteries (LIBs)
owing to the low cost and abundance of sodium resources
compared to lithium. However, the large mass and radius size
of Na ion lead to sluggish diffusion kinetics and large volume
expansion during Na+ intercalation into the host material,
resulting in inferior rate capability and cycling stability of
sodium storage. As proposed by Conway and Dunn et al.,1,2

pseudocapacitance, especially intercalation pseudocapacitance,
delivers a high battery-level capacity accompanied by fast
charge storage without undergoing a phase change process.
Considering this advantage, most recently, sodium ion capaci-
tors (SICs), usually consisting of a battery/pseudocapacitor-type
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anode and capacitor-type cathode, are identied and are
regarded as promising candidates for next-generation energy
storage devices with high energy and power densities and low-
cost.3–8 So far, most reported SICs have focused on pseudoca-
pacitive anodes, such as Nb2O5,3 TiO2,4 and NaTi2(PO4)3,5 while
activated carbon (AC) was usually used as the cathode. However,
electric double layer capacitive AC cathodes deliver an inade-
quate capacity (30–60mA h g�1) owing to the limited adsorption
of ions on the surface.9 The development of pseudocapacitive
sodium storage cathodes can largely enhance the capacity and
energy density of SICs, but not much attentions have been paid
to the search for pseudocapacitive cathode materials for SICs.

Layered transition metal oxides, such as LiMO2 (M ¼ Ni, Co
or Mn), provide two-dimensional channels for Li ion intercala-
tion and storage and are the dominant cathodes for LIBs to
date.10 Similarly, sodium ions can electrochemically intercalate/
deintercalate into/from the layered materials reversibly as rst
reported in the early 1980s.11 Layered NaFeO2, NaCoO2, NaCrO2,
NaMnO2, Na[Fe1/2Mn1/2]O2 and so forth have been developed in
the past decade, exhibiting enhanced electrochemical sodium
ion storage performance.12–14 Among these, the studies on earth
abundant and low-cost transition metals (Mn and Fe) are more
promising for large-scale application.15 For example, Na0.6MnO2

showed a capacity of 140 mA h g�1 at 2–3.8 V.16 Most recently,
Billaud et al.17 reported a different phase (b-NaMnO2) as the
cathode for the rst time, which delivered an enlarged capacity
of 190 mA h g�1 at a rate of C/20 and good rate capability (with
a capacity of 142 mA h g�1 at 2C). Layered P2-Nax[Fe1/2Mn1/2]O2

delivered a high reversible capacity of 190 mA h g�1 in the
voltage range of 1.5–4.2 V.18 However, owing to the multiple
phase transformation processes and sluggish kinetics of ions/
electrons, the rate capability and cycling stability of the reported
layered cathode materials for sodium ion storage are not
satisfactory and still need further improvements.

To enhance sodium ion storage performance, an effective
strategy is to enlarge the layer spacing for the facile Na+ ion
diffusion.19,20 For example, the hydrated vanadium oxide xerogel
with nanoconned uid water had a large layer spacing of 12.3
J. Mater. Chem. A
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Fig. 1 (a) Schematic of layered b-NMO supported by the CNT & KB
conductive networks, intimate contact between the layered b-NMO
and CNT & KB conductive networks facilitating charge transport and
Na+ intercalation within the b-NMO layer structure. (b) SEM image of
the b-NMO/C. XRD patterns (c) and FTIR spectra (d) of the b-NMO/C,
b-NMO and b-NMO/C-HT, respectively.
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Å, and it delivered enhanced sodium storage performance
compared to a-V2O5.19 It was found that the interlayer structure
water led to a ‘‘shielding effect”, which facilitated the solid-state
diffusion of large intercalated ions (such as Na+, Mg2+ and Zn2+),
reduced charge transfer resistance at the interface and
improved the exibility of the structure during intercalation/
extraction.19,21–24 Similar to the vanadium oxide xerogel struc-
ture, another classic example is birnessite manganese dioxide
(MnO2). Normally, birnessite MnO2 is synthesized by low-cost
and facile co-precipitation of potassium permanganate and
manganese sulfate in water. In this process, the obtained
material consists of interlayer cations and crystal waters in
between the MnO2 layers, denoted as XmMnO2$nH2O, where X
represents a kind of cation, such as Na+, K+ and Zn2+.25,26

Remarkably, birnessite MnO2 has been well studied as the
pseudocapacitive electrode in aqueous systems, where the
pseudocapacitance arising from fast faradaic redox reactions
yields great potential for delivering fast charge–discharge
rates.2,27–29 However, to date, there have been few studies on
non-aqueous sodium-based systems, which are capable of
delivering higher out-put voltages and thus higher energy
density. Previous studies have shown that hydrated layered
materials can deliver stable performance in non-aqueous
systems.19,21,30 Meanwhile, the interlayer crystal water was sug-
gested to enhance the kinetics of the charge storage process.
Thus, realizing the pseudocapacitive charge storage of low-cost
layered birnessite NamMnO2$nH2O (denoted as b-NMO) in non-
aqueous systems is promising to deliver both high-rate and
high-energy sodium ion capacitors, which has not been re-
ported yet.

Herein, we develop a low-cost wet-chemical method to
synthesize layered Na0.77MnO2$0.5H2O supported by two-
dimensional carbon conductive networks, named b-NMO/C. As
a sodium storage cathode, the b-NMO/C displays much
enhanced rate performance compared to the b-NMO and the
heat-treated b-NMO/C (b-NMO/C-HT) samples. Systematic
characterization and detailed kinetic analyses were undertaken
to investigate the charge storage mechanism, which was
demonstrated as a pseudocapacitive reaction. Beneting from
the introduction of interlayer crystal water and the modied
electronic conductivity, the b-NMO/C cathode delivers remark-
able electrochemical performance. As a result, it delivers
a capacity of 192 mA h g�1 at 0.25C (1C ¼ 200 mA g�1). Even at
high rates of 10, 40 and 100C, a high capacity of 102, 70 and
43 mA h g�1 is achieved, respectively. Further, the assembled
b-NMO/C//graphite SIC delivers a maximum energy density of
91 W h kg�1 at a power density of 84 W kg�1. When the
power density is increased to 5816 W kg�1, the energy density is
37 W h kg�1.

The layered b-NMO/C was synthesized by a facile low-cost co-
precipitation method in a water bath.30–32 Briey, carbon
nanotubes (CNTs) and Ketjenblacks (KBs) were rst dispersed
in a manganese(II) nitrate solution by ultrasonic treatment.
Then, the mixed solution of hydrogen peroxide and sodium
hydroxide was added dropwise into the above solution. The
resultant solution was then heated in a water bath at 50 �C for
24 hours to obtain the layered b-NMO/C. The layered birnessite
J. Mater. Chem. A
framework consists of a two-layer hexagonal unit cell with
a space group of P63/mmc (Fig. 1a).33 As shown in Fig. 1a, the
layered b-NMO structure supported by the CNT & KB conductive
networks can provide effective ion/electron transport. The
morphology of the hybrid structure is further shown in the
scanning electron microscopy (SEM) image (Fig. 1b). The as-
synthesized b-NMO without adding conductive additives and b-
NMO/C-HT with additional heat-treatment at 400 �C in argon
were prepared to investigate the roles of conductive additives
and crystal water. Both control samples show the nanosheet
morphology (Fig. S1 and S2†).

The powder X-ray diffraction (XRD) patterns of the as-
synthesized b-NMO/C, b-NMO and b-NMO/C-HT were collected
to determine their crystallography. All samples (Fig. 1c) show
the typical (00l) reection peaks of the layered birnessite
structure. The diffraction peak observed at 26.5� comes from
the CNTs, indicating that the pre-added conductive additives
have no inuence on the crystallinity of the synthesized mate-
rials. The (002) diffraction peak is attributed to the layer-to-layer
distance. Calculated from the XRD results, the b-NMO/C and b-
NMO samples have the same layer distances of 7.25 Å. The
thermogravimetric (TG) curves of b-NMO (Fig. S3a†) exhibits an
obvious weight loss of �7.9%, corresponding to the loss of
crystal water.34 The b-NMO/C-HT sample shows a slightly
decreased layer distance of 7.16 Å, owing to the loss of crystal
water from the interlayers aer heat-treatment (Fig. S3b†). The
structure was further conrmed with the FTIR spectra (Fig. 1d).
The peaks centred at 480 and 515 cm�1 are the characteristic
FTIR bands of birnessite.35,36 The peak centred at 600 cm�1 for
b-NMO/C-HT is due to the increase of crystallization degree
aer heat-treatment.35 The absorption bands at 1631 and 3421
cm�1 for the three samples are attributed to the stretching and
bending modes of O–H vibrations and water in the more
disordered cases, which conrms the intercalation of crystal
water molecules into the layers.35–37 Furthermore, an inductively
This journal is © The Royal Society of Chemistry 2018
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coupled plasma-atomic emission spectrometry (ICP-AES) anal-
ysis shows that the atomic ratio of Na : Mn in layered b-NMO is
0.77 : 1 (Table S1†). X-ray photoelectron spectroscopy (XPS)
measurements were carried out to determine the chemical
composition (Fig. S4†). The proportion of different oxidation
states of the manganese in b-NMO/C was investigated (Table
S2†).38 It is found that the average valence state of b-NMO/C was
about +3.24, which was close to the valence state of Mn in
Na0.77MnO2$0.5H2O. Based on the above results, the chemical
formula of the as-synthesized layered b-NMO is identied as
Na0.77MnO2$0.5H2O.

Determined from the CHN elemental analysis (Table S3†),
the carbon content of b-NMO/C is 8.09%. The Raman spectrum
of b-NMO/C (Fig. S5†) exhibits the characteristic signatures
located at around 1350 and 1600 cm�1 which are attributed to
the D-band (originating from disordered carbon) and G-band
(graphitic carbon),39 respectively, from the existence of CNTs
and KBs. Furthermore, the Brunauer–Emmett–Teller (BET)
specic surface areas of the b-NMO/C and b-NMO are 26.0 and
0.4 m2 g�1, respectively. The enlarged surface of the b-NMO/C
mainly comes from the existence of the carbon additives, as
calculated in the ESI.† Fig. 2a shows the transmission electron
microscopy (TEM) image of the b-NMO/C sample, which
conrms the nanosheet morphology. The b-NMO nanosheets
(b-NMO NSs), CNTs and KB particles are observed. The high
resolution transmission electronmicroscopy (HRTEM) image of
a curled edge shows clear layered fringes, and the thickness of
the nanosheet is determined to be �10 nm (Fig. 2b). The
measured layer spacing from the HRTEM image is a little
smaller than the value calculated from the XRD results, which is
possibly because the edge-side was not vertical, and the
hydrated composite was easily reduced by strong electron
beams in a high vacuum.40 In addition, Fig. 2b shows the linear
fringes of the CNTs (as marked in the orange region) with
a spacing of �3.4 Å, which is consistent with the d002 spacing of
carbon nanotubes (Fig. S6†).41 The detailed morphology obser-
vations indicate that the b-NMO nanosheets are in good contact
Fig. 2 (a) TEM image of the b-NMO/C, the blue arrows refer to CNTs,
KBs and b-NMO NSs. (b) HRTEM image of the b-NMO/C, showing the
fringes of the layered b-NMONS and CNTs, indicating that the b-NMO
NS is supported by CNT networks. (c) The EDS elemental mappings of
the b-NMO/C, showing the uniform distribution of Na, Mn, O and C.

This journal is © The Royal Society of Chemistry 2018
with the carbon networks. Energy dispersive X-ray spectroscopy
(EDS) elemental mappings (Fig. 2c) were collected as well. They
show the homogeneous distribution of Na, Mn, O and C in the
b-NMO/C composite, conrming that the conductive carbon
networks support the b-NMO nanosheets to realize continuous
electron transport. The control sample (b-NMO) shows similar
characteristics of the layered birnessite structure (Fig. S1†).

The electrochemical properties of the samples were investi-
gated by assembling coin-type (2016 type) half-cells. Fig. 3a
shows the load curves of the layered b-NMO/C cathode
measured at a specic rate of 0.25C (50 mA g�1). The charge and
discharge curves of b-NMO/C exhibit small hysteresis, indi-
cating the high reversibility of sodium insertion/extraction. The
half-cell was rstly charged (Na+ extraction from the layers) and
then followed by repeated Na+ intercalation and extraction
processes. The layered b-NMO/C delivers an initial charge
capacity of 125 mA h g�1 (Fig. S10a†), indicating that �0.57 mol
Na+ per formula is extracted from the layers. The related
calculations are based on the equation n ¼ (3.6MC)/F, where n
represents the inserted ion amount, F is the Faraday constant, C
is the capacity, and M is the molecular weight.19,42 The subse-
quent reversible discharge capacity is 192 mA h g�1, corre-
sponding to an intercalation of �0.8 Na+ per formula.
Therefore, the sodium storage process is proposed as follows:

Na0.77MnO2$0.5H2O /

Na0.2MnO2$0.5H2O + 0.57Na+ + 0.57e� (1)

Na0.2MnO2$0.5H2O + xNa+ + xe� 4

Na0.2+xMnO2$0.5H2O (0 < x < 0.8) (2)

Ex situ XRD was performed to further investigate the layered
structure changes during the charge and discharge processes.
The XRD patterns of the electrodes at different reaction states
show only slight shis of the (002) and (004) diffraction peaks,
indicating a reversible reaction process without phase changes
Fig. 3 (a) Load curves of b-NMO/C, corresponding to electro-
chemical Na extraction and reinsertion. (b) Ex situ XRD patterns of the
b-NMO/C at various sodiation and desodiation states. (c) The changes
of the crystal structure for the birnessite NamMnO2$nH2O during Na+

ion intercalation/extraction.

J. Mater. Chem. A
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(Fig. 3b). In detail, the (002) diffraction peak shis from 12.20�

to 11.96� aer sodium extraction from the layers (charged to 4 V
vs. Na+/Na), indicating that the layer spacing increases from
7.25 to 7.39 Å. The enlarged layer spacing occurs from the
extraction of sodium which increases interlayer repulsion.
Similar phenomena were observed in vanadium oxide xero-
gels.15 Aer full sodium re-insertion into the interlayers (dis-
charged to 1.5 V vs. Na+/Na), the layer spacing reduced to 7.22 Å,
smaller than that in the pristine state (7.25 Å) since more Na+

ions are stored in the layers. The total lattice expansion between
the birnessite-type layers is just �2.4%, and the lattice
breathing is highly reversible (Fig. 3c). It has been demon-
strated that the crystal water in between the layers effectively
releases the strain caused by the insertion and extraction of
Na+.2,19,20 Furthermore, the HRTEM images and EDS elemental
mappings conrm that the layered structure and the nanosheet
morphology are well maintained aer cycles (Fig. S7†).

Kinetic analyses were further used to investigate the sodium
storage behavior. The cyclic voltammetry (CV) curves of b-NMO/
C, b-NMO and b-NMO/C-HT measured at various scan rates
(from 0.2 to 10 mV s�1) are shown in Fig. 4a–c and S8a–c.† The
redox peaks of the b-NMO/C cathode exhibit the smallest shis
with increasing scan rates among the three samples, indicating
the smallest polarization and fastest reaction kinetics. A more
detailed relationship between peak current (i) and. scan rate (n)
can be elucidated using eqn (3) as shown below:4

i ¼ avb (3)

The value of b ¼ 0.5 indicates semi-innite linear diffusion-
controlled charge storage, while b ¼ 1 means capacitive-domi-
nated charge storage.4 Fig. 4d exhibits the plots of log(i) versus
log(n) from 0.2 to 1 mV s�1 for both cathodic and anodic peaks
of three samples. Aer linear tting, the b values of layered b-
NMO/C are 0.96 and 0.98 for anodic and cathodic peaks,
Fig. 4 (a–c) CV curves of the b-NMO/C (a), b-NMO (b) and b-NMO/C-
normalized peak current vs. scan rate plots to determine the b-value for b
C-HT. (e) Capacitive contributions to the charge storage of the b-NMO
contributions (shaded area) to charge storage of the b-NMO/C at a scan

J. Mater. Chem. A
respectively, which are larger than the value of 0.87 and 0.85 for
b-NMO and 0.83 and 0.82 for b-NMO/C-HT, suggesting that the
layered b-NMO/C displays the fastest reaction kinetics
compared to b-NMO and b-NMO/C-HT. Meanwhile, the b values
of the b-NMO/C are �1, indicating a capacitive-dominated
charge storage behavior.4

As proposed by Dunn and co-workers,2,4,43 it is possible to
further distinguish the diffusion and capacitive contribution
towards charge storage from the CV curves. The measured
current (i) at a xed potential (V) can be separated into capaci-
tive effects (k1n) and diffusion-controlled contributions (k1n

1/2)
(eqn (4)) to quantitatively characterize the capacitive contribu-
tion of each part.

i (V) ¼ k1v + k2v
1/2 (4)

Fig. 4e shows the capacitive contributions to the charge
storage of the b-NMO/C, b-NMO and b-NMO/C-HT at different
scan rates, respectively. All three samples show the capacitive
contributions to the total charge storage. At a scan rate of 0.2
mV s�1, the capacitive contribution of the b-NMO/C is 72.1%,
which is higher than those of the b-NMO (64.2%) and b-NMO/C-
HT (47.3%). The BET surface areas of both b-NMO/C (26 m2 g�1)
and b-NMO (0.4 m2 g�1) are very small, and thus the capacity
from the double layer contribution (usually 10 mF cm�2) can be
ignored, indicating a dominated pseudocapacitance for the b-
NMO/C.44 The integrated capacitive charge storage of b-NMO/C
is �85.6% at 1 mV s�1, larger than those of b-NMO (80.2%) and
b-NMO/C-HT (66.8%), indicating the superior pseudocapaci-
tance of b-NMO/C for rapid charge storage.

Electrochemical impedance spectroscopy (EIS) measure-
ments were further conducted, and the results are shown in
Fig. S9a.† The Nyquist plots are composed of a depressed
semicircle (characteristic of charge transfer resistance) in the
medium-frequency region followed by an oblique line (charac-
teristic of ion diffusion resistance) in the low-frequency region.
HT (c) at various scan rates from 0.2 to 1 mV s�1, respectively. (d) The
oth cathodic and anodic peaks of the b-NMO/C, b-NMO and b-NMO/
/C, b-NMO and b-NMO/C-HT at different scan rates. (f) Capacitive
rate of 0.2 mV s�1.

This journal is © The Royal Society of Chemistry 2018
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The charge transfer resistance (Rct) of b-NMO/C (20U) is smaller
than those of b-NMO (29 U) and b-NMO/C-HT (46 U), indicating
that the conductive networks of b-NMO/C providemore efficient
ion/electron transport than those of the b-NMO and b-NMO/C-
HT. The angle of the oblique line in the low frequency region for
the b-NMO/C and b-NMO is much larger than a typical semi-
diffusion angle of 45�, which is similar to the results obtained in
aqueous systems,28,29,45 indicating that the charge storage is not
limited by the diffusion-controlled process. Additionally, the
simulations of the Warburg factor (s) further indicate
the enhanced Na+ ion diffusion ability of b-NMO/C compared to
the two other samples (Fig. S9b†).46

Based on the detailed investigations of the ex situ XRD
results and reaction kinetics during sodiation/desodiation
processes, a typical pseudocapacitive sodium storage mecha-
nism of b-NMO in a non-aqueous system has been demon-
strated. Compared to the b-NMO/C-HT (Na0.77MnO2$0.18H2O/
C), the b-NMO/C (Na0.77MnO2$0.5H2O/C) has an increased
amount of crystal water in between the layers and exhibits
a much higher b value and lower Rct. This phenomenon is
attributed to the positive “shielding effect” of the crystal water,
which facilitates the solid-state diffusion of Na+ ions. Mean-
while, the crystal water in between the layers facilitates the
interfacial Na+ ion transport.29 When compared to the b-NMO
with the post-physical mixture of CNTs and KBs, the b-NMO/C
(the b-NMO supported by the carbon conductive networks) has
more effective electron transport to deliver a higher b value and
lower Rct, which is benecial to the enhancement of reaction
kinetics.47
Fig. 5 (a) Rate performances of the b-NMO/C, b-NMO and b-NMO/C-
capabilities of the state-of-the-art Mn-based cathodes for sodium ion ba
Na0.67Mn0.80Ni0.10Mg0.10O2 (ref. 50), P2-Na0.45Ni0.22Co0.11Mn0.66O2 (re
Co0.15O2 (ref. 53), Na0.67[Mn0.65Ni0.15Co0.15Al0.05]O2 (ref. 54), P2-Na0.5[Ni
b-NMO/C, b-NMO and b-NMO/C-HT at a specific rate of 25C.

This journal is © The Royal Society of Chemistry 2018
Galvanostatic charge and discharge curves were subse-
quently measured to evaluate the electrochemical performance.
The charge–discharge curves of the b-NMO/C, b-NMO and
b-NMO/C-HT cathodes at 0.25C are shown in Fig. S10a–c,†
respectively. The curves show the quasi-linear plots without
obvious plateaus, which are consistent with the CV results. The
capacity of the b-NMO/C (192 mA h g�1) is higher than those of
b-NMO (176 mA h g�1) and b-NMO/C-HT (121 mA h g�1). The
enhanced capacity of b-NMO/C is because of the effective elec-
tron transport networks and the facilitated interfacial Na+ ion
diffusion kinetics with a high b value and low Rct.48 Fig. 5a
shows the rate performances of the b-NMO/C, b-NMO and
b-NMO/C-HT in the range from 0.25 to 100C. Compared to the
b-NMO and b-NMO/C-HT, the b-NMO/C exhibits highest
capacity at each rate. In detail, the b-NMO/C delivers a capacity
of 166 and 146 mA h g�1 at 0.5 and 1C, respectively. Surpris-
ingly, even at higher rates of 10, 40 and 100C, it also retains
a high capacity of 102, 70 and 43 mA h g�1, respectively. The
capacity from KBs and CNTs is only 0.08 and 0.003 mA h g�1 at
0.25C (Fig. S11†), indicating that the delivered capacity mainly
comes from the layered oxides. A comparison of the rate capa-
bilities of the state-of-the-art Mn-based SIB cathodes reported in
the literature is shown in Fig. 5b.49–55 The specic comparative data
are shown in Table S4.† To the best of our knowledge, the b-NMO/
C delivers better rate capability compared to the best reported
results of Mn-based cathodes for sodium ion storage. Further-
more, long-life cycling performance and high coulombic efficiency
at 25C (5 A g�1) are subsequently exhibited in Fig. 5c. Compared to
the b-NMO and b-NMO/C-HT, the b-NMO/C shows excellent
cycling performance. In detail, the b-NMO/C exhibits the highest
HT at various rates from 0.25C to 100C. (b) A comparison of the rate
tteries reported in the literature, P2-Na0.8[Li0.12Ni0.22Mn0.66]O2 (ref. 49),
f. 51), P2-Na0.66Ni0.33–xZnxMn0.67O2 (Ref. 52), P2-Na0.67Mn0.65Ni0.2-

0.23Fe0.13Mn0.63]O2 (ref. 55). (c) Long-term cycling performances of the
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initial reversible capacity of 90 mA h g�1. Notably, a very small
capacity decay of 0.043% per cycle is obtained aer 1000 cycles for
the b-NMO/C, indicating relatively high capacity retention.

The rapid pseudocapacitive reaction leads to the remarkable
rate performance of b-NMO/C, which is very promising as the
cathode for SICs. Commercial graphite was used as the anode
owing to the [Na-solvent]+ co-intercalation behaviour which
showed remarkable rate performance (Fig. S12b†)56 and is able
to match the rapid kinetics between the cathode and anode.
According to the capacity balance between the b-NMO/C
cathode and graphite anode (Fig. S10a and S12†), the mass ratio
of cathode : anode is adjusted to 1 : 1.6, while the cathode is full
sodiated previously. The as-assembled full SIC undergoes
a large capacity loss at the rst cycle (Fig. S13†) which may be
due to the formation of the solid electrolyte interface (SEI) on
the anode side (Fig. S12a†).56 The capacity of SICs is calculated
according to the total mass of both cathode and anode mate-
rials. The rate performance of the full SIC tested in the range of
0.5–3.8 V is shown in Fig. 6a. The specic discharge capacity of
the SIC is 51 mA h gSIC

�1 at 0.1 A gb-NMO/C
�1 (the specic current

is given based on the mass of the cathode material). Eventually,
the capacity is still 25 mA h gSIC

�1 at extremely high current
densities (up to 8 A gb-NMO/C

�1), indicating that the device is
promising for achieving high rate capacity. The corresponding
charge and discharge curves are shown in Fig. 6b, and the quasi-
line discharge–charge curves exhibit the capacitive responses.
The cycling stability was subsequently characterized (Fig. 6c).
The capacity retention was 72% aer 100 cycles, indicating good
reversibility during the charge–discharge process. Further,
energy density and power density are calculated. As shown in
the Ragone plots (Fig. 6d), the b-NMO/C//graphite SIC delivers
Fig. 6 Rate performances (a), charge/discharge curves (b) and cycling
various full cells. The sodium ion capacitor based on b-NMO/C//graphi
AC,4 V2O5/CNT//AC,6 and AC//AC.57

J. Mater. Chem. A
a maximum energy density of 91 W h kg�1 at a power density of
84W kg�1. When the power density is increased to 5816W kg�1,
the energy density is 37 W h kg�1. The b-NMO/C//graphite SIC
shows a more remarkable performance than most of the re-
ported state-of-the-art SICs, such as Nb2O5@C/rGO//AC,3 TiO2/
GO//AC,4 V2O5/CNT//AC,6 and AC//AC.57 The obtained data
demonstrate that the as-assembled b-NMO/C//graphite SIC is
a very promising energy storage device with high power and
energy densities.

In summary, layered birnessite Na0.77MnO2$0.5H2O sup-
ported by a two-dimensional conductive network (b-NMO/C)
is synthesized by a low-cost wet-chemical method. The
b-NMO/C shows the pseudocapacitive sodium storage
behavior in non-aqueous systems, which is demonstrated for
the rst time. The sodium storage in the layered b-NMO/C
cathode exhibited only �2.4% layer expansion/shrinkage.
Kinetic analysis shows that over 72.1% of the total capacity
comes from a capacitive-controlled contribution, which
enables ultrahigh-rate capability. As a sodium storage
cathode, the b-NMO/C displays remarkable rate performance,
delivering a capacity of 192 mA h g�1 at 0.25C and 102, 70 and
43 mA h g�1 at high rates of 10, 40 and 100C, respectively. The
b-NMO/C shows stable cycling performance in the non-
aqueous system. The as-assembled b-NMO/C//graphite SIC
displays a maximum energy density of 91 W h kg�1 at a power
density of 84 W kg�1. When the power density is increased to
5816 W kg�1, an energy density of 37 W h kg�1 is achieved.
Our work proposes a facile and universal method to overcome
the sluggish sodium ion and electron kinetics of layered
transition metal oxide materials by introducing nanoconned
uid water in between the layers for rapid ion diffusion and
performance (c) of the b-NMO/C//graphite SIC. (d) Ragone plots of
te is compared with other SICs using Nb2O5@C/rGO//AC,3 TiO2/GO//

This journal is © The Royal Society of Chemistry 2018
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constructing conductive networks for effective electron
transport. We believe that this effective strategy provides
a new insight into developing layered transition metal oxides
for next generation SICs with both high energy and power
density.
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and M. Dincă, Nat. Mater., 2017, 16, 220.

45 J. Dong, Y. Jiang, Q. Li, Q. Wei, W. Yang, S. Tan, X. Xu, Q. An
and L. Mai, J. Mater. Chem. A, 2017, 5, 10827.

46 Y. Zhao, J. Feng, X. Liu, F. Wang, L. Wang, C. Shi, L. Huang,
X. Feng, X. Chen and L. Xu, Nat. Commun., 2014, 5, 4565.

47 H. S. Kim, J. B. Cook, S. H. Tolbert and B. Dunn, J.
Electrochem. Soc., 2015, 162, A5083–A5090.

48 S. Y. Lim, H. L. Ji, S. Kim, J. Shin, W. Choi, K. Y. Chung,
D. S. Jung and J. W. Choi, ACS Energy Lett., 2017, 2, 998.
J. Mater. Chem. A
49 J. Xu, D. H. Lee, R. J. Clément, X. Yu, M. Leskes, A. J. Pell,
G. Pintacuda, X. Q. Yang, C. P. Grey and Y. S. Meng, Chem.
Mater., 2014, 26, 1260.

50 Z. Li, R. Gao, J. Zhang, X. Zhang, Z. Hu and X. Liu, J. Mater.
Chem. A, 2016, 4, 3453–3461.

51 D. Buchholz, A. Moretti, R. Kloepsch, S. Nowak, V. Siozios,
M. Winter and S. Passerini, Chem. Informationsdienst, 2013,
44, 142–148.

52 X. Wu, J. Guo, D. Wang, G. Zhong, M. J. Mcdonald and
Y. Yang, J. Power Sources, 2015, 281, 18–26.

53 Z. Y. Li, R. Gao, L. Sun, Z. Hu and X. Liu, J. Mater. Chem. A,
2015, 3, 16272–16278.

54 D. Yuan, W. He, F. Pei, F. Wu, Y. Wu, J. Qian, Y. Cao, X. Ai
and H. Yang, J. Mater. Chem. A, 2013, 1, 3895–3899.

55 I. Hasa, D. Buchholz, S. Passerini, B. Scrosati and
J. Hassoun, Adv. Energy Mater., 2015, 4, 1400083.

56 B. Jache and P. Adelhelm, Angew. Chem., 2014, 53, 10169–
10173.

57 A. Burke, Proc. IEEE Veh. Power Propulsion Conf. (VPPC'05),
2005, pp. 356–366.
This journal is © The Royal Society of Chemistry 2018

http://dx.doi.org/10.1039/c8ta02516a

	Pseudocapacitive layered birnessite sodium manganese dioxide for high-rate non-aqueous sodium ion capacitorsElectronic supplementary information (ESI)...
	Pseudocapacitive layered birnessite sodium manganese dioxide for high-rate non-aqueous sodium ion capacitorsElectronic supplementary information (ESI)...
	Pseudocapacitive layered birnessite sodium manganese dioxide for high-rate non-aqueous sodium ion capacitorsElectronic supplementary information (ESI)...


