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ABSTRACT: Developing novel cathode materials with a high energy density 500 ot
and long cycling stability is necessary for Na-ion batteries and Na-ion hybrid ' —o024g
capacitors (NICs). Despite their high energy density, structural flexibility, and 400+ :O:():él
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ease of synthesis, P-type Na layered oxides cannot be utilized in energy-storage
applications owing to their severe capacity fading. In this regard, we report a
novel composite layered—tunnel Nay sMn, sCog4sMg;,0,0, cathode whose binary
structure was confirmed via scanning electron microscopy and high-resolution
transmission electron microscopy. Combination of the two-dimensional (2D)
layered oxides with the three-dimensional tunnel structure, as well as the
presence of Mg>" ions, resulted in a high capacity of 145 mAh g™ at a current
density of 85 mA ¢!, along with a high stability and rate capability. An NIC was ' oo e 0t 2500 3000
fabricated with composite layered-tunnel structure as a battery-type electrode No. of Cycles

and commercial activated carbon as a counter electrode. The NIC exhibited a
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maximum energy density of 35 Wh kg™' and good stability retaining 72% of its initial energy density after 3000 cycles. This
integrated approach provides a new method for designing high-energy and high-power cathodes for NICs and NIBs.

KEYWORDS: layered structure, tunnel structure, cathode, biphase, sodium-ion capacitor

B INTRODUCTION

The global energy crisis has driven the search for advanced
energy-storage devices that can efficiently store energy from
sustainable sources like solar and wind. Electrochemical
energy-storage devices with high energy and power densities
are important for many applications, such as electric vehicles
and hybrid electric vehicles." Currently, Li-ion batteries are
dominant energy-storage devices owing to their high energy
density and lightweight.” However, these batteries are
expensive because of the limited availability of Li resources,
which are situated in geographically sensitive areas. This has
encouraged the scientific community to focus on sustainable
Na-based energy-storage devices.” Owing to the abundance
and low cost of Na, Na-ion batteries (NIBs) are considered to
be excellent storage devices for grid storage applications and
can be one of the leading next-generation energy-storage
devices promoting sustainable global economic growth.” The
working principle of NIBs is similar to that of LIBs in that the
cations/anions migrate across the separator toward the
electrodes to realize voltage-driven electrochemical reactions.®
Graphite is a commercially successful anode for LIBs, but its
performance has failed to translate to NIBs, owing to the large
size of Na* ijons. Nonetheless, several high-capacity anode
materials with good performance have been reported.’
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However, the problem lies in finding a suitable electrode
capable of reversibly intercalating Na ions with high stability
under long-term cycling.

Electrochemical capacitors are important energy-storage
devices that cater to high-power applications such as grid/
voltage stabilization, regenerative braking for automobiles, and
uninterruptible power supplies. These capacitors store charges
via reversible ion adsorption on the surface of the electrode,
resulting in high power density and cycling stability. However,
the limited energy density (one order of magnitude lower than
that of LIBs) is a serious drawback compared with other
charge-storage devices.” Consequently, efforts are increasingly
directed toward the fabrication of a novel device with high-
energy and high-power characteristics. The Li-ion capacitor
(LIC) was introduced by Amatucci et al. in 2001 and later
attracted considerable attention from the scientific commun-
ity." The LIC is composed of a battery-type electrode and a
capacitor-type electrode in an aprotic organic medium with
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two different charge-storage mechanisms in a single frame-
work. JM Energy and JSR Micro have commercialized the
graphite//activated carbon (AC)-based LIC; however, the
limited supply of Li justifies its replacement with Na, which is
more abundant.” Several Na-ion-based battery-type electrodes
have been reported for NIC applications. The choice of a
suitable electrode material is very important for realizing the
high energy density of the hybrid system, for example, Na—
TNT,'° UTH—CNs,*! N-doped carbon, ' m-NbZOS—C,13 T—
Nb205;14 Nao_44Mn02,15 N33(VO)2(PO4)2F:16 NaZCOSiO4)l7
CNT-Nb,0,,'"® V,0,~CNT," NiCo,0,°° Nb,0,—NS,*'
and TiO,—B nanorods,”> 2D MOF-based electrodes,”® and
TiS,.”* In our previous study, we utilized a bottom-up
approach for the synthesis of battery-type intercalation hosts
for NIC applications, and the results were promising.”>™ >
Hence, developing a novel battery-type intercalation host as an
electrode with high capacity, excellent rate performance, and
long-term cycling stability is necessary for the fabrication of
high-energy NICs. AC is the preferred and unanimous choice
for the electric double-layer capacitor (EDLC) component
owing to its high electrical conductivity, excellent chemical
stability under different pH conditions, large specific surface
area with tailored porosity, low cost, and environmental
friendliness.”

Among the many reported battery-type electrodes, layered
oxides comprising stacked (MO,), sheets with MOy edge-
sharing octahedral units have a high capacity and good
feasibility.”*™** The Na ions between the layers can have
prismatic or octahedral coordination and are denoted as P-type
or O-type, respectively. They can be further classified as P2,
P3, or 03.> Compared with the O3-type structure, which
undergoes a complex phase change at high voltages, the P2
structure is more stable in a wider voltage window. This is due
to the wider diffusion channel with a lower energy barrier
against migration. In addition, P2-type oxides provide more
flexibility in design, allowing two or more transition-metal ions
in the structure for better performance.’”* Layered NaMnO,
was first reported by Parant et al.,>> and since then, Mn-based
cathodes have been preferred as safe and sustainable cathodes
for efficient Na-ion intercalation/deintercalation.’® Despite
their good performance, these layered oxides have not yet been
utilized as a cathode for NICs owing to their inferior rate
performance and stability. Jahn—Teller distortion is generally
observed for six-coordinate Mn(III) consisting of a high-spin
(t2g3eg1) electronic structure, which is disadvantageous for its
electrochemical performance.’” In addition, the high-voltage
P2—02 phase transition accompanied by a two-dimensional
(2D) ion migration pathway is a prime concern.”® Several
methods, such as doping and surface modification, are
employed to improve the stability by suppressing the phase
transition and Mn dissolution.>

A tunnel-type NaMnO, structure is formed when the
composition of Na is between 0.22 and 0.44. This is an
attractive candidate for NIC applications owing to its unique
three-dimensional (3D) structure composed of MnOj
pyramids and MnOg octahedra arranged in a large S-shaped
tunnel and a smaller pentagon tunnel with maximum stress
tolerance during charge—discharge. It has a theoretical capacity
of 121 mAh g_l, resulting from the reversible Na-ion insertion/
extraction along the ¢ axis accompanied by the abundant
vacancies of the large S tunnel.*”*" Both layered and tunnel
structures have drawbacks for practical applications. Many
pioneering studies have been performed on Na-ion batteries in

which two or more structures were combined to overcome
these drawbacks.”* >

In this regard, we designed NayMn,Cog4sMgy 0,0, as a
novel high-capacity layered—tunnel hybrid cathode material
with high electrochemical performance via a facile sol—gel
synthesis method and investigated it as a battery-type electrode
for an NIC. Prior to the assembly, the structure and
morphology of the hybrid structure were thoroughly examined
using transmission electron microscopy (TEM), and the
physiochemical properties were evaluated. The half-cell
performance of NayMngsCog4sMgo 0,0, and AC was
investigated to balance their masses in the NIC. This novel
NIC exhibited a high energy density of 34 Wh kg™' with
excellent cyclic stability, retaining >72% of its initial energy
density after 3000 cycles at 1 A g~'. The superior Na-storage
capability of this novel hybrid cathode provides possibilities for
investigating new insertion hosts for high-performance NIC
configurations.

B EXPERIMENTAL SECTION

Synthesis. We used a facile citric acid-assisted sol—gel route for
the synthesis of P2 Na, ;Mny Co, 50, and P2
Nag sMng5Co4sMgp020,. In a typical process, a stoichiometric
amount of sodium acetate (CH;COONa, Sigma-Aldrich) with 5%
extra to compensate for the Na loss due to higher temperature
calcination, manganese acetate tetrahydrate (Mn(CH,;COO0),-4H,0,
Sigma-Aldrich), magnesium acetate hexahydrate (Mg(CH;COO),:
4H,0, Sigma-Aldrich), and cobalt acetate tetrahydrate (Co-
(CH;C00),-4H,0, Sigma-Aldrich) were dissolved separately in
deionized water with stirring for 30 min until complete dissolution of
the respective metal precursors was achieved. Later, the mixed
precursor solution was added dropwise to an aqueous solution of
citric acid (80 wt %). The final solution was stirred at 80 °C until gel
formation. The gel precursor was kept at 120 °C overnight to obtain
the precursor. The dried powder was subjected to heat treatment at
500 °C to decompose the acetate and water moieties. Then the
sample was ground, pelletized, and heated at 900 °C for 15 h to
obtain the final product.

Characterization. X-ray diffraction (XRD; Cu Ka radiation, Rint
1000, Rigaku, Japan) patterns of the samples were obtained. Rietveld
analysis was performed using Fullprof software to investigate the
structural change after metal ion doping. The elemental compositions
of the samples were analyzed using inductively coupled plasma (ICP)
atomic energy spectroscopy (PerkinElmer, OPTIMA 8300, USA).
The valence states of the elements were identified using X-ray
photoelectron spectroscopy (XPS, MultiLab 2000, UK). The
morphology and microstructure of the samples were analyzed using
field-emission scanning electron microscopy (SEM, S-4700, Hitachi,
Japan), selected-area electron diffraction (SAED), energy-dispersive
X-ray spectroscopy (EDS), and high-resolution TEM (HR-TEM;
JEM-2000, EX-II, JEOL, Japan).

Electrochemical Studies. The electrochemical performance of all
of the samples was evaluated using CR2032 coin-cell assemblies in an
Ar-filled glovebox, where the O, and H,O concentrations were
maintained well below 1 ppm. The synthesized material was used as
the cathode, and Na metal was used as the anode. Whatman glass
fiber filter paper was used as a separator, and 1 M NaClO, in
propylene carbonate with 5 wt % fluoroethylene carbonate was used
as an electrolyte. The total composition of the electrode was as
follows: 80% active material (20 mg), 10% conductive additive
(Ketjenblack), and 10% binder (Teflonized acetylene black, TAB-2).
The obtained slurry was pressed on a stainless-steel mesh current
collector using a hydraulic press and dried in a vacuum oven at 160
°C for 4 h before cell fabrication. The electrochemical properties of
the material were evaluated via cyclic voltammetry (CV) using an
electrochemical workstation (Biologic, SP-150, France) at different
scan rates ranging from 0.1 to 0.5 mV s~'. Galvanostatic charge—
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Figure 1. (a) XRD patterns of the MC and MCM samples. Rietveld refined peaks of (b) MC and (c) MCM. (d) Schematic of the P2-layered and

tunnel structure.

discharge tests were conducted using a battery cycler (WBCS 3000,
WonATech) with different cutoff potentials. The rate performance
was evaluated at different current rates (0.5, 1.0, 2.0, 4.0, and 10 C)
with 10 cycles each. Electrochemical impedance spectroscopy (EIS)
was performed on the cells before and after cycling. Here, the
frequency was varied from 100 kHz to 10 mHz with an alternating-
current amplitude of 10 mV. All of the measurements were performed
at ambient temperature (25 °C).

B RESULTS AND DISCUSSION

NaysMn, sCoy 5O, and NagsMngsCog45Mgj 0,0, compounds
were synthesized using a sol—gel method, and their actual
compositions were determined using ICP analysis. The values
of Na:Mn:Co:Mg are 0.496:0.51:0.499:0 for MC and
0.495:0.505:0.497:0.021 for MCM samples. These values
match well with the actual composition. The crystal structures
of both samples were analyzed using XRD, and all of the
diffraction peaks well matched the hexagonal lattice corre-
sponding to the P2 structure (similar to P2—Na,,;C00,)
(Figure 1a).>* Partial substitution of Mg for Co was clearly
indicated by the deviation in the lattice-parameter values, i.e., a
and b increased from 2.820 to 2.825 A, whereas ¢ decreased
from 11.213 to 11.207 A. This decrease in ¢ was supported by
the shift in the XRD peak (002) toward a larger angle. Despite
this decrease in the ¢ axis, Mg doping tended to reduce the d
spacing, as reported.”® The Mg’ ions also partially occupied
the Na* site, which is the reason for the shift of the (002) plane
and formation of the tunnel structure. This is further
confirmed by the ICP values reported above. We carried out
the Rietveld refinement (Figure 1b and 1c) for XRD, and the
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Figure 2. SEM images of the (a, c) MC and (b, d) MCM samples.
Yellow circles denote the tunnel structure.

calculated peaks well match with the observed ones. R, values
for MC and MCM are 11.9% and 9.38%, respectively. The
atomic occupancies of the samples are provided in Tables S1
and S2. From the above studies, it is clear that the presence of
the tunnel structure is not detected in XRD analyses. The
crystal structures of P2-layered and tunnel structures are
provided in Figure 1d. To understand the structure—property
relationship of these layered oxides we doped MC with
different concentrations of Mg, and the XRD patterns are given
in Figure S1. The increasing concentration of Mg ions does not
produce additional peaks of tunnel structure in the XRD

https://dx.doi.org/10.1021/acsami.9b19288
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Figure 3. Deconvoluted X-ray photoelectron spectra of (a) Mn, (b)
Co, and (c) Mg for the MC and MCM samples.

pattern. SEM images revealed the morphologies of the sample
at low and high magnifications. Figure 2a shows a low-
magnification image of the NaysMn,Coy50, (MC) sample,
which exhibited uniformly shaped hexagonal microparticles
with an average size of 5—10 pum. Figure 2b indicates that
similar hexagonal microparticles were present even after the
doping with Mg ions, and the magnified images in Figure 2c
and 2d shed further light on the morphology. Needle-like
nanoparticles with a size of <200 nm were sparsely distributed
in the Mg-doped sample in addition to the hexagonal particles
(Figure 2d). The MC sample did not have this type of needle-
like structure. The needle-like structures are highlighted by a
yellow circle and are sparsely distributed in MCM only. The
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oxidation states of the individual elements were confirmed
using XPS (Figure 3a and 3c). The X-ray photoelectron
spectrum of Mn was deconvoluted into four peaks at binding
energies of 642, 653.86, 643.75, and 656.06 eV. The former
two peaks at lower binding energies were associated with
Mn*, and the latter two corresponded to Mn**.*® The two
main Co peaks were deconvoluted into four peaks at 779.93,
794.97, 781.85, and 797.15 eV. The former two peaks
correspond to a low valence state of 3+, and the other two
correspond to 4+.°° Similar peak positions were observed even
after doping with a small amount of Mg ions, indicating that
the Mg®" ion substitution was successful. In addition to these
peaks, the Na, sMnsCoy4sMg0,0, (MCM) sample exhibited
a peak at 49.52 eV corresponding to Mg, which was not
active in the electrochemical reaction.”’

A more detailed structural analysis of the MC sample was
performed using TEM. Figure 4a shows a single particle of MC
with a hexagonal shape, representing the P2 structure with an
average particle size of 5 um. The corresponding selected area
electron diffraction (SAED) pattern along the (001) direction
exhibits uniform bright spots in the hexagonal pattern,
indicating the phase purity and high crystallinity of the sample
(Figure 4b). In more detail, the coexistence of the layered and
tunnel structure is magnified and provided in Figure 4c and 4d.
Figure 4e shows TEM images of MCM needle-shaped particles
with a particle size of approximately 200 nm. Compared with
the P2-type hexagonal particles, the needle structures were
smaller and more sparsely distributed. The SAED pattern
shown in Figure 4f provides characteristic spot patterns of the
tunnel structure with an orthorhombic lattice (space group
Pmc2,) along the 010 plane.”* The HR-TEM images of the
tunnel structure with lattice fringes corresponding to the 010
plane are provided in Figure 4g. Furthur, these layered and
tunnel structures are also intergrown as given in Figure 4h, and
their SAED pattern and HRTEM images are provided in
Figure 4i and 4j. The EDS elemental-mapping results in Figure
4k confirm the uniform distribution of all of the elements in
the P2 structure. Figure 41 shows the uniform distribution of
elements in the needle structure. The aforementioned SEM
and TEM observations clearly indicate that the layered—tunnel
hybrid NajsMngsCog4sMgyo,O, was a composite cathode
with separate layered—tunnel structures resulting from the
large variations in the crystal structures. In addition, there were
a few single particles in which the layered and tunnel structures
were intergrown owing to the compatible close-packed O
arrays along some particular axes in both structures. At the
initial stage of calcination, the layered oxides were formed from
the precursors using available Na. At the final stage of
calcination, the insufficient Na resulted in the formation of the
tunnel structure.”

The electrochemical performance of NaysMn,sCoysO, and
Naj sMnj sCog4sMgy 0,0, was evaluated using a half-cell
configuration against Na metal via three different analytical
techniques.

CV is a powerful method for investigating the redox
behavior of different transition metals. The different transition-
metal environments and the electrostatic repulsion between
the Na cations caused Na*/vacancy ordering, yielding broad
redox peaks within the voltage range of 1.5—-4.3 V at a scan
rate of 0.5 mV s~ (Figure 5a).°° In the case of the pristine
material, two prominent redox processes occurred: Mn>*/4*
coupling in a low-voltage range (~2.0 V vs Na) and the
contribution of Co**/* in a higher voltage region (>3.5 V vs

https://dx.doi.org/10.1021/acsami.9b19288
ACS Appl. Mater. Interfaces 2020, 12, 10268—10279


https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b19288?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Figure 4. TEM image of (a) P2-layered particle and its (b) SAED pattern. (e¢) TEM of the tunnel structure. (f) SAED pattern of the tunnel
structure. (g) HR-TEM of the tunnel structure. (h) TEM image of the layered tunnel intergrown structure. (i) SAED of the intergrown structure
and its (j) HRTEM image. Yellow and green boxes represent the layered and tunnel structure, and its magnified views are provided in (c) layered
and (d) tunnel. Elemental mapping of the (k) hexagonal layered particle and (1) needle-like tunnel structure.

Na).’” The peak appearing above 4.2 V vs Na was due to the
phase transition from P2 to O2, which is common for P2
layered oxides. At a higher voltage, more Na ions were
extracted from the crystal lattice, resulting in a greater repulsive
force among the electron shells of the adjacent O layers, which
caused structural transitions.”® The current peaks at high
voltages were highly reversible during charge—discharge
without any additional phase change. The Mn at lower
voltages exhibited a large shift between the reduction and
oxidation peaks owing to the Jahn—Teller-induced phase
transition at high Na contents. In addition, the high-voltage
peak corresponding to the P2—O2 phase transition was
minimized after Mg doping. The presence of Mg reduced
the slab length of the transition-metal layer, thereby increasing
the interplanar distance between the two adjacent slabs and
facilitating the smooth transport of alkali ions, even at a high
voltage. This improvement was due to the bond strength of
Mg—O, which was much higher than that of Co—O and
endowed the insertion host with better stability, resulting in
the high reversibility of the layered—tunnel structure compared
with the pure layered sample.*®

Figure 5b shows the galvanostatic charge—discharge cycling
at a constant current of 100 mA g~ within 1.5-4.3 V vs Na.
The initial charge curve indicated a low capacity for both
samples owing to the low Na content in the structure. The
amount of Na extracted during the first desodiation process

was calculated using Faraday’s law.”” The potential profiles
exhibited two plateaus at 4.0 and 2.1 V vs Na, substantiating
the CV results. Upon cycling, the pristine electrode exhibited a
higher discharge capacity of 141 mAh g™" at a current density
of 85 mA g~' and retained only 55.62% after 130 cycles. The
layered—tunnel hybrid structure exhibited a slightly lower
initial capacity (138 mAh g™') but exhibited better stability
(71.19%) than the layered phase (Figure Sc). This capacity
fading in the pristine electrode is attributed to the inevitable
phase transition accompanied by a volume change at high
voltages. In addition, the Jahn—Teller distortion and associated
Mn dissolution at low voltages along with the high-voltage
oxidative decomposition of the electrolyte cannot be
ignored.””*® Figure S2 shows the voltage profiles of the cells
cycled in the range of 2.0—4.5 V vs Na. The charge—discharge
curves obtained for the MCM sample within this voltage range
clearly indicated a suppressed P2—O2 phase transition above
4.2 V vs Na, confirming the significant role of the Mg doping.
Thus, optimizing electrodes with stable performance and a
high capacitance is a prerequisite for the development of high-
performance NICs. The results suggest that a cutoff voltage of
1.5—4.3 V vs Na is appropriate for the battery-type electrode
for the fabrication of high-performance NICs.

For the practical application of the NIC, high-rate
electrochemical performance is a significant factor. Hence,
charge—discharge tests were performed at different current
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rates ranging from 85 to 1700 mA g~' in the voltage range of
1.5—4.3 V vs Na. The results are shown in Figure 5d. The MC
with the pure P2 phase exhibited discharge capacities of 136,
99, 80, 44, and 12 mAh g_1 at current densities of 85, 170, 340,
680, and 1700 mA g~ ', respectively. In comparison, the Mg-
doped layered—tunnel hybrid structure exhibited a superior
rate capability, with capacities of 134, 114, 96, 53, and 41 mAh
g~!, respectively. The hybrid cathode well recovered the
original capacity, with 123 mAh g™' at a current density of 85
mA g~ !, whereas the pristine structure recovered a capacity of
119 mAh g~'. When the discharge capacity at a lower current
rate (85 mA g™') was assumed to be 100%, the normalized
capacity of the pristine cathode was 72.4%, 58.86%, and
32.19% at 170, 340, and 680 mA g~ and reached a very low
value of 8.4% at a higher current rate of 1700 mA g~'. In
contrast, the Mg-doped layered—tunnel hybrid cathode
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exhibited significantly higher values of the normalized capacity:
85%, 71.6%, 47%, and 30%, respectively. The MCM sample
shows better stability for 50 cycles irrespective of the applied
current rate as shown in Figure Se. This is attributed to the
combined effects of Mg doping and formation of the tunnel-
like structure with 3D pathways for Na-ion migration.®' Partial
substitution of Mg*" for toxic and expensive Co ions reduced
the TM—O bond length, thereby increasing the bond
strength.”> In addition, this prevented Na'/vacancy and
phase gliding during Na extraction. Furthermore, the tunnel-
shaped cathode had a 3D alkali-ion diffusion path with a wide
d spacing, which was far more effective than the 2D pathways
in previously reported layered cathode materials.””** Further,
the cycling stability of different concentrations of Mg-doped
samples is provided in Figure S3. When the concentration of
electrochemically inactive Mg is increased, the electrochemi-
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Figure 6. (a) CV curves of MCM at various scan rates from 0.2 to 1.0
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cally active Co is simultaneously decreased, leading to lower
capacity. Retention of 0.02 Mg doped is better than that of
other samples as mentioned earlier. This confirms that the
optimal ratio of Co and Mg is essential to improve the
electronic conductivity and structural stability of the cathode.
Ex-situ XRD analysis is carried out for both MC and MCM

after charging to 4.2 V at 85 mA g~' to study the P2—02 phase
change. Both samples have additional peaks at 12° and 25°
attributed to the appearance of hydrated peaks formed upon
water intercalation during measurement. For the case of the
MC sample, the major peaks of the P2 structure disappear and
the onset of additional peaks at 22° indicate O2 stacking,
whereas the major peaks of the P2 phase are well preserved for
the MCM sample (Figure S4).

Kinetic analysis was carried out using the cyclic voltammetry
method. The CV curves of the MCM cathode at various scan
rates are shown in Figure 6a. Two pairs of redox peaks
corresponding to Mn and Co redox are observed. The peaks
shift slightly with increasing scan rates, indicating excellent
kinetics. A related analysis is taken to investigate the
relationship between peak current and scan rate according to
equation64

i=a’
The value of b = 0.5 indicates semi-infinite linear diffusion-
controlled charge storage, whereas b = 1 indicates capacitive-
dominated charge storage. The b value can be obtained by
plotting log(i) vs log(v) as shown in Figure 6b. Here the value
of b is close to 1, indicating a capacitive-dominated process.
Figure 7 shows the impedance spectra of MC and MCM
before and after cycling fitted using an equivalent circuit
provided as the inset. The corresponding parameters are
provided in Table S3. In both figures, the value of resistance
for MCM is lower than the MC sample resulting from the
biphasic structure of MCM.

For the fabrication of a NIC, the half-cell performance of
commercial AC was studied in the CR2032 coin cell using Na
metal as a counter electrode, Figure SS. The electrochemical
performance was evaluated under similar testing conditions.
Charge—discharge tests were conducted in the voltage window
of 1.0—3.5 V vs Na at a current density of 100 mA g~' to
evaluate the capacitive performance of the AC in the lower
voltage window. The AC electrode exhibited a reversible
capacity of 80 mAh g~' with good stability over S0 cycles. The
linear variation of the charge—discharge curve with respect to
the potential indicated ideal capacitor behavior, ie., a non-
Faradaic process. Owing to the excellent electrochemical
performance of MCM in the Na half-cell assembly, we
fabricated a full cell, ie, the NIC coupled with AC. The
charge-storage behavior differed between the electrodes; thus,
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Figure 7. Nyquist plot of MC and MCM obtained before and after cycling.

https://dx.doi.org/10.1021/acsami.9b19288
ACS Appl. Mater. Interfaces 2020, 12, 10268—10279


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19288/suppl_file/am9b19288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19288/suppl_file/am9b19288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19288/suppl_file/am9b19288_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b19288?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b19288?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

1.404
0704 (a b
( ) 1.051 ( )
€ 0.35- ~ 070+
< E 035
§ 0.00+ & 000
o ]
=) £ -0.354
O -0.351 —2mVs'! = —2mVs!
Q .0.70
—5mVs! —5mVs’!
-0.70 -1.05+
—10mVs! —10mV !
-1.40
OI.O 0{5 1:0 1:5 2{0 2!5 3!0 0!0 015 1:0 1.IS 2{0 2!5 3I.0
+
Voltage(V) vs Na' /Na Voltage(V) vs Na'/Na
(c) —01Ag' (d —01Ag!
34 34 -1
—02Ag" —02Ag
—04Ag —04Ag
e —06Ag' | & 2 —0G6Ag!
2 —08Ag'| o —08Ag'
g wag | & LoAg!
S 1 = 1
> f A
0 0
0 00 60 900 1200 1500 0 300 60 90 1200 1500
Time (s) Time (s)
200
()
150 -
X
§ 100
=
E
o 50
~
0

T T T T
0 500 1000

T T T T T T
1500 2000 2500 3000

No. of Cycles
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the applied current was divided according to the individual
capacities of the electrodes.”® Hence, the mass balance of the
electrodes is necessary to realize the maximum potential of the
NIC. The AC stored charge via the surface adsorption/
desorption of ClO,~ ions, whereas the MCM served as a Na-
intercalation/deintercalation host. We carefully considered the
average voltage and capacity of both electrodes in a half-cell
configuration and assembled the NIC with two different mass
ratios (1:1 and 1:2). The voltage range of the NIC was fixed at
0—3 V to avoid electrolyte decomposition at higher voltages.
The commercial EDLC using an organic electrolyte has a
potential window limitation of 2.7 V.°> The CV (Figure 8a and
8b) was performed in this voltage range at different scan rates
(2, 5, and 10 mV s7!). The CV curve exhibited asymmetric
behavior at lower scan rates owing to the major contribution of
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the Faradaic component and the small contribution of the non-
Faradaic charge storage. At higher scan rates, the CV curves
became rectangular with the dominance of capacitor-type
behavior, ie., a minor contribution from the battery-type
electrode. Other than the area under the CV curve, there was
no significant difference between the MC-based and the
MCM-based NICs.”® The energy and power densities were
calculated using the galvanostatic charge—discharge curves by
considering the total mass of the active materials. The charge—
discharge curves for both mass ratios are shown in Figure 8¢
and 8d. The asymmetrical nature of the curve indicates the
combination of two different charge-storage mechanisms.”’
Long-term cyclic stability is a very important factor for
practical application of NICs. Hence, we evaluated the cyclic
stability of the AC//MCM hybrid capacitor at 1 A g'. The
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values were normalized for convenience; for example, when the

initial value of 14 Wh kg_1 was considered as 100%, the cell

retained >72% of its energy density after 3000 cycles,

indicating the excellent stability of this novel configuration

(Figure 8e). The energy and gower densities were calculated
. . . 168

using the following equations

i(A)xV P x At
P=——"———andE=
m (mg) X 10 3600

where i represents the applied current (A), t represents the
discharge time (s), m represents the total weight of the active
material in both electrodes, and V represents the working
potential of the cell, which was determined using the
galvanostatic charge—discharge curves. As shown in Figure
9a, the sample with a 1:1 mass ratio exhibited an energy
density of 34 Wh kg™' at a power density of 150 W kg™'. This
value is similar to that of the commercial AC//Li,Ti,O,, (36
Wh kg_l).69 Further, the variation in the mass loading did not
affect the energy density or power capability of the NICs, as
indicated by the Ragone plot. Figure 9b shows the schematic of
the NIC. The performance of the novel hybrid capacitor was
higher than that of most previously reported LIC and NIC, as
shown in Table S4. The performance of this family of layered
oxides can be further improved by fabricating highly
conducting composites for better conductivity and as a
supporting matrix."® In addition, replacing the commercial
AC with tailored carbonaceous materials can significantly
enhance the energy and power capability of the system.”’
EIS is a powerful tool that can provide quantitative
information regarding the surface stability, charge-transfer

resistance, and diffusion kinetics of Na ions within the bulk
material of the cathode.®® Hence, we performed EIS for NIC
before and after cycling at 1 A g~', and the corresponding
Nyquist plot is shown in Figure S6. The Nyquist plot exhibited
a semicircle in the high-to-medium-frequency region, accom-
panied by a sloping line in the high-frequency region. The
former corresponds to charge transfer resistance, while the
latter is diffusion-related impedance. The change in the
diameter of the semicircular arc after cycling is negligible
due to the lower surface resistance at higher voltages. The
change of the sloping line was due to the suppressed high-
voltage phase transition at a low Na content.”” This
demonstrates the superiority of this system compared to
reported works.

B CONCLUSION

A high-energy NIC was fabricated using a novel layered—
tunnel hybrid cathode as an insertion host and commercial AC
as a supercapacitor component. The hybrid cathode was
synthesized via the conventional sol—gel method and
characterized using various analytical techniques to confirm
the hybrid nature and its impact on the Na-storage
performance. The fabricated NIC exhibited a very high energy
density of 34 Wh kg™ with a superior cycling stability of 72%
after 3000 cycles. These results are significant for the field of
NICs, as they provide a new cost-effective method for
designing high-capacity cathodes for high-performance en-
ergy-storage devices.
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