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Exploiting High-Performance Anode through Tuning the
Character of Chemical Bonds for Li-lon Batteries and

Capacitors

Chaofeng Liu, Changkun Zhang, Haoyu Fu, Xihui Nan, and Guozhong Cao*

A high-performance anode material, MnNCN, is synthesized through a facile
and low-cost method. The relationship between electrochemical proper-

ties and chemical composition is explored on the scientific considerations
that can provide an insight on designing expected materials. MnNCN with
the long bonding length of 2.262 A in Mn—N and weak electronegativity of
3.04 Pauling units in N leads to a lower charge/discharge potential than that
of MnO owing to the character of chemical bonds transformed to covalent
dominating from ionic dominating in MnO. Covalent character increases the
ratio of sharing electrons that decreases the migration energy of electrons in
electrochemical reaction, which enhances the reactive reversibility and sta-
bility of electrode material. MnNCN delivered a reversibly specific capacity of
385mAhgTat5Ag in a Li-ion half cell. Besides, a Li-ion hybrid capacitor
with a high voltage of 4 V presents energy and power densities of respective
103 Wh kg™ and 8533 W kg™ and cycles at 5 A g~' without detectable degra-

dation after 5000 cycles.

1. Introduction

Energy and environmental issues are arguably becoming the
foremost challenges in this century; harvesting and utilizing
green energy have attracted increasing attention with great
efforts being devoted to the exploration of new materials and/
or efficient devices to meet the imperative demands in our
modern life.l'™”] Supercapacitors possess high power density
with extremely long cycling life;®”] however, they are limited
by relatively low energy density in spite of various efforts in
modifying microstructures and chemical compositions.®*!
Secondary batteries, the most popular electric energy storage
devices with high energy density, work on reversible redox
reactions to convert chemical potential to electric energy and
have been widely used to power portable electronics and elec-
tric vehicles.'%13] As the key components, cathodes and anodes
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determine the working voltage and energy
density of batteries. While a high capacity
is desired in both electrodes, a high
potential in cathode and a low potential
in anode are needed for a wide working
voltage of batteries within the safe oper-
ating range of electrolyte.'*1% Similar
to cathodes, anodes work through three
mechanisms: intercalation, conversion,
and alloying,['”! thus, it is not surprised
that transition metal oxides and complex
oxides, metals and lithiation compounds
have been studied intensively over the
past years.l'7-21] For example, intercalation
compounds, such as Li TisO;,, can insert
and extract Li ion from the crystal lattices
reversibly with a small strain offering a
highly stable cyclability and an ideal poten-
tial plateau,l??! but deliver a relatively low
specific capacity of 175 mA h g 112324
Metals and metalloids including Sn, Zn,
Pb, Bi, Se, and Si are based on alloying mechanism to store
charges and ions, offering exceedingly high specific storage
capacity but accompanied with drastic volume change during
lithiation/delithiation leading to inferior cyclability.?>-! Tran-
sition metal oxides, such as Mn—0, Fe—O, Co—0O, Ni—O, and
Cu—O, store charges through reversible conversion reactions,
in which metal oxides decompose to metal and Li,O and display
a high specific capacity. However, such metal oxides also suffer
from poor cycling stability.'*30-33 Transition metal nitrides and
fluorides have also been studied and demonstrated the capa-
bility of reversible conversion reactions but also suffer from the
similarly inferior cyclability.3*-3% To circumvent the challenges
in conversion materials, design and fabrication of various
nano and microstructures, or doping with heteroatoms have
been investigated with some noticeable improvement.3’40
Exploring new materials with desired properties based on some
fundamental considerations is another effective approach. For
example, tuning the covalent-ionic bond characters between ion
components can effectively alter the electrochemical potential
of electrode materials.[!! The present investigation has explored
a new anode material, manganese carbodiimide (MnNCN)
with excellent lithium storage properties. Figure 1a is the sche-
matic illustrating the crystal structure of MnNCN that consists
of alternating layers of Mn?" cations and NCN?~ anions (the
pseudo-sulfide anions) along the trigonal axis, and the anions
are strictly linearly oriented perpendicular to the layers. Each
divalent Mn ion is coordinated by six nitrogen atoms and the

wileyonlinelibrary.com

(1 of9) 1601127

g‘::
FI
FE
<)
B
)
0
59

85UB01 7 SUOLULLOD AIIERID 3ol [dde ay) Aq peusenob ae sejole YO ‘8sN JO S3|n. 1oy Akeiq| 18U UO /8|1 UO (SUORIPUCO-PUR-SLUBY WD AB 1M Aq 1 [Bu [UO//ScIY) SUORIPUOD Pue SWB | 8y} 88S *[£202/T0/.2] uo A%iqiaulluo ABIM 'S g1 uoiBuiusem JO AsieAlun Aq 2z


http://doi.wiley.com/10.1002/aenm.201601127

-
™}
o
g
-l
md
=
4

1601127 (2 of 9)

ADVANCED
ENERGY
MATERIALS

ADVANCED
SCIENCE NEWS

www.advenergymat.de

@) ®)

(X X3
202z

www.advancedsciencenews.com

.- @0
@® Mn A
LiLic 7 ¢ ’Xs

MnNCN

Energy

MnO

Figure 1. a) Crystal structure of MnNCN. Mn ions are coordinated by six N ions to form octahedrons, and the carbon atoms fill the gaps between
MnNg layers for connecting the N atoms in alternating layers. b) The coordination of center metal ions and the energy level between MnO and
MnNCN. MnNCN has a larger degree of covalent bonding than MnO and has an increased energy level related to charge transfer during the process
of electrochemical reaction,[>#4] because C and N have the weaker Pauling electronegativity of respective 2.55 and 3.04 Pauling units, but O renders

a higher value of 3.44 Pauling units.

bonding length of Mn—N is 2.262(2) A that deviates from
the predicted 2.29 A based on the effective ionic radiil*?! and
2.28 A on bond-valence calculations.*] The resulting octahe-
dron around Mn?* is slightly squeezed with the angle between
N-Mn-N of 95.9(1)° and 84.1 (1)° and the shortest Mn?"-Mn?*
distance is 3.358(4) A" In comparison, in a simple cubic
MnO crystal, the distances between Mn—0O and Mn—Mn are
2.222(5) and 3.142(4) A, respectively. Both Mn and O have six
coordination ligands for each other. In addition, the Pauling
electronegativity of C, N, and O are 2.55, 3.04, and 3.44 Pauling
units,**) respectively. From these parameters, it is found that
Mn?* encompassed NCN?~ rather than 0%~ in MnNCN, and the
longer bonding length of Mn—-N and the weaker Pauling elec-
tronegativity of N lead to a larger degree of covalent bonding
and an increased energy level related to charge transfer in
comparison with the characters of MnO during the process of
electrochemical reaction (Figure 1b).'>* The increased energy
level will be displayed as a lower potential plateau that benefits
the device with a larger working voltage when MnNCN is used
as anodes, in both batteries and capacitors, with high energy
density. In the present study, a new anode material, MnNCN,
with a high specific capacity of 725 mA h g™! at 100 mA g~! and
an excellent cycling stability, and a Li-ion hybrid capacitor with
a high voltage of 4 V with MnNCN anode and activated carbon
(AC) cathode presented energy and power densities of respec-
tive 103 Wh kg™! and 8533 W kg~! without device optimization,
and cycled at 5 A g™! without detectable degradation after 5000
cycles, demonstrating an excellent cycling stability.

2. Results and Discussion

X-ray diffraction (XRD) pattern of the resulting sample from
solvothermal synthesis shows the distinct characteristic peaks
that confirm the product with a crystal structure (Figure Sla,
Supporting Information); however, it did not match with any
of the standard cards in the current crystal database. In order
to understand the details of the structure, Fourier transform
infrared spectroscopy (FT-IR) was used to collect the informa-
tion of the bond vibration or stretch of the functional groups
and the result is shown in Figure 2a. Weak N-H amines can
be identified for melamine at 3413 and 3643 cm™ and the
absorbance at 3330 and 3190 cm™! correspond to the stretch of
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secondary amine.l*#’] The C=N stretch and —C=N ring vibra-
tion show correspond to the absorbance bands for melamine
compound at 1632 and 1530 cm™!, respectively. The absorb-
ance at 1182 cm™! is attributed to aliphatic C—N vibration, and
the absorption at 994 and 590 cm™' corresponds to C—H out
of plane deformation.l***8! These results imply that the solvo-
thermal grown product consists of groups: C=N, N—H, and
C—N that contained in the raw materials. Differential scan-
ning calorimetry/thermogravimetry (DSC/TG) was adopted
to analyze the chemical or physical transformation during the
heat treatment in nitrogen gas and the curves are shown in
Figure 2b. An endothermic peak appeared at =380 °C accom-
panying with a drastic weight loss, indicating that a decomposi-
tion of solvothermal product. The XRD pattern of the sample
calcined at 400 °C displays an amorphous state (Figure S1b,
Supporting Information), but the sample will partially melt if
the temperature exceeds 600 °C. Therefore, the solvothermal
product was calcined at 500 °C for 120 min with a flowing
nitrogen gas for ensuring the complete phase transforma-
tion. The phase of the sample calcined at 500 °C is coincident
with the standard peaks of MnNCN (Figure 2c). More impor-
tantly, one issue is that the peak (012) is the strongest in the
standard card; however, in the present study, the peak (003)
has the highest intensity, implying that a preferential growth
may be occurred during the synthesis. Figure Slc (Supporting
Information) shows the morphology of solvothermal sample
without calcination, and the sample exhibited a 2D irregular
platelet shape with a thickness of =100 nm that suggests a
preferential growth occurred during the solvothermal process.
Although the calcination at 500 °C partially damaged the 2D
morphology to the irregular particles (Figure S1d, Supporting
Information), the intrinsic preferential orientation was reserved
in the calcined sample and that is reflected by the difference
in XRD peak intensities. Transmission electron microscopy
(TEM) image of the calcined sample (Figure 2d) also supports
this hypothesis, though the sample is sensitive to electron
beam irradiation and high resolution TEM images could not be
obtained. X-ray energy dispersive spectroscopy (EDS) data were
collected and all the constituent elements distributed homoge-
neously (Figure S2, Supporting Information), these are in good
accord with the results of XRD. In addition, X-ray photoelectron
spectroscopy (XPS) was conducted and Mn 2ps, and 2p;, main
peaks have the satellite structure on the higher binding-energy

Adv. Energy Mater. 2017, 7, 1601127

85UB017 SUOLULLOD AIKRID B|ceol[dde ay) Aq peusenob ae sajole O ‘8sN JO Sa|n. 1oy Akeuq1 18Ul UO /8|1 UO (SUORIPUOD-pUR-SWUBIW0D A8 | 1M AeIq 1 [eul [UO//SdIY) SUORIPUOD PUe SULB | 38U} 88S *[£202/T0/22] uo A%iqiTauliuo A8|IM 'S i uoibuiysem JO AseAlun A ZZTTO9TOZ WUSe/Z00T 0T/I0p/W0d A8 1M Aleiqijeul|uo//sdny woly pepeojumod ‘T ‘LTOZ ‘0¥89YTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(a)
0.8+
0.6
@
I}
c
£ 04
£
2
<] 0.2+ C-N
(=
> c-C
0.0 e
-NH,
T T T T T
4000 3000 2000 1000 0
Wavenumber (cm™)
© S
o -"’-f'-.."».-f‘;;
g i
- S A
] - e m—
ool —_— L
2 g
2 ‘ T
I - 3 —_ ~ —_—
g | IE ‘g': e 3"":; |a
e =, = S '
e i £ B
L dat
10 20 30 40 50 60
26 ()
(e)
o Measured data C1s
— Fitting curves
—— Background
1
S
=
(7]
=
[}
=

207 204 201 288 285 282 279 276
Binding energy (eV)

www.advenergymat.de

(b)
125
04
100
> £
S 2 L75 @
3 8
= 50 .‘S"
5 1 3
T L2s =
Endothermic
6
Lo
0 100 200 300 400 500 600 700
Temperature (°C)
(d)
Mn 2p Mn 2p,,
641.8 eV
Mn(ll)
=
s
2
g 640.8 eV
= L Mn(ll)
o Measured data
— Fitting curve
— Background —
670 665 660 655 650 645 640 635 630
Binding energy (eV)

Figure 2. a) FT-IR spectrum of the precursor and the characteristic peaks relate to some unique functional groups which derived from the raw materials.
b) DSC/TG curves of the precursor. An endothermic peak appears at 380 °C, indicating that a corresponding physical or chemical reaction occurred.
c) XRD pattern of the calcined sample, the characteristic peaks are in perfect accordance with that of MNNCN. The standard peak positions were col-
lected from the literature.’2 d) The Mn2p XPS spectra of MNNCN. e) The C1s XPS spectra of MnNCN. f) TEM image of calcined MnNCN sample.

sides, which indicates a strong Coulombic interaction between
Mn 3d electrons and hybridization between Mn 3d and other
valence orbitals.*> Besides, the peak of Cls, at 284.8 €V, is
assigned to sp? C-atoms, and the component at 286.3 eV usu-
ally attributes to C—N bonds and the component at 287.7 eV
corresponds to C=N species.’!] All the results dovetail with
the characters of bonds in MnNCN. Assuming the shape of
the medium particle is a cuboid in Figure 2d, the length and
width are 400 and 1000 nm, respectively. Since the specific sur-
face area of 7.2 m? g”! was determined from nitrogen sorption
isotherm (Figure S3, Supporting Information) and the density
of MnNCN is 3.38 cm? g7}, the thickness of the cuboid crystal
was calculated and found to be of =115 nm that agrees with the
observed results from scanning electron microscope (SEM) or
TEM. Apart from the morphologies and crystalline structure of
resulting sample, it is worth noting that the synthesis method
is also novel and simple because the method reported in litera-
ture was complex, in which a mixture of zinc carbodiimide and
manganese(II) chloride was melted at 260 °C and subsequently
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the byproduct ZnCl, was sublimated at 500 °C through care-
fully controlling heating process.’? In the present study, both
the precursors and synthesis process are cheap and facile,
which permits scale-up preparation.

The resulting MnNCN was used to fabricate an electrode
and then assembled to a half cell with Li metal as the counter
electrode for electrochemical property characterization and
measurements. Figure 3a shows the cyclic voltammogram
(CV) curves of the MnNCN anode in the Li-ion half-cell in the
first three cycles. In the first cathodic scan, one instinct peak
appeared at 0.2 V, while a weak and broad peak was detected
in the anodic scan within the voltage range of 0.8-1.5 V. In the
subsequent 2nd and 3rd scans, two cycle curves overlapped and
the cathodic and anodic peaks resided at 0.3 and 1.1 V, respec-
tively, suggesting that the MnNCN electrode exhibits a good
reversibility for lithium-ion insertion and extraction. In com-
parison with the CV curves of MnO (Figure S4a, Supporting
Information), the cathodic potential of MnNCN at 0.30 V is
lower than 0.35 V of MnO and the anodic potential of MnNCN
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Figure 3. a) CV curves at 0.1 mV s7". The cathodic peak resides at 0.3 V and the anodic peak locates at 1.1V, both differ from the characteristics of
MnO. b) The charge/discharge profiles in MNNCN and MnO tested at 0.1 A g™' in the 4th cycle that ensure the electrode material with a stable cycling
state, the positions of potential profiles support the arguments from crystal field theory. The inset enlarges the difference between the charge/discharge
profiles of both anodes. c) CVs curves measured at various current densities and the deviations in redox peaks indicate the polarization. d) Relationship
between peak currents and scanning rates. The slope of the fitting linear can be used to evaluate the Li-ion diffusion coefficient. e) Rate performance
measured with different current densities in the voltage potential of 0.01-3.00 V. f) Cycling stability tested at 5 A g™'. The capacity increases the cycling

number and stabilizes after 200 cycles.

at 1.1 V is lower than 1.25 V of MnO. Such a shift of cathodic
and anodic potentials stems from the change of energy level
as illustrated in Figure 1. Mn—N bond has a length of 2.226 A
longer than 2.222 A of Mn—0, and N has a Pauling electron-
egativity of 3.04 weaker than 3.44 Pauling units of O element.
Based on the electronegativity values, the character of chemical
bonds can be evaluated through the following equation!®?!

%covalent character = 100 x exp[—0.25(X, — X, )’] (1)

where X, and X;, are the electronegativity value of anion and
cation, respectively. The electronegativity value of Mn is
1.55 Pauling units. Thus, the ratio of covalent bonds in MnO
approximates to 40.9%, and the ratio in MnNCN reaches
57.4%, implying that MnNCN has a high degree of covalency
and the electrons in 3d orbitals possess higher energy. Com-
bined longer bond and small electronegativity lead to a weaker
attraction to electrons in 3d orbitals of Mn%" in MnNCN, thus
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a less energy is required to extract the electrons in anodic pro-
cess, leading to a lower anodic potential based on the Nernst
equation!"]

AG = —nEF 2)

where AG, n, E, and F stand for Gibbs energy difference, elec-
tron number, electrochemical potential, and Faraday constant,
respectively. In the reverse process, the energy released in the
cathodic process was also smaller compared with that in MnO
due to the ¢, orbitals has higher energy in MnNCN. These agree
well with the crystal field theory, weaker interactions between
center ions and coordination ligands correspond to smaller
splitting in 3d of Mn?*, and a lower electrochemical potential
displays in electrode materials.">>* The charge/discharge pro-
files shown in Figure 3D further support the above explanation;
MnNCN exhibits a lower potential than that in MnO, albeit the
difference is small. The less significant difference in potential
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profiles is reasonable considering the fact that the potential is
determined by the order of electron extraction and insertion in
orbitals as described in MnO.**l Mn is a many-electron atom
with the electronic configuration of [Ar]3d°4s?.. When oxidized
from Mn® to Mn%* such as in the formation of MnO, 4s orbital
loses the electrons first because the overlapping electrons cloud
in 3d and 4s orbitals. Then, anions coordinate with Mn?" to
form octahedron that induces the 3d orbital splitting to form t,,
and ¢, orbitals with a high spin state. At the same time, the split-
ting leads to the electrons hopping from e, to 4s because ¢, has
the higher energy level.’*] The continuous electrons hopping is
accompanied with a continuous energy change that results in
the sloping charge curve. During the reduction, the incoming
electrons jump to e, orbital to reduce the overall energy. The
same energy level of both ¢, orbitals causes the equivalent
energy change in the discharge process, displaying a discharge
potential plateau.’® The energy difference of electrons hopping
in d (or forbitals) determines the electrochemical potentials of
electrode materials.’”*% The electronic structure and available
valence states of Mn-compound endows it a valuable discharge
voltage plateau. Figure 3¢ compares the CVs at various scan-
ning rates from 0.1 to 1.0 mV s With increased scanning
rates, the cathodic peak displayed a slight shift towards lower
potential, attributable to the polarization as reported widely in
electrode materials.”” The peak current densities in cathodic
and anodic scans at different scanning rates are used to calcu-
late the Li-ion diffusion coefficient; the apparent diffusion coef-
ficients of Li ions in MnNCN were calculated based on the Ran-
dles—Sevchik equation!®”!

3

/2
I, = 0.4463(%} n*?AD'’Cyv'? ()

where I, is the peak current (A), R is the gas constant
(8.314 ] mol™' K1), T (K) is the absolute temperature, F is the
Faraday constant (96 500 C mol ™), n is the number of electrons
transferred per molecule (2), A is the active surface area of the
electrode (0.50 cm?), C, is the concentration of Li ions in the
electrolyte (1.0 x 1072 mol cm™3), D is the apparent ion diffu-
sion coefficient (cm? s7!), and v is the scanning rate (V s7).
From the slopes of the fitting lines collected from peak cur-
rent densities (I,) (Figure 3d), the apparent diffusion coeffi-
cients, D, of MnNCN are 1.51 x 107 and 1.39 X 10® cm? 57! for
anodic and cathodic processes, respectively. These coefficients
are more than one order of magnitude larger than 4.96 x 1071
and 7.07 x 107 cm? 57! of MnO, respectively (Figure S4b, Sup-
porting Information). The difference in diffusion coefficients is
originated from the weaker interactions betwwen cations and
anions and longer bonding length between Mn—N in compari-
sion with the corresponding characters in MnO, because the
weaker electronegativity in N than O. The anions in the crystal
lattice with weak attraction to Li ions would lead to a superior
diffusion coefficient in MnNCN. Figure 3e shows the rate capa-
bility of MnNCN in the voltage window of 0.01-3.00 V. In the
initial cycles, MnNCN electrode delivered a discharge capacity
of 1534 mA h g! (not included in the figure for better pres-
entation of other data) at a current density of 0.1 A g}, but
the charge capacity was only 792 mA h gl. The difference is
likely stemmed from Li-ion exhaustion in the formation of
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solid electrolyte interphase (SEI).162] In the rate performance
tests, MnNCN was measured at different current densities
ranging from 0.2 to 3.2 A g™! and the delivered capacities varied
inversely between 650 and 331 mA h g’ The capacity was
restored to 725 mA h g~! when the current density was reduced
to 0.1 A g1, indicative of an excellent rate capability of MnNCN.
The long-term cyclability was studied in the half cell and the cur-
rent density was set at 5 A g™1. Every cycle could be completed
in 9 min and the initial capacity was 308 mA h g~L. The capacity
increased initially with the cycling number till 200 cycles and
then stabilized at 385 mA h g! thereafter. The initial increase
of capacity might have derived from the reversible polymeric
gel-like film formed on the surface of MnNCN particles similar
to that verified in MnO or other anodes.®"43-%] It should be
noted that the discharge capacity of 385 mA h g at 5 A g!
is higher than that of other manganese compounds even com-
bined with graphene, such as MnO/graphenel®®l and MnCO;/
graphenel®”l composites under the same current density, and
the displayed excellent cycling stability, much better in compar-
ison with the reported conversion materials.}%® In addition,
the electrochemical impedance spectra of the cells were col-
lected before and after cycles (Figure S5, Supporting Informa-
tion), the charge transfer resistance did not increase, even with
a little decrease, demonstrating a stable electrochemical perfor-
mance in MnNCN anode.

To detect the phase transition of MnNCN in the process of
electrochemical reaction, ex situ XRD patterns were collected
and compared at different charge/discharge states. Before the
XRD analyses, the MnNCN electrodes were discharged and
charged for three cycles in the potential window of 0.01-3.00 V
ata rate of 0.1 A g~! to ensure the electrode materials in a stable
electrochemical state. Thus, the XRD patterns, in fact, were
collected from the fourth cycle. The half cells were dissembled
and the electrodes were taken out and washed by DMC first to
remove the residual electrolyte or excess salts, and then dried at
120 °C for 12 h in vacuum. Figure 4a shows the XRD patterns
of electrodes at different charge/discharge states, and the phase
evolution can be followed in the process of electrode reactions.
The characteristic peak (003) of MnNCN crystal was unam-
biguously identified in the pristine electrode, and the intensi-
ties of the peaks decreased during the discharge process and
vanished at 0.01 V. While the vanished peaks appeared again
and the peaks intensities became increasingly stronger as the
charge proceeded. The reversible phase transition suggests that
the electrode material MnNCN has an excellent reversibility as
Li-ion anode. The phase transition presents the similarity with
transition metal oxides!"” and the reaction mechanism can be
considered as conversion reaction similar to that in MnO[7%
possibly described with the following:

MnNCN+2Li* +2e” <> Mn+Li,NCN (4)

Metallic Mn was precipitated in the discharge process but it
was not found in the XRD patterns, probably due to the fact that
the resulting Mn has a smaller crystallites or amorphous state
so that it was reflected as the broad peak in the XRD patterns."]
TEM image (Figure 4b) shows the sample with plate-like shape
at the discharge state of 0.01 V, implying the 2D microstructure
of pristine MnNCN crystals retained, regardless the change of
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Figure 4. a) XRD patterns of electrodes at different charge/discharge states. The pristine sample shows the sharp characteristic peaks, the
intensities of peaks decrease during the discharge process and the pattern presents an amorphous character at the full discharge state, while
the intensities become stronger in the charge process. The change in peaks intensities implies the sample with an excellent reversibility. b) TEM
image and SAED pattern of the sample with a discharge state of 0.01 V, the amorphous character is in accord with the results shown the XRD

pattern of 0.01 V.

chemical composition and phase change through conversion
reaction. The selected area electron diffraction (SAED) pattern
in the inset of Figure 4b collected from the yellow circle zone
exhibited an amorphous character that is in accord with the
XRD pattern (0.01 V) shown in Figure 4a; the similar results
were observed and reported in other conversion materials.’!
The experimental results strongly suggest that MnNCN stores
lithium ions through a conversion reaction and displays a high
specific capacity and an excellent cycling stability in Li-ion half
cells. The excellent cycling stability might be attributable to the
extremely small Mn particles with large surface area and thus
large surface energy permitting an easy and reversible phase
transition. Besides, the high degree of covalency suggests a
high degree of sharing electrons in the chemical bonds and
the weaker interaction between cations and anions, resulting
in a high reversibility of material during the electrochemical
reaction.

Apart from the electrochemical properties in Li-ion half
cells, MnNCN anode was studied further in Li-ion hybrid
capacitors with AC as cathode. The AC has a specific surface
area of 1800 m? g~!, which was used in other reports’73 and
its rate capability is shown in Figure S6 (Supporting Infor-
mation). The active mass ratio was set at 1:5 between anode
and cathode to ensure the charge balance in both electrodes.
Because of the lower average working potential at 0.3 V (vs
Li/Li*) of MnNCN anode and the highest potential to 4.5 V (vs
Li/Li*) for AC, the Li-ion hybrid capacitor based on MnNCN
anode and AC would work with a high voltage of 4 V, as the
case of MnO-based Li-ion capacitors.l”® Figure 5a shows the
time-voltage curves of the capacitor at various current den-
sities, and the curve profiles presented the characteristics of
a pseudocapacitor, implying that the design and fabrication
are reasonable. The rate capability was measured with various
current densities at the working voltage window (Figure 5b),
and the discharge capacities are 276, 263, 235, 198, 153, 103,
55, and 37 mA h g at 0.2, 0.4, 0.8 1.6, 3.2, 6.4, 12.8, and
25.6 A g7!, respectively. Besides, SEI growth stabilizes and
Coulombic efficiency consequently increases with cycling to
some steady-state value, but there is no Li-ion exhaustion, sim-
ilar to what has been observed in half cells characterization.
The capacitor was cycled at 5 A g™! for 5000 cycles with the

wileyonlinelibrary.com
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specific capacity maintained at =150 mA h g1, and displayed
an undetected degradation in such a long-term cycling pro-
cess (Figure 5c). This excellent cycling stability exhibits strong
competitive advantage in comparison with Fe;0,/G//3D gra-
phenel’#l or 3D-MnO//CNSI3! Li-ion capacitors. More impor-
tantly, the specific capacity at the initial cycles increases with
the cycle number; this phenomenon can be attributed to two
possible reasons. One stems from the materials activation in
the internal of particles as seen in Figure 3f, when the ions
migrate to or electrolyte contacts the new surface of electrode
as cracks form on the particle surface with the cycles, sim-
ilar to the verified results reported in NiO anode.’®l Another
possibility may originate from the reversible decomposi-
tion of electrolyte with the formation of SEI and extra Li-ion
adsorption/desorption on SEI contributing to the high experi-
mental capacityl’’] as suggested by the increasing coulombic
efficiency at the first several cycles, and this uniform SEI is
beneficial as it reduces the over-potential and concentration
polarization.l’”] Figure 5d is the Ragone plot of the MnNCN//
AC capacitor showing the relationship between energy and
power densities, and the maximum energy and power densi-
ties of 103 Wh kg™ and 8533 W kg™!, respectively, without
any device optimization. The engineering the materials and
device to optimize the lithium storage property and perfor-
mance would further enhance both energy and power den-
sities of the capacitor, as the mass ratio on both electrodes
has different optimal values and is dependent on output
performance in energy or power densities. Compared with
both aqueous capacitors (MnO,//CNT® and Graphene//
MGC)) and nonaqueous/organic capacitor (SAC//SACI
and G-LTO//G-SUB!), this MnNCN-based hybrid capacitor
unambiguously demonstrated both high energy and power
densities. Not only does the study on MnNCN provide an
insight and fundamental understanding on design and tailor
the electrochemical potential of electrode, but also help to
choose desirable electrode materials for Li-ion capacitor with
high energy and power densities. The excellent performance
of the Li-ion capacitors makes them perfect energy storage
technology bridging the gaps between secondary batteries and
supercapacitors with both high energy and power densities as
well as excellent cycling stability.

Adv. Energy Mater. 2017, 7, 1601127
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Figure 5. a) Voltage profiles of full capacitor in which MnNCN used as anode and AC as cathode. b) Rate performance of full capacitor measured with
different current densities in the voltage potential of 0.10-4.00 V. c) Cycling stability tested at 5 A g™'. d) Ragone plot of the full capacitor. The data
calculated on the total active mass in both electrodes. The contrasting data collected from various systems, including G-LTO//G-SU,B" SAC//SAC, 1
MnO,//CNT,8 Graphene//MGC,”l AC//AC,BI LTO//AC,®3 NiCoDH//NG,4 N-GMCS//PLMG,®] and CNT//TNW.[

3. Conclusions

A high-performance Li-ion anode, MnNCN, was synthesized
through a facile solvothermal method with a following calcina-
tion. The long length of Mn—N bond and weak Pauling elec-
tronegativity of N endow high degree covalency of 57.4% in
the chemical bonds in MnNCN, the covalent bonding leads
to a decreased energy for electrons to be added to or extracted
from 3d orbital of Mn?* and makes a lower discharge potential
in Li-ion batteries, which provides a golden rule for designing
the desirable electrode materials with the expected electrochem-
ical potential and the high reversibility and stability. MnNCN
delivered a high reversible discharge capacity of 725 mA h g!
at 0.1 A g! through conversion reaction with excellent rate
capability and stable cycling performance. In addition, a high
voltage capacitor built on MnNCN anode and activated carbon
cathode demonstrated a high energy density of 103 Wh kg™
and a high power density of 8533 W kg™!. The Li-ion capacitor
showed no detectable degradation after 5000 cycles at a rate of
5 A g7!, suggesting a synergistic combination of high energy
storage and large power supply bridging the gap between sec-
ondary batteries and supercapacitors.

4. Experimental Section

Synthesis: Melamine (0.25 g) was mixed with 70 mL octanoic acid and
stirred at 600 RPM with 12 h to form a white solution, then 0.5 g MnCl,
was added into the solution and continuously stirred at 500 RPM with
12 h. This process was carried out in the fume cupboard. The mixture

Adv. Energy Mater. 2017, 7, 1601127 © 2016 WILEY-VCH Verlag GmbH &

was sealed into a 100 mL Teflon lined stainless steel and treated at
180 °C with 12 h. The product was washed and centrifuged by absolute
alcohol three times and dried at 60 °C in an oven. At last, the obtained
powder was calcined at 500 °C with 2 h with a flowing nitrogen gas of
100 SCCM, and the final product was a green powder.

Structural Characterization: The phases of samples were detected
on a X-ray diffractometer (X'pert3 powder, Netherlands) with a Cu-Ko
radiation source (A = 1.54056 A) and the scan step size was set at
0.013°. The microstructures of samples were observed by field-emission
scanning electron microscope (HITACHI SU8200) at an accelerating
voltage of 5 kV. DSC/TG instrument (Mettler-Toledo STAR system, DSC/
TG) was used to study the pyrolysis temperature of the solvothermal
sample with a flowing nitrogen of 50 mL min~' and the heating rate
was set at 10 °C min~'. FT-IR (Bruker/VERTEX80v) with a resolution of
0.1 cm™" was used to collect the information from the vibration or stretch
of the functional groups in the solvothermal sample. The specific surface
area was investigated using nitrogen sorption analyses via Micromeritics
surface area and porosity analyzer (ASAP 2020 HD88, USA).

Capacitor Fabrication and Electrochemical ~Characterization: The
electrochemical performances were investigated using 2032 coin cells.
To prepare the working electrode, the slurry contained a mixture of
MnNCN, carbon black, and carboxymethyl cellulose at a weight ratio of
70:20:10 was bladed on a Cu foil (thickness 10 pm, Shenzhen POXON
Machinery Technology Co., LTD) with a setting thickness of 150 pm and
then subjected to thermal treatment at 120 °C with 12 h in vacuum.
The mass loading of the active material on each electrode disk was
1.0-1.5 mg cm~2. The electrolyte was 1 m LiPFg in a 1:1:1 (vol%) mixture
of ethylene carbonate, dimethyl carbonate, and diethyl carbonate, and
a polypropylene film (Celgard 2400) was used as the separator. Li-ion
capacitors were fabricated in which commercial activated carbon was
employed as cathodes and MnNCN electrodes as anodes. In the process
of capacitor fabrication, Celgard separator packaged porous Li metal
foil was set between anode and cathode for separating both electrode
and guaranteeing the sufficient Li sources in the electrochemical cycles
as reported in reference.’> The fabrication of cathodes are similar with
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anodes but on an Al foil. Half cells were also assembled and lithium foil
was used as the counter electrode for investigating the electrochemical
properties of anode materials. All cells were assembled in an argon-filled
glovebox where both the content of oxygen and water are below 0.5 ppm.

Galvanostatic charge—discharge tests of all cells were carried out on
a Land CT2001A system (Wuhan, China) with various current densities.
The operating voltage window for MnNCN, activated carbon half cells
and Li-ion capacitors are 0.01-3.00 V (vs Li/Li*), 2.0-4.5 V (vs Li/Li*),
and 0.1-4.0 V (MnNCN//AC), respectively. CVs were conducted on a
Solartron SI 1287 at different scanning rate for characterizing the redox
reaction of electrode materials in the process of charge/discharge.
Electrochemical impedance spectroscopy were performed using the
Solartron 1287A in conjunction with a Solartron 1260A impedance
analyzer over the frequency range from 100 kHz to 0.01 Hz and the AC
amplitude was 10.0 mV. The current densities for the half cells were
calculated on the mass of active materials of electrodes and Li-ion
capacitors were determined based on total mass of active materials on
both electrodes. All electrochemical measurements were carried out
at room temperature. The specific energy and specific power values of
Li-ion capacitors were calculated as follows

P=IxAV/m
E =P xt/3600 )
AV = vmax - Vmin

where | is the discharge current (A g7') and t is the discharge time (s),
m is the total active mass on both electrodes (kg), Vima is the potential
at the beginning of discharge after the IR drop, and V,,;, is the potential
at the end of discharge.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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