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CoN films with nanoflake morphology are prepared by RF magnetron sputtering on Cu and oxidized Si sub-
strates and characterized by X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM),
high resolution transmission electron microscopy (HR-TEM) and selected area electron diffraction (SAED)
techniques. The thickness and composition of the films are determined by the Rutherford back scattering (RBS)
technique confirming the stoichiometric composition of CoN with a thickness, 200 (4 10) nm. Li-storage and

g?l/\lwords" cycling behavior of nanoflake CoN have been evaluated by galvanostatic discharge-charge cycling and cyclic
Thin films voltammetry (CV) in cells with Li-metal as counter electrode in the range of 0.005-3.0 V at ambient temperature.
Electrochemical behavior Results show that a first-cycle reversible capacity of 760 (& 10) mAhg ™~ ' at a current rate 250 mAg ™~ '(0.33 C)
Anodes increases consistently to yield a capacity of 990 (4 10) mAhg ™! after 80 cycles. The latter value corresponds to

Li-ion batteries 2.7 mol of cyclable Li/mol of CoN vs. the theoretical, 3.0 mol of Li. Very good rate capability is shown when cycled
at 0.59 C (up to 80 cycles) and at 6.6 C (up to 50 cycles). The coloumbic efficiency is found to be 96-98% in the
range of 10-80 cycles. The average charge and discharge potentials are 0.7 and 0.2 V, respectively for the
decomposition/formation of LisN as determined by CV. However, cycling to an upper cut-off voltage of 3.0 V is
essential for the completion of the “conversion reaction”. Based on the ex-situ-XRD, -HR-TEM and -SAED data, the
plausible Li-cycling mechanism is discussed. The results show that nanoflake CoN film is a prospective anode

material for Li-ion batteries.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Lithium ion batteries (LIBs) as dominant dc power sources for the
mobile communication devices and portable computers, have
attracted attention due to their high energy density and recharge-
ability over a large number of discharge-charge cycles [1-4]. Specialty
graphite is used as the anode (negative electrode) with a theoretical
capacity of 372 mAhg~ ' in the commercial first-generation LIBs.
Graphite works on the basis of Li-ion intercalation-deintercalation
reaction during the charge-discharge operation, the Li-ions coming
from the cathode, a mixed oxide, LiCoO,. However, for the application
of LIBs to portable power tools and electric vehicles/hybrid electric
vehicles (EV/HEV), a higher energy density and safety-in-operation
are needed, and hence a lot of research effort has been expended
during the last decade to find alternative anode materials which can
yield high reversible capacities and which may work on a reaction
mechanism which is different from the intercalation-deintercalation
process. As a result, metals or their compounds which can form
alloys with Li (e.g., Sn+4.4 Li — Liy 4Sn), and compounds which can
reversibly react with Li via “conversion” reaction (e.g., CoO-+2
Li — Co + Li,0), have been found to give reversible capacities which
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are higher, by a factor two or three, than the theoretical capacity of
graphite [1,2,4].

Recent studies have shown that the conversion reactions occur not
only with CoO [5], but also with other transition metal oxides like,
Fe,03 [6], Fe304[7], complex oxides like, MnV,0g [8], ZnCo,04[9], and
nano-size particles of these oxides were found to be beneficial in
sustaining large number of discharge-charge cycles at various current
rates. Also, transition metal compounds with other anions like, fluo-
rides [10-12], oxyfluorides [13], sulphides [14], carbonates [15], phos-
phides [16,17], and antimonides [14,18] do undergo conversion
reactions.

Metal nitrides are attractive materials as prospective anodes since
the LisN that is formed by the conversion reaction, is an excellent ionic
conductor [19], and satisfies one of the essential criteria for a desirable
anode. In the literature, ternary metal nitrides of the general formula,
(Lis.xMx)N, M=Fe, Co, Ni, Cu [20-24] and LiNiN [25] have been
explored for their Li-cyclability. Many binary metal nitrides, in thin
film form, have been examined by the group of Fu: NisN [26] and FesN
[27] showed reversible capacities ranging from 324 to 420 mAhg ™.
Studies on thin films of CrN [28] and recently, (Cri_xFex)N, x=0-1
[29] and of VN [30] by the same group showed initial reversible
capacities in excess of 1000 mAhg~ ! when cycled in the voltage range,
0.01-3.5 V vs Li. While CrN retained ~1000 mAhg ™! after 30 cycles,
with significant electrode-polarization, films of the composition,
x=0.17 in (CrixFex)N and VN showed a stable capacity of
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Fig. 1. X-ray diffraction pattern (XRD) of nanoflake CoN grown on surface-oxidized Si
substrate. The line due to Si substrate is shown. Miller indices (h k I) of CoN are shown.

>800 mAhg~! in the range 10-50 cycles. The proposed Li-cycling
reaction mechanism, substantiated by complementary ex-situ studies,
involves the conversion reaction:

MN + 3Li" + 3¢ (electron) —M + Li;N(M = Cr, V, Fe) (1)

It will be of interest to examine other binary metal nitrides for
their Li-cyclability. Presently, we prepared thin films of CoN on Cu-
substrates, characterized and studied the discharge-charge character-
istics at various current (C) rates up to 80 cycles. Results show revers-
ible capacities over 950 mAhg ™! after 80 cycles at 0.33 C and 0.59 C
rates, whereas a capacity of 650 mAhg~! is shown after 50 cycles at
6.6 C rate. Complementary cyclic voltammetry and ex-situ X-ray
diffraction and HR-TEM data are also presented.

2. Experimental section

The CoN thin films were deposited on Cu-foil substrates (16 mm
in diameter, and 20 um thick discs, 99.9%) and on surface oxidized Si-
substrates (SHE, Japan; 6.25 cm? area and 380 um thick) by using RF
magnetron sputtering (Denton Vacuum Discovery 18 system) in N,
atmosphere. Both the substrates were contained in the sputtering
chamber. The Co-metal disc (Angstrom Sciences, 99.9%) was used as
the target. The deposition conditions are: RF power at 150 W, N,
partial pressure at 10 mTorr, sputtering time, 120 min and substrate
temperature, 27 °C. Several films of CoN, of thickness ~200 nm were
deposited on the above substrates. The CoN films were characterized
by X-ray diffraction (XRD) using Philips X'PERT MPD unit (Cu K
radiation), Field emission scanning electron microscopy (FE-SEM)
(JEOL JSM-6700F), High resolution transmission electron microscopy
(HR-TEM) and Selected area electron diffraction (SAED) (JEOL JEM
3010 operating at 300 kV).

The Rutherford back scattering measurements were carried out
using the accelerator facility at the Centre for lon Beam Applications
laboratory. A 2 MeV Het beam with a 2 mm diameter and a current of
10 nA was used for the measurements at room temperature. The
energy of the backscattered particles were recorded using the 50 mm?
passivated implanted planar silicon (PIPS) detectors with an energy
resolution of ~18 keV. The detector was positioned at 170° scattering
angle. The experimental data were analyzed using the simulation
software XRUMP [31] to determine the composition and thickness of
the films.

For electrochemical measurements, the virgin CoN films grown
on Cu-substrate were used as the electrodes. The active mass of
the electrode was calculated by using the theoretical density of CoN
(6.106 g cm™3) and the geometrical area of the electrode, 2 cm? and
was found to be, typically, ~0.24 mg. The electrodes were dried in a

vacuum oven overnight at ~70 °C and transferred to Ar-filled glove
box (MBraun, Germany) for the cell assembly. The atmosphere in the
glove-box was maintained at <1 ppm of H,0 and 0,. Coin cells (size
2016; 20 mm in diameter and 1.6 mm thick) were assembled using the
CoN as the cathode, a glass microfiber filter (GF/F) (Whatman Int. Ltd,
Maidstone, England) as the separator and the electrolyte, 1M LiPFg
dissolved in ethylene carbonate (EC) + diethyl carbonate (DEC) in the
ratio of 1:1 volume (Merck). The Li-metal foil (Kyokuto Metal Co.,
Japan) was cut in to circular discs (16 mm diameter) and used as the
counter electrode. More details on the cell fabrication are described
elsewhere [32]. The fabricated cells were aged for 12 h before mea-
surement to ensure penetration of electrolyte into the active material.
The galvanostic cycling and cyclic voltammetry were carried out at
room temperature using multichannel battery tester (model SCN,
Bitrode, USA) and Macpile II system (Biologic, France), respectively.
For the ex-situ XRD patterns of the discharged and cycled electrodes,
the cells were disassembled in the glove box, the electrodes were
recovered, washed with DEC, dried, covered with paraffin film to
protect them from exposure to air/moisture and mounted on the
XRD instrument. For ex-situ TEM studies, the electrode material was
scraped from the Cu-foil in the glove box and the powder was dis-
persed in ethanol by ultrasonic miller (Transsonic, 660/H, Germany)
and deposited on to a holey carbon coated Cu grid. More details on
sample preparation for ex- situ XRD and TEM are reported elsewhere
[15,32].

3. Results and discussion
3.1. Structural and morphological characterization

Suzuki et al [33] have prepared thin films of CoN by dc reactive
sputtering and studied their crystal structure and magnetic proper-
ties. They found that CoN adopts a cubic zinc blende-type structure
with a=4.297 A. Fig. 1 shows the XRD pattern of CoN thin film
deposited on surface oxidized Si (111) substrate. The Miller indices (h
k I) correspond to the cubic structure with the space group, F 43 m.
The lattice parameter was calculated by using least square fitting of 26
and (h k1) values and found to be a=4.291 (5) A, in good agreement
with the reported value of 4.297 A [33] [JCPDS card no. 83-0831]. The
XRD pattern of the CoN film deposited on the Cu-substrate is shown in
Fig. 2. Because of the preponderance of the intensities of the lines due
to the Cu-substrate and the Al-sample holder, the characteristic lines
due to CoN are of low relative-intensity. However, the lines due to
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Fig. 2. XRD patterns of the bare CoN electrode grown on Cu-substrate and those of the
electrodes of CoN discharged to 0.5 and 0.005 V, and charged to 3.0 V at the end of 1st
cycle. Miller indices assigned to the peaks of bare CoN are shown. The symbols (*#)
represent the lines due to Cu-metal (electrode substrate) and Al-metal (sample
holder). The y-axis values are normalized for better comparison of the XRD patterns.
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Fig. 3. Rutherford back scattering (RBS) spectrum of nanoflake CoN grown on surface-
oxidized Si substrate. The simulated partial spectra due to the individual elements are
indicated.

Miller indices (111) and (200) can be clearly seen, which are in
agreement with those shown in Fig. 1.

Rutherford back scattering (RBS) or more accurately, elastic back
scattering is a valuable technique that can give information on the
chemical composition, and in the case of thin films, their thickness
[34]. Briefly, in a typical experiment the sample (e.g., thin film
deposited on a substrate) is exposed to a beam of fast ions, like He™
ions. The ions will collide with both the surface atoms as well as those
present in the bulk, up to a certain depth, and get back-scattered. The
mass ratio of the ions and the colliding target atom together with
scattering angle (170°) will determine the kinetic energies of the
back-scattered ions. The RBS spectrum displays the number of back-
scattered ions vs. energy or channel number. Because the scattering
probability is quantitatively known, with an appropriate simulation
code (XRUMP), one can extract composition and thickness of thin film
systems. Fig. 3 shows a typical 2 MeV RBS spectrum obtained for the
CoN film on surface oxidized Si-substrate. In the figure, the full circles
are the experimental data and the continuous lines denote the
simulated data using the XRUMP [31]. The back scattering surface
energies of different elements present in the sample are indicated in
the spectrum. Apart from the total simulated spectrum, the partial
spectra of silicon and nitrogen are also shown indicating the
components of the overlapped region. The atomic percentage values
obtained for cobalt (50 at.%) and nitrogen (50 at.%) from the simu-
lations confirm the stoichiometry of the CoN films. The thickness
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Fig. 4. (a, b) FE-SEM photographs of nanoflake CoN grown on Cu-substrate at two different magnifications showing randomly oriented nanoflakes of size <100 nm. (c) HR-TEM
lattice image of nanoflake CoN. The interplanar (d-) spacings are indicated by arrows. (d) The SAED pattern of nanoflake CoN. Miller indices are indicated. Scale bars are shown.
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of the film was found to be 200 (4 10) nm. The bulk density of
6.106 g cm 3 of CoN was used in calculating the thickness. We
assume that the chemical composition and thickness of the CoN
films deposited on Cu-substrate are identical to those deposited on
oxidized Si-substrates, since both the films were deposited under
the same conditions in the sputtering chamber.

The FE-SEM photographs of the CoN nanoflakes grown on Cu-foil
are shown in Fig. 4 a, b. As can be seen, nanoflakes of size <100 nm are
densely packed but are randomly oriented with an aspect ratio, 10:1.
The HR-TEM lattice image and SAED pattern of the CoN film are shown
in Fig. 4 c,d. Randomly oriented crystalline-regions and some amor-
phous regions are clearly seen. The d-spacings (inter planar distances)
of the planes in Fig. 4c are 2.50 (£0.02) and 2.12 (£ 0.02) A and these
correspond to the Miller indices (111) and (200), respectively of CoN
(Fig. 1). The SAED pattern shows highly resolved concentric diffuse
rings and some bright spots (Fig. 4d). The diffuse rings indicate the
nano-phase nature of CoN. The calculated d-values from the rings are:
2.50, 2.12 and 1.49 (40.02) A and these correspond to the (h k I)
values (111), (200) and (220), respectively. Thus, from the above data,
we conclude that the CoN films consist of nanoflakes of size <100 nm,
densely packed with a total layer thickness, 200 (4 10) nm.

3.2. Electrochemical properties
3.2.1. Galvanostatic cycling

The discharge-charge profiles (voltage vs. capacity curves) of
nanoflake CoN at a current density 250 mAg~ ' (0.33 C) in the voltage
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window, 0.005-3.0 V vs. Li, up to 80 cycles are shown in Fig. 5a, b.
During the first discharge, that is, reaction with Li, the voltage drops
from the open circuit voltage (OCV~2.6 V) continuously with small
and broad plateaus at ~1.3 and at ~0.8 V. At this point, the capacity is
~300 mAhg~ ! which corresponds to the consumption of ~0.8 mol of
Li/mol of CoN. After this, a large voltage plateu is observed at ~0.6 V
up to a capacity of 570 mAhg ™! (1.6 mol of Li) followed by a gradual
decrease in voltage up to the deep discharge limit, 0.005 V. The total
first discharge capacity is 1080 (+10) mAhg~! (2.94 mol of Li). This
value is close to the theoretical capacity of 1102 mAhg~ ! (3 mol of Li
as per Eq. (1)) expected from the complete reaction of CoN with Li and
formation of Co-metal nano particles and LisN [26-30]. The first
charge profile (extraction of Li) comprises a fairly large voltage plateu
at ~0.7 V, with capacity ~350 mAhg ™! (~0.95 mol of Li) followed by a
smaller plateu at ~1.3 V. The overall first charge capacity is 760
(£ 10) mAhg ™~ (2.07 mol of Li) and thus, the irreversible capacity loss
(ICL) observed during the first cycle is 320 mAhg ™! (0.87 mol of Li).

The second discharge profile shows a variation from the first-
discharge profile indicating a slightly different electrode reaction. The
plateau at ~0.6 V noticed during the first discharge is not observed and
the plateu at ~0.8 V becomes more prominent (Fig. 5a). The total
second discharge capacity observed is 780 (& 10) mAhg~' (2.12 mol
of Li). The second charge profile is analogous to the first-charge profile
showing a similar cycling behavior and the charge capacity is 755
(4+10) mAhg~ !, almost the same as the first- charge capacity. With an
increase in the cycle number, the reversible capacity decreases
slightly. However, after 5 cycles, it increases slowly but consistently
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Fig. 5. Galvanostatic discharge-charge curves of nanoflake CoN: (a) 1-10 cycles and (b) 20-80 cycles, at 250 mAg~ ' (0.33 C) in the range of 0.005-3.0 V. Only selected cycles are
shown for clarity. Numbers indicate cycle number. (¢) Capacity vs. cycle number (up to 80 cycles) plots of nanoflake CoN. Voltage range, 0.005-3.0 V vs. Li, at C-rates of 0.33, 0.59 and
6.6 C. (d) Discharge-charge profiles of nanoflake CoN up to 20 cycles at 450 mAg ! (0.59 C) in the range of 0.005-2.0 V. The numbers indicate cycle number.
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t0 990 (4 10) mAhg~! at the end of 80th cycle (Fig. 5b, ¢). Assuming
1 C=760 mAg~ !, the current rate of 250 mAg™ ! corresponds to
0.33 C[35]. There is also a qualitative change in the discharge-charge
profiles in the cycling range, 20-80 cycles: The well-defined voltage
plateau regions are absent and show somewhat smoothly varying
curves (Fig. 5b). In order to establish the rate capability of the
nanoflake CoN films, galvanostatic cycling was carried out on dupli-
cate cells at 450 mAg ™! (0.59 C) up to 80 cycles, and at 5000 mAg ™!
(6.6 C) up to 50 cycles at room temperature. The voltage-capacity
profiles are similar to those shown in Fig. 5a, b. The capacity vs cycle
number plots are shown in Fig. 5c. As can be expected, the reversible
capacities are smaller in comparison to those measured at 0.33 C.
However, the general trend of the cycling behavior is similar. That is,
there is an initial decrease in the capacity up to a few cycles, followed
by a consistent increase up to the end of cycling. Thus, at 0.59 C-rate,
the capacity increases from 670 mAhg~! at the 5th cycle to 950
(+10) mAhg~! (2.6 mol of Li) at the 80th cycle. Similarly, at 6.6 C-
rate, the reversible capacity increases from 570 mAhg™! at the 5th
cycle to 690 (+10) mAhg™' (1.9 mol of Li) at the 50th cycle. From
Fig. 5¢, it can be seen that the discharge and charge capacities overlap
well and the coulombic efficiency (7)) is 96-98%.

Galvanostatic cycling was also carried out on duplicate cells at
450 mAg~! (0.59 C) up to 20 cycles, in the voltage window 0.005-
2.0 V vs Li, in order to see the effect of reducing the upper cut-off
voltage. The voltage-capacity profiles, shown in Fig. 5d, are qualita-
tively similar to those in Fig. 5a, b. The total first-discharge capacity
is 925 (£10) mAhg~! (~2.5 mol of Li), whereas the first-charge
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capacity is 595 (+10) mAhg~'. The ICL is thus 330 mAhg~! and
compares well with the value of 320 mAhg ™! obtained at 0.33C, with
the upper voltage cut-off of 3.0 V (Fig. 5a). However, the capacity
decreased consistently in the range 2-20 cycles, reaching a value of
505 (+10) mAhg~! (1.4 mol of Li) at the 20th cycle. Hence, we
conclude that cycling to an upper cut-off voltage of 3.0 V is necessary
in order to realize the high capacities over extended number of cycles.

It is well-known that the ICL during the first-cycle arises due to the
extra consumption of Li, in addition to that needed for the reduction
of metal oxide, fluoride, nitride etc to the respective metal nano-
particles (e.g., Eq. (1)), for the formation of solid electrolyte inter-
phase (SEI), and a polymeric layer, under deep discharge conditions,
0.005 V vs Li [5,9,14,36]. The solvents present in the electrolyte,
namely EC and DEC participate in the reaction with Li to form the
above SEI and polymeric layer. During subsequent discharge and
charge cycling, at least up to a certain number of cycles, the latter two
re-form and decompose respectively, till a stable structuring of the
electrode is attained. This is called “formatting” of the electrode, after
which the SEI gets stabilized and the reversibility of the electrode
as well as the 1) are improved. Studies on oxides like CoO [5,14,36] and
ZnCoy04 [9] have shown that in order to realize the maximum
obtainable reversible capacities during cycling, it is essential to
employ an upper cut-off voltage of >3.0 V vs Li. This is to enable
the decomposition of the polymeric layer formed (or re-formed under
deep discharge) on the nano-particles of the active material. As can be
seen from Fig. 5b, ¢ and d, cycling up to 3.0 V is essential to obtain
high and reversible capacities in CoN. We note that the group of Fu
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Fig. 6. Cyclic voltammograms of nanoflake CoN: (a) 1st cycle and (b) 2-20 cycles. Only selected cycles are shown for clarity. Scan rate is 58 uVs~ . Li-metal anode is the counter and
reference electrode. Numbers represent the potentials in Volts. (c) Differential capacity (dQ/dV) vs. Voltage plot for the first-cycle extracted from the galvanostatic capacity-voltage
profiles of Fig. 5a. (d) Differential capacity (dQ/dV) vs. Voltage plot for the 20th-cycle extracted from the galvanostatic capacity- voltage profiles of Fig. 5b.
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employed an upper cut-off voltage of 3.5 V vs Li for CrN [28], (Cry_xFey)
N [29] and VN [30] and obtained high reversible capacities.

3.2.2. Cyclic voltammetry

Cyclic voltammetry studies act as complementary tool to the
galvanostatic cycling data in establishing the voltages at which the
reactions occur and the existence of two-phase region. The cyclic
voltammograms (CV) were recorded in the potential range 0.005-
3.0V, at the slow scan rate of 58 uV/s up to 20 cycles and are shown in
Fig. 6a, b. The Li metal is used as the counter and reference electrode.
As can be seen in Fig. 6a, during the first cathodic scan (reaction of
Li with CoN), starting from OCV (~2.6 V) a smooth sloping curve up
to ~1.7 V is observed with low intensity peaks at 1.68 V and 0.84 V.
This is an indication of single phase reaction and reduction of Co>" in
CoN forming Lix(CoN). The low-intensity peaks may represent phases
with different values of x or phase transitions in Liy(CoN). An intense
cathodic (reduction) peak is observed at 0.58 V, followed by another
strong peak at 0.2 V. As will be discussed later, these peaks represent
the structure- destruction followed by the formation of Co-metal
and Li3N in a two-phase reaction. During the first anodic scan (Li
extraction), the CV shows a strong peak at 0.7 V followed by minor
peaks at 1.37 and 2.32 V (Fig. 6a). These peaks are the indication of
decomposition of LisN and formation of CoN (reverse reaction of
Eq. (1)).

The second cathodic scan differs from the first one in that the peak
at 0.58 V is absent and all the other cathodic peaks show minor shifts
in potentials (Fig. 6b). In the second anodic scan, the intense peak at
0.7 V appears as in the first anodic scan and the minor anodic peaks
now appear at 1.05 V and 2.10 V. With an increase in the cycle number,
the CVs overlap well showing good reversibility. However, develop-
ment of minor additional peaks at 1.45 V and 1.0 V in the cathodic
scans, and a peak at ~1.45 V in the anodic scans are clearly noted.
The low-intensity multiple peaks in the cathodic/ anodic scans are an
indication of intermediate step-reactions for the decomposition/
formation of CoN during cycling. The differential capacity (dQ/dV) vs.
voltage plots for the first and 20th cycle are shown in Fig. 6¢ and d.
These are extracted from the galvanostatic capacity vs. voltage profiles
of Fig. 5a and b, respectively. The voltage plateau regions in the latter
profiles appear as peaks in Fig. 6¢ and d, respectively. As is clear, they
show an excellent resemblance to the CVs in Fig. 6a and b, both in the
shape as well as the values of the peak potentials, thereby confirming
the complementary nature of the CVs, and reproducibility of the
electrochemical properties of the CoN-Li system. From the data of
Fig. 6, we note that the formation and decomposition of LisN occurs
at potentials ~0.2 and ~0.7 V, respectively. The decomposition and
formation of CoN occurs mainly at potentials ~0.75 and ~1.05 V,
respectively (Fig. 6a,b). However, the existence of several low-
intensity peaks in the range, 1.0-2.1 V, both in the cathodic and
anodic scans indicate that the “conversion” reaction involves the
formation of intermediate compositions, (Liz_xCox)N (e.g., x=0.1-
0.44 [20,21]), and cycling up to 3.0 V is essential for the realization of
full reversible capacity. We may mention here that Gillot et al [37] and
Boynov et al [38] have shown that in the NiP,-Li system, Li-cyclability
occurs through the formation/ decomposition of an intermediate
phase, Li;NiP,.

3.2.3. Ex-situ XRD, TEM and SAED

Studies by the group of Fu on CrN [28], (Cry_xFex)N [29] and VN
[30] have shown that the crystal structure destruction occurs during
the first discharge due to the reaction of Li with the starting materials
followed by the formation of nano-size metals and LisN. Subsequent
charging will re-form VN releasing Li-ions and electrons (reverse
reaction of Eq. (1)). In order to confirm the crystal structure des-
truction in the case of CoN, several identical cells were assembled and
then discharged /charged to selected voltages. After stabilizing for
about 2 h, the cells were disassembled in the glove box and treated as

described in experimental section. The XRD patterns of the electrodes
during the first cycle are shown in Fig. 2. The relative intensities
(y-axis) have been normalized for better comparison. The XRD
pattern of electrode discharged to 0.5 V did not show any peaks of
CoN and peaks due to Cu-substrate and Al-sample holder only are
seen. This shows the structure destruction started slightly above
0.5 V and corroborates the galvanostatic and CV data where a large
voltage plateau sets in at ~0.58 V indicating two-phase reaction.
The XRD pattern at 0.005 V during the first-discharge is also
devoid of any peaks indicating that the electrochemically-formed
species (Co-metal and Li3sN) are not noticeable, due to their nano
size nature [9,15,28,30]. Similarly, the XRD pattern taken at 3.0 V at
the end of first-charge also does not show any characteristic peaks
due to CoN.

The ex-situ HR-TEM lattice image and the SAED pattern of the
CoN electrode in the fully charged state (3.0 V) after 80 cycles are
shown in Fig. 7a and b, respectively. Fig. 7a compares well with the
lattice image of virgin CoN film of Fig. 4c and shows the nano-
crystalline grains (~3-5 nm) embedded in an amorphous matrix. The
interplanar d-spacing is found to be 2.51(+0.02) A, which corre-
sponds to the (111) plane of CoN. The grain-size reduction of the
embedded particles in an amorphous matrix is due to the so called
“electrochemical grinding” effect [14]. The SAED pattern comprises a
diffuse set of concentric rings with some bright spots indicating low-
crystallinity of CoN (Fig. 7b). The d-values calculated from the rings
are 2.51, 2.13 and 1.45 (+0.02) A and correspond to the (h k I) values
(111), (200) and (220), respectively of CoN. These values are in good

CoN (111)

4
»

“=CoN (200)

Fig. 7. (a) HR-TEM lattice image and (b) SAED pattern of cycled electrode nanoflake CoN
in the charged state (3.0 V) after 80 cycles in the range, 0.005-3.0 V vs. Li. The d-spacing
is shown by arrows. The Miller indices of CoN are indicated. Scale bars are shown.
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agreement with the d-values calculated from the XRD pattern and the
SAED of virgin material shown in Fig. 4d. Thus, from the ex-situ XRD, -
HR-TEM and -SAED data, we conclude that during the discharge
process, CoN decomposes to Co and LisN whereas during the charging
process, re-formation of CoN occurs. We note, however, that some un-
reacted CoN may also be contributing to the observed data, and hence,
ex-situ HR-TEM and -SAED on the discharged-product after 80 cycles,
is also necessary to substantiate the above statement.

3.3. Reaction mechanism

Based on ex-situ XRD, HR-TEM and SAED patterns and the ob-
served galvanostatic cycling and CV data, a Li- cycling mechanism can
be proposed similar to that established by Sun and Fu for the metal
nitrides, CrN [28] and VN [30] except for an intermediate step during
the first-discharge involving Li-intercalation, Eq. (2):

CoN + 0.8Li" 4 0.8~ —Li,yCoN 2)
LiggCoN + 2.2Li" +2.2¢” —Co + LisN (3)
Co + LiyN—CoN + 3Li" + 3¢~ (4)

The reaction in Eq. (2) is supported by the galvanostatic cycling
(Fig. 5a) and CV (Fig. 6a), where a smoothly varying voltage profile is
noted up to ~0.6 V during the first- discharge, with minor voltage
plateaus observed at ~1.3 V and ~0.8 V, and consumption of 0.8 mol of
Li (capacity of ~300 mAhg~!). The broad voltage plateau appearing
both in the galvanostatic profile (Fig. 5a), and as a peak in CV (Fig. 6a)
at 0.58 V indicates the crystal structure destruction (amorphisation)
followed by Eq. (3), indicating the co-existence of intercalated phase
(LipgCoN), Co and LisN. This is well-supported by the ex-situ XRD
(Fig. 2). The XRD peaks due to Co and LisN are not seen due to their
nano size nature.

The theoretical reversible capacity based on the reaction mechan-
ism Eq. (4) is 1102 mAhg~"' (3 mol of Li), but the experimental first-
discharge capacity observed is 1080 (+10) mAhg™! (2.94 mol of Li).
As discussed earlier, considerable amount of Li will also be consumed
during the first-discharge for the formation of SEI and polymeric layer
on the freshly generated Co-metal nano-particles. Hence, we assume
an incomplete participation of the active material during the first-
discharge. The first-charge process can be represented by the forward
reaction of Eq. (4), analogous to Eq. (1). The first-charge capacity is
only 760 mAhg ™! (2.06 mol of Li) which indicates that ~0.9 mol of Li
might have been consumed for the formation of SEI and polymeric
layer. The second and subsequent cycling involve only Eq. (4) and do
not appear to go through Eq. (2), due to the continuous decrease in the
width of the voltage plateau at ~0.6 V (Fig. 5a,b and d). With an
increase in the cycle number, both the discharge and charge capacities
show a systematic increase, indicating an increase in the participation
of the “active material” in each cycle, ultimately reaching 990 mAhg !
(2.7 mol of Li) at 0.33 C rate, at the end of 80th cycle. We note,
however, that neither the theoretical reversible capacity nor the
observed first-discharge capacity have been achieved till the 80th
cycle, indicating that full participation of the “active material” possibly
needs cycling beyond 80 cycles. The same trend is shown when cycled
at both 0.59 C and 6.6 C rates (Fig. 5¢). An increase in the reversible
capacity with an increase in the cycle number has been observed in
several oxide systems in the literature, like LIMVO4, M = metal [39],
nano-Fe304 [7], LiHoOMo30g [32] and LiYMo3Og [40]. An explanation
similar to that for CoN can be given for the observed cycling behavior
of the above compounds.

It is relevant to compare the present data on nanoflake CoN with
those reported by Fu and co-workers on thin films of CrN [28], FeN

[29] and VN [30]. Their thin films varied in thickness from 400 to
700 nm, and TEM showed smooth films without any characteris-
tic morphology. They found that, when cycled at 28 pA/cm?
(~230 mAg~ !, based on the weight of the film) in the range
0.005-3.5 V vs Li, CrN showed a first cycle charge capacity of
1200 mAhg~ ' (2.96 mol of Li vs. theoretical 3 mol of Li/formula
unit) which slowly degraded at 0.5%/cycle up to 30 cycles. Under
similar conditions, films of VN gave a first cycle charge-capacity of
1156 mAh/g, which degraded slowly, but stabilized to 800 mAhg ™!
(1.94 mol of Li/formula unit) in the range, 15-50 cycles. On the
other hand, FeN films showed a first-cycle charge-capacity of
1020 mAhg~— !, which degraded drastically to 40 mAhg~' after
30 cycles. Thus, we conclude that the cycling performance of
nanoflake CoN is comparable to those of thin films CrN and VN, and
in addition, shows very good rate-capability.

4. Conclusions

Nanoflake CoN is prepared by RF magnetron sputtering technique
and characterized by XRD, RBS, FE- SEM, HR-TEM and SAED
techniques. The thickness and composition, analyzed by RBS, confirm
the formation of CoN with a thickness, 200 (4 10) nm. The Li-cycling
behavior of nanoflake CoN is evaluated by galvanostatic discharge-
charge cycling and cyclic voltammetry (CV) with Li as the counter
electrode at room temperature. When cycled at a current density
250 mAg~! (0.33 C) in the voltage window 0.005-3.0 V, nanoflake
CoN film showed an initial reversible capacity of 760 (4 10) mAhg !
which increases consistently to 990 mAhg~ ! (2.7 mol of Li/mol of
CoN) at the end of 80th cycle. Excellent rate capability is also shown:
At 0.59 C, a capacity of 950 (£ 10) mAhg™! (2.6 mol of Li) after
80 cycles, and at 6.6 C, a capacity of 690 (+ 10) mAhg ™! (1.9 mol of Li)
at the end of 50 cycles, are observed. The coloumbic efficiency is found
to be 96-98% in the range of 10-80 cycles. The average charge
potential for the decomposition of LizN is 0.7 V whereas the average
discharge potential for the formation of LisN is 0.2 V vs. Li. However,
complete reversibility of Eq. (4) requires cycling to an upper cut-
off voltage of 3.0 V and appears to go through intermediate phases,
(Li3_xCox)N. The observed galvanostatic cycling, CV and ex-situ-XRD, -
TEM and -SAED data have been interpreted in terms of the conversion
reaction involving the nano-phase composite “Co-LisN”. The Li-
cycling performance of nanoflake CoN films is compared with those
of CrN, FeN, and VN reported in the literature. Thus, the present study
shows that nanoflake CoN films can be a prospective anode material
for the future generation LIBs.
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