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ABSTRACT A facile strategy was designed for the fabrication of
hybrid of CosSn,@Co nanoparticles (NPs) and nitrogen-doped
graphene (NG) sheets through a hydrothermal synthesis, followed
by annealing process. Core—shell architecture of Co;Sn,@Co pin on
NG is designed for the dual encapsulation of Co;Sn, with adaptable
ensembles of Co and NG to address the structural and interfacial
stability concerns facing tin-based anodes. In the resulted unique

architecture of Co3Sn,@Co—NG hybrid, the sealed cobalt cover
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prevents the direct exposer of Sn with electrolyte because of encapsulated structure and keeps the structural and interfacial integrity of CosSn,.

However, the elastically strong, flexible and conductive NG overcoat accommodates the volume changes and therefore brings the structural and electrical

stabilization of Co;Sn,@Co NPs. As a result, Co;5Sn,@Co—NG hybrid exhibits extraordinary reversible capacity of 1615 mAh/g at 250 mA/g after 100 cycles

with excellent capacity retention of 102%. The hybrid bears superior rate capability with reversible capacity of 793.9 mAh/g at 2500 mA/g and Coulombic

efficiency nearly 100%.
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evelopment in automobile market is
Dpresently aimed at producing low

emission cars, such as zero emission
electric vehicles (EVs). Thus, suitable energy
storage devices are required to realize prac-
tically these sustainable vehicles; fortunately
the high energy storage lithium ion batteries
(LIBs) are considered as ideal candidates.' >
To make these batteries appropriate for EVs,
more improvements are necessary in terms
of energy density, cycle life and capacity
retention. An enhancement in capacity re-
tentions and cycle life necessarily needs
to develop new electrode materials with
advanced and novel chemistries. For this
purpose, anode materials that are capable
of deep doping of lithium and prevent
dendrites formation on their surface during
repeated charge—discharge process are
necessary.* Anodes based on graphite are
not able to achieve sufficient capacity values
for EVs because of low theoretical capacity
(372 mAh/g).’ In this context, other anode
materials have been investigated such as
metals/metal oxides®° metal sulfides,'®"’
metal nitrides,'>'* polymers'* and metal alloys
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and their hybrids.">~ "8 Tin (Sn) is a promising
material as anode among the high theoretical
capacity materials with theoretical capacity
of 994 mAh/g."® Although Sn has attracted
intensive attention of researchers due to its
high theoretical and specific capacity, low
cost and ease of availability, the major draw-
back of Sn is its drastic volume expansion
about 300% because of the conversion reac-
tion between Sn and Lis4Sn, which causes
electrode pulverization, continuous depletion
of electrolyte because of the regeneration
of solid electrolyte interface (SEI) film, loss
of electric contact and low conductivity.*°
These drawbacks result in low capacity and
rate capability, capacity fading and poor cyclic
life. These issues can be overcome by incor-
poration of the electrochemically inactive
materials that can prevent volume changes;
in this regard, 3d transition metals are advan-
tageous to improve the performance of Sn
like Fe, Ni, Co, etc.'®'® 2> Among them, cobalt
is more favorable to enhance the perfor-
mance by facilitating the storage of lithium
without forming any lithium-based alloy due
to its nonelectrochemical nature.?? But the
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incorporation of an inactive metal in bulk did not
solve the problem of capacity fading and poor rate
capability because of surface reactions, low conductiv-
ity and structural shrinkage. Thus, to overcome these
problems, scientists try to use different morphologies
like amorphous powder,?® nanoparticles (NPs),?® nano-
wires'? and their hybrids with carbon,” carbon nano-
tubes (CNTs)*? and graphene.?® All these efforts bring
the improvement in the capacity performance and
cyclic life of Sn, but studies are still needed to improve
the capacity retention and rate capability at higher
charge—discharge rates as there is large capacity loss
after 50 cycles or low capacity that hinders its applica-
tion for high energy density applications.?”2 Shin et al.
reported the synthesis of carbon nanofibers coated
SnCo alloy and studied the effect of different carbon
sources on the growth of SEI film.?° They concluded
that the regeneration of SEl film on the surface of active
material due to volume changes cause low capacity
and capacity fading. It is believed that if the surface is
covered by an inactive material might result inhibition of
surface reaction, dendrite formation and the regenera-
tion of SEl film. Herein, we designed a strategy to seal the
Sn in the shell of inactive material to control the afore-
mentioned problems and enhance the capacity with
longer life. In addition, it can prevent the decomposition
of electrolyte via controlling continued depletion by the
formation of thick SIE film that will increase the cyclic life
of the electrode and controlled thickness of SEI film is
highly required for the practical applications of LIBs.

Graphene, single-atom-thick 2D sheet of sp? hybri-
dized carbon atoms, has large surface area with porosity,
mechanical robustness and high electrical conductivity
and therefore is being a promising matrix for high
energy density materials 33" In fact, the superior elec-
trical conductivity of graphene increases the overall
conductivity of electrode.®” So far, practical and theo-
retical investigations have explored that doping of
heteroatoms (S, B, P, N, etc.) in the sheets of graphene
could further boost its conductivity and electrochemical
performance.®*~3” The introduction of heteroatoms cre-
ates defects that are active sites to anchor NPs and pre-
vent their aggregation during charging—discharging
process.>® Meanwhile, the degree of restacking of gra-
phene sheets can be reduced by using surfactant or
anchoring of NPs on graphene sheets, subsequently
keeping their high active surface area and enhancing
the lithium storing capacity and capacity retention.>¥*
It is well-known that nanomaterials have advantages
over bulk counterparts for better cyclic performance
and short path of diffusion for lithium ions (Li*) because
of large contact area between electrolyte and elec-
trode*' Thus, it is assumed that hybrid of nitrogen-
doped graphene (NG) with core—shell CozSn,@Co NPs
can effectively use synergetic merits of nanosized
CosSn,@Co and NG, resulting in extraordinary perfor-
mance with excellent capacity retention.
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Here, we develop a facile strategy to synthesize
double encapsulated CosSn, NPs with flexible kits of
Co and NG, Co3Sn,@Co—NG hybrid as an advanced
anode for high performance LIBs. The core—shell
architecture was developed in a single step conversion
from Co,Sn0,4 to CosSn,@Co without using conven-
tional seed-mediated growth. Thin Co shell is intro-
duced on tin-based core as an inactive buffer to
prevent surface reactions and, ultimately, dendrite for-
mation, thick SEI film, structural integrity, and agglom-
eration of NPs with ongoing charging—discharging
because of its nonreactive storage of Li*. The introduc-
tion of NG not only functions as buffer to effectively
accommodate strain caused by the volume changes
of NPs, but also acts as robust network to preserve
the electronic conductivity of the electrode. CozSn,@
Co—NG hybrid displays extraordinary LIBs perfor-
mance with outstanding reversible capacity, excellent
capacity retention, high Coulombic efficiency, good
rate capability and superior cyclic performance, high-
lighting the importance of the unique combination of
core—shell Co3Sn,@Co—NG for the synergetic effect of
core—shell structure and NG overcoating to overcome
the aforementioned problems and achieve the max-
imum electrochemical performance.

RESULTS AND DISCUSSION

The formation mechanism of Co3Sn,@Co—NG hy-
brid is illustrated in Scheme 1. First, NG was prepared
from graphene oxide (GO) by solvothermal method
in the presence of NH3; and NaOH. It is concluded
from our previous work that good dispersion of gra-
phene is necessary in the hybrid to utilize its maximum
advantages.***® Here, cetyltrimethyl ammonium bro-
mide (CTAB) was employed to control the size and size
distribution of NPs along with the restacking of gra-
phene and dispersion. In the second step, Co,Sn0,4
NPs were decorated on NG by hydrothermal process
from SnCl,-5H,0 and CoCl,-6H,0 in the presence of
CTAB. Functional groups and defects present on gra-
phene sheets are the nucleation and anchoring sites
for NPs. Furthermore, the annealing at 800 °C with a
heating rate of 5 °C/min for 1 h under reducing (Ar/H,)
environment converts Co,SnO; NPs to core—shell
CosSn,@Co NPs. Therefore, annealing is also effective
for better adhesion and good electrochemical cou-
pling between NPs and NG sheets. Another advantage
of annealing is that it also reduces the remaining free
oxygenated functional groups present on the surface
of NG, which lowers the conductivity of graphene and
causes thick SEI film.**

X-ray diffraction (XRD) analysis was employed to ex-
plore the chemical composition and structure of hybrids.
Figure 1a represents the XRD patterns of Co,SnO,—NG
and CosSn,@Co—NG hybrids. From Figure 13, it is ob-
vious that the positions and intensity of the diffraction
peaks of sample are well matched to the standard card of
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Scheme 1. Schematic illustration of synthetic method of Co3Sn,@Co—NG hybrid and its electrochemical mechanism for
reversible Li* storage; conductivity enhancement effect of NG.
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Figure 1. (a) XRD patterns of Co,Sn0,—NG and Co3Sn,@Co—NG hybrids. XPS spectra of (b) CosSn,@Co—NG hybrid and
(c) NG. (d) N, adsorption—desorption isotherm of Co3Sn,@Co—NG hybrid (inset shows pore size measurements using BJH
adsorption).

C0o,5n0, (JDPS No. 29-0154), confirming its pure phase (JDPS No. 26-0490). The presence of three main peaks

and well-crystalline growth on NG sheets. To obtain the
final product, Co,SnO,—NG hybrid was converted to
Co3Sn,@Co—NG hybrid by annealing. Figure 1a rati-
fies the well-defined and pure phase of CosSn, as
all peaks are in resemblance with the standard card
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(111), (200) and (220) of cobalt (JPDS No. 15-0806)
confirms the existence of cobalt shell on the CosSn,
NPs. The existence of graphene was also pointed by
the XRD analysis as the basic graphitic peak of (002)
plane of graphene at 8 = 24.5—27.5° was obvious from
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Figure 1a in the XRD pattern of Co,5n04—NG.** The
absence of broad graphitic peak in Co3Sn,@Co—NG
hybrid favors the inhibition of restacking of NG sheets.
Thus, these results confirm that the hybrid contained
disorderly stacked graphene and well crystalline
Co3Sn,@Co NPs. The XRD analysis of individual NPs
of Co,Sn0, and CosSn,@Co are shown in Figure ST,
which also shows the well-defined growth of indivi-
dual particles and all peaks are in accordance with the
respective standard cards.

Chemical composition of Co3Sn,@Co—NG hybrid
and NG is determined by the X-ray photoelectron
spectroscopy (XPS). Panels b and c of Figure 1 show
the XPS spectra of Co3Sn,@Co—NG hybrid and NG,
respectively; the existence of core levels of cobalt,
tin, oxygen, nitrogen and carbon assures the purity
of products. Further XPS studies show the presence
of 4.03 atom % nitrogen in the hybrid and it is
composed of two different types of nitrogen as shown
in Figure S2a. The N1s high resolution XPS spectrum
confirms the existence of the pyridinic (400.83 eV)
and pyrrolic (398.7 eV) types of nitrogen. Furthermore,
N1s spectra of NG presented in Figure S2b also contains
the same two kinds of nitrogen center.>® The reduction
of oxygenated groups after annealing is obvious from
the reduced peaks of oxygen in the XPS spectra. As XPS
spectrum of hybrid shows a little higher concentration
of oxygen than NG, it might be attributed to the
binding of NPs through oxygen to NG. Table S1 shows
the percentages of elements existing in the hybrid
and it is noted that hybrid contains ca. 9.75% oxygen.
This amount of oxygen comes from some oxygenated
groups on NG through which NPs are anchored,®® as
well as surface adsorbed oxygen. In addition, XPS can
detect oxygen (just like carbon) more easily, so a little
higher detection of oxygen is normal. This indicates the
possible generation of Co/Sn—0—C and Co/Sn—N—-C
bonds between NPs and NG sheets. Lower O/C ratio is
necessary to utilize the maximum conductivity and
electrochemical activity of the graphene. It is well-
known that out of plane oxygen destroys the sp?
hybridization of graphene and its higher electronega-
tivity disturbs the sz-electronic cloud, resulting in poor
conductivity.***¢ Here, the O/C ratios of NG (0.022) and
hybrid (0.11) are controlled to very low level, which
play a key role in the thickness of SEI film, dendrite
formation, conductivity and electrochemical perfor-
mance. Figure S3 represents the Raman spectrum of
graphene oxide (GO), NG and CosSn,@Co—NG hybrid
with their Ip/Ig ratios. The apparent increase in the Ip/lg
ratios from GO (0.948) to NG (1.049) confirms the
successful conversion of GO to NG with more disorderly
stacked sheets.*” Moreover, an increased intensity of
D-band in hybrid results in higher Ip/lg ratio (1.057)
because of the anchored NPs.***® This result further
supports the formation of Co/Sn—N—C or Co/Sn—0—C
bonds in the hybrid, which is probably essential for the
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high and stable electrochemical performance. To eval-
uate the surface area and porosity of the CosSn,@
Co—NG hybrid, Brunauer—Emmett—Teller (BET) anal-
ysis is employed with the nitrogen adsorption—desorp-
tion isotherm. As shown in Figure 1d, the well-defined
step of the isotherm type IV illustrates the mesoporous
structure of hybrid. The BET surface area of the hybrids
is 73 m*/g with an average pore diameter of 7.4 nm;
Barrett—Joyner—Halenda (BJH) analysis is shown in
the inset of Figure 1d. The BET studies indicate the
inhibition of restacking of NG sheets by NPs and
CTAB, which brings large surface area for better
electrode—electrolyte contact. Thermogravimetric anal-
ysis (TGA) and differential scanning colorimetry (DSC)
are used to find out the proper amount of graphene
with maximum loading of NPs, which can utilize the
synergetic effect of Cos;Sn,@Co and NG for the optimal
performance. Figure S4 shows the TGA/DSC curves
of hybrids with different amounts (70, 80, and 90 mg)
of graphene. The TGA/DSC test was done in air at
10 °C/min from room temperature to 1000 °C and two
apparent changes were observed. First change occurred
at temperature near 400 °C because of the removal of
NG and the second one was observed at 924 °C due to
the weight increase of metallic NPs by oxidation. Among
all these samples, the hybrid with 80 mg of NG showed
the existence of graphene up to 14.07% with maximum
loading of CosSn,@Co NPs. The loading of NPs was
determined by the weight increase due to oxidation
of the metallic alloy in the presence of air at higher
temperature. The maximum weight increase (19.20%)
observed in case of 80 mg in comparison to 70 and
90 mg samples confirms the maximum loading of NPs
on NG sheets. Thus, TGA/DSC studies confirmed that
hybrid containing 80 mg of NG has maximum loading of
NPs (85.93%) and NG (14.07%).

Morphological aspects of as-synthesized NPs and
hybrids are characterized using transmission electron
microscopy (TEM). Figure 2a shows Co,SnO,4 NPs pre-
pared via hydrothermal process have good crystalline
diamond-like hexagonal morphology. Figure S5a de-
scribes the TEM image of Co,SnO4 NPs prepared at
200 °C and it can be seen that NPs are not grown prop-
erly. But when the temperature increased to 250 °C,
the well-defined NPs grew as shown in Figure S5b,
emphasizing that a proper temperature is required for
the complete reaction between Co and Sn precursors
to construct the hexagonal morphology under high
pressure. The as-synthesized Co,SnO, NPs were an-
nealed at 800 °C under reducing environment (Ar/H,)
to engineer a unique and rational core—shell structure
of CosSn,@Co NPs as presented in Figure 2b, which
clearly shows that all particles have uniform shells of Co
and no aggregation was observed. The selected area
electron diffraction (SAED) pattern of CosSn,@Co NPs
is in accordance with the XRD pattern and further
confirmed pure and good crystalline growth of NPs.
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Figure 2. TEM images of (a) Co,SnO,; NPs, (b) CosSn,@Co NPs (inset shows the SAED pattern of CosSn,@Co NPs),
(c) Co,SN0,4—NG hybrid, and (d) CosSn,@Co—NG hybrid. (e) High-magnification TEM image of Co3Sn,@Co—NG hybrid.

(f) HRTEM image of Co3Sn,@Co—NG hybrid.

To develop Co3Sn,@Co—NG hybrid, Co,SnO,4 NPs
are first decorated on NG through the hydrothermal
method as described in Scheme 1. From Figure 2c, it is
obvious that NPs are well anchored and dispersed on
the NG sheets. Finally, Co,SnO,—NG hybrid is annealed
to develop an engineered hybrid of Co3Sn,@Co—NG as
presented in Figure 2d, which highlights the morphol-
ogy of unique hybrid with narrow size distribution and
good dispersion of NPs on graphene sheets. The inset
of Figure 2d indicates the particle size distribution that
ranges from ca. 7 to 23 nm with an average diameter
of 15.6 nm (adopted from Figure S6d). The high
magnification TEM image of CosSn,@Co—NG hybrid
is presented in Figure 2e to clearly observe the uniform
shell of Co on CosSn; core, as indicated by the red
circles with thickness of about 2 nm. To further explore
the structure, high resolution TEM (HRTEM) studies
were carried out and presented in Figure 2f. The lattice
spacing of 0.2986 nm corresponds to the (021) plane
of CosSn, (JDPS No. 26-0490) and 0.1301 nm relates to
the (220) plane of Co (JPDS No. 15-0806), approving the
core—shell structure of CosSn,@Co. The formation
mechanism of core—shell structure is based on the
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different melting temperature of Co and Sn, as Sn
has lower melting temperature than Co. Thus, at
higher temperature Sn melts and moves toward the
inside from the edges of particle to construct the core
of CosSn; and Co, because of its higher melting point,
remained at the boundaries of particles and resulted
in a unique engineered structure of CosSn,@Co. Fur-
thermore, this unique synthetic approach converts the
Co,5Sn0,4 to CosSn,@Co in a single step using the dif-
ferences in melting temperatures instead of conven-
tional seed-mediated growth.

However, different annealing temperature and rates
are selected to control the size distribution and uni-
formity of the shell. First, hybrid is annealed at 900 °C
with 10 °C/min and the resulted morphology is repre-
sented in Figure S6a, which shows the breakdown of
shell and graphene sheets with nonuniform particles.
Figure S6b represents the morphology of hybrid pre-
pared at lower annealing temperature of 800 °C with
the same heating rate; the shell uniformity gets better
and graphene is present in the form of sheets, but
the broad particle distribution is observed. To explore
the effect of annealing rate, then the hybrid is annealed
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Figure 3. Galvanostatic charge—discharge curves of Co3Sn,@Co—NG hybrid cycled 1st, 2nd, 50th, and 100th tested at current
density of 250 mA/g in the range of 0.005—3 V (vs Li*/Li). Cyclic voltammograms of (b) Co3Sn,@Co—NG hybrid, (c) Co3Sn,@Co,

and (d) NG at a scanning rate of 2 mV/s.

again at 900 °C with a rate of 5 °C/min, resulting in
better morphology, but the breakdown of shell is
found, as shown in Figure Séc. Finally, the hybrid is
annealed at 800 °C with a heating rate of 5 °C/min,
resulting in narrow size distribution and uniform
shell thickness as shown in figure Sé6d. Furthermore,
NG is also annealed at 800 °C with 5 °C/min to observe
the stability of graphene sheets at such a high tem-
perature; TEM and SAED pattern shown in Figure S7a
confirms that graphene is stable at these conditions.
Figure S7b shows the low magnification image of
Co3Sn,@Co—NG hybrid annealed at 800 °C with a
heating rate of 5 °C/min, endorsing the proper loading
and dispersion of NPs on NG sheets.

The electrochemical studies of as-synthesized
Co3Sn,@Co—NG hybrids were first delineated by the
galvanostatic charge—discharge curves at a current
density of 250 mA/g. Figure 3a shows the charge—
discharge profiles of hybrid in 1st, 2nd, 50th, and 100th
cycles. In the first discharge step, the hybrid shows a
long voltage plateau near 1.2 V, followed by the
sloping curve to the cut off voltage of 0.005 V, con-
firming the typical characteristics voltage trends of
cobalt—tin alloys electrodes.’® The hybrid shows
first discharge and charge values of 1902.5 and
15544 mAh/g, respectively. In comparison to the
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theoretical values of bulk Sn (994 mAh/g) and graphite
(372 mAh/qg), the extraordinary discharge capacity of
CosSn,@Co—NG might be attributed to the better elec-
trochemical coupling between NG and CosSn,@Co NPs,
the presence of Co shell and large electrochemical sur-
face area of NG and/or grain boundary area of nanosized
NPs.3839 Furthermore, high performance with excellent
capacity retention comes because of the dual encapsu-
lation architecture of Co3Sn,@Co—NG which stabilizes
the tin-based anode. First, due to its adaptable nature of
the hybrid, Co shell is capable of synchronously heeling
distortion caused by drastic volume changes of tin-
based core instead of being cracked during cycling
and enhanced the conductivity. Second, nonreactive
nature of Co toward Li* maintained the thickness of
SEl film to moderate level throughout whole char-
ging—discharging process because it prevents the direct
electrolyte contact with tin-based core to inhibit the
electrolyte depletion, enhancing the performance and
cyclic life of electrode. Thus, the formation and prolifera-
tion of the SEl layer also prevent the pore creation in tin-
based core. However, Co shell also works as separator
among the tin-based core of different particles and
prevents their fusion to lose the nanosized advantages
which cause the capacity fading with ongoing charging—
discharging process. Moreover, the NPs are well
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anchored with graphene sheets through Co/Sn—0—C
and Co/Sn—N—C bonds which protect their aggrega-
tion and maintain the continuous conductive network
for faster diffusion of electrons and Li" even at higher
charging—discharging rates. The thickness of the Co
shell was controlled up to 2 nm; thus, Lit can easily go
across reversibly to the core. The large first discharge
results from the incomplete conversion reactions
and irreversible loss of the lithium in first cycle to form
the SEI film on electrode surface.*® It is worth noting
that the discharge capacities of second (1582.5 mAh/qg)
and 100th (1615 mAh/g) cycles confirm the extra-
ordinary capacity retention of 102% and cyclic life of
the hybrid. This extraordinary capacity value, capacity
retention, cycling life and rate capability are attributed
to the unique structure and composition of the hybrid.
Either constituent displayed very large higher than
theoretical reversible capacities; the other one con-
tributed a constant theoretical capacity throughout
the cycling.*® The schematic modeling of lithium stor-
age in the CosSn,@Co—NG hybrid was presented in
the Scheme 1, from where it is obvious that both
Cos3Sn,@Co and NG are electrochemically active to-
ward reversible lithium storage and can accommodate
large number of Li*. At the same time, the hybrid
has the ability to store double amount of lithium ions
than their theoretical values because of its synergetic
effect, as CV of hybrid (peak at 1.4 V) also confirmed
this phenomenon. Second, it is also presented that
NG provides conductive substrate to make faster diffu-
sion of lithium ions and electrons. Here, the core—shell
structure of CosSn,@Co supported on NG brings in
reality to the above-mentioned excellent results, as
tin-based core is feasible for the large storage of Lit
and the shell of Co keeps structural integrity of NPs and
formation of Lis4Sn intermetallic alloy dendrite on
the surface of electrode by acting as separator be-
tween electrolyte and NPs and controls the formation
and thickness of SEI film due to its inactive nature,'®
that causes loss of capacity and capacity retention.”
Furthermore, the presence of graphene results in
enhanced electrochemical contact and conductivity
and provides elastic buffer to large volume expansions
of NPs.””" However, the occurrence of N atoms in
the graphitic network of graphene further polishes
the aforementioned properties.3* Thus, the introduc-
tion of Co and NG to tin-based electrode prevents the
severe aggregation and volume changes of NPs during
the cyclic charge—discharge, which control the thick-
ness of SEl film and restrict the increase in thickness of
SEI film in successive cycles.?*3®

The first three cyclic voltammetry (CV) curves of
Co3Sn,@Co—NG hybrid, CosSn,@Co and NG are shown
in Figure 3b—d, respectively, scanned at 2 mV/s and
cycled between 0.005 and 3.0 V vs Li*/Li. Two large
cathodic peaks at 1.7 and 0.9 V in the first sweep can be
ascribed to reversible lithium insertion to electrode as
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Lis 4Sn.38 In addition, two small peaks at 0.6 and 0.3 V
can be assigned to the decomposition of electrolyte
on the surface of NG and nanosized Cos;Sn,@Co NPs
in hybrid with different potentials; as a result, SEI
film formed on the surface of electrode.*? During
the anodic sweep, the strong peaks were observed
at 0.45and 2.2V corresponding to reversible extraction
of lithium from electrode and phase transformation
of Lis4Sn to Sn.22 In CV all successive cycles overlap,
proving the extraordinary durability of the electrode
consisted of hybrid. Furthermore, the absence of peaks
present at 0.6 and 0.3 V in the upcoming cycles
confirmed the successful inhibition in the increase of
SEl film thickness via the thin coating of Co. Further-
more, after a slight shift of anodic and cathodic peaks
in subsequent cycles, correlative regions of plateaus
were observed in the first three cycles of CosSn,@
Co—NG hybrid as shown in Figure 3b. However, the
peak presented at 1.4 V confirmed the synergetic effect
of NPs and NG in CosSn,@Co—NG hybrid toward the
enhanced electrochemical performance of hybrid as
this peak is absent in the CV curves of both individual
NPs (Figure 3c) and NG (Figure 3d).3%*?

The dual encapsulation of CosSn, with adaptable
ensembles of Co and NG architecture results in struc-
tural integrity and interfacial stability of CosSn,@
Co—NG hybrid and should bring excellent lithium
storing capacity even if there is no control of cutoff
voltages or the addition of electrolyte additives. Note
that the specific capacity values reported in Figure 4a
are intended on the basis of the entire weight of hybrid
(including, tin-based core, Co shell and NG). The hybrid
shows very high capacity with excellent Coulombic
efficiency, nearly 100%, presented in Figure 4a. The
most promising feature of the hybrid is a very small
difference between the first (1902.5 mAh/g) and sec-
ond (1582.5 mAh/qg) discharge capacities. The ability
of hybrid to reduce the difference between first and
second discharge is related to two unique features of
hybrid: one is the coating of electrochemically inactive
cobalt on CosSn, which prevents the formation of thick
SEI film.?>?3 Also, the possible generation of interfacial
bonding of the CosSn, with nitrogen (Co/Sn—N—C)
and oxygen (Co/Sn—0—C) of NG results in the modified
interfacial interactions in Co;Sn,@Co—NG hybrid.>® Sec-
ond, the prelithiation of electrode was carried for 4 h
prior to test.>2 For comparison, to ensure the synergetic
effect of NG and NPs and the effect of core—shell
structure on performance of CosSn,@Co, the discharge
capacities of Co,Sn0,4, NG, Co,Sn04—NG, CosSn,@Co,
NG-annealed and Cos;Sn,@Co—NG are exhibited in
Figure 4b as well. In case of Co,Sn0O,, the discharge
capacity fades very quickly from 946 to 409.6 mAh/g with
capacity retention of 59.6%, presented in Figure 4, panels
b and ¢, respectively. Therefore, CosSn,@Co NPs show
the much improved capacity retention of 88.8% with
discharge capacity of 894.8 mAh/g after 100th cycle.
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Figure 4. (a) Cycling performance and Coulombic efficiency of Co;Sn,@Co—NG hybrid tested at a current density of 250 mA/g
in the range of 0.005—3 V (vs Li*/Li). (b) Comparison of discharge capacities and (c) capacity retentions of Co,Sn0,, NG,
Co,5n0,—NG, Co3Sn,@Co, NG-annealed and Co3Sn,@Co—NG hybrid tested at a current density of 250 mA/g in the range of
0.005—3 V (vs Li*/Li). (d) Effect of graphene amount on the discharge capacities of Co;5n,@Co—NG hybrid tested at a current

density of 250 mA/g in the range of 0.005—3 V (vs Li*/Li).

This improved capacity retention and capacity perfor-
mance of the CosSn,@Co is ascribed to the existence of
Co shell on the CosSn, core that prevents the structural
changes and improved the cycle life of CosSn,@Co
instead of Co,Sn0,. Thus, it is proved that Co acts as
inactive buffer to control the thickness of SEI film and
save the structural changes of NPs. From Figure 4b,c, it
is obvious that after the incorporation of NG, discharge
capacities and capacity retentions of both types of
hybrids are increased as Co,SnO4—NG (409.6 to 741
mAh/g with capacity retention increase 59.6 to 75.9%)
and Co3Sn,@Co—NG (894.8 to 1615 mAh/g with capa-
city retention increase 88.8 to 102%). The resulting
extraordinary performances confirm the synergetic
relationship of NG with NPs. To explore the role of
oxygenated groups present on NG sheets on the
thickness of SEI film, annealing of the NG was carried
out at 800 °C for 1 h under Ar/H,. After annealing,
the difference between the first (1422.5 mAh/qg)
and second (1159.2 mAh/g) is very small as com-
pared to the unannealed one first (1238.7 mAh/g)
and second (664 mAh/g) with improved capacity
retention from 91.4 to 101.5%, as shown in Figure 4,
panels b and ¢, respectively. These enhanced results

MAHMOOD ET AL.

confirmed that the annealing removes the oxygenated
groups which can cause the irreversible storage of Li*,
resulting in thick SEI film which blocked the path for
further Li™ as discussed in our previous works.*>*
Furthermore, different amount of graphene was used
to reveal the loading of NPs for more pronounced
synergetic effect with NG to deliver higher capacity
performance of hybrid. Figure 4d shows the results of
electrochemical performance of hybrid with different
amounts of NG, which enable us to conclude that the
hybrid with 80 mg NG has proper loading of NPs
(confirmed by TGA studies) with better electrochemi-
cal coupling and, consequently, has maximum ability
for the reversible storage of Lit in comparison to
others. Furthermore, to explore the reproducibility
and the uncertainties caused by the nanomaterials
using different mass loadings, three different samples
with different mass loadings (sample 1, sample 2, and
sample 3 contain 2.4, 1.9, and 2.7 mg of active material,
respectively) were tested. All samples show same
discharge capacities and electrochemical behavior
as shown in the Figure S8. Therefore, the results
presented in the Figure S8 confirm the reproducibility
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Figure 5. Comparison of (a) discharge capacities and (b) capacity retentions of Co3Sn,@Co—NG hybrid at different current

densities.

of the synthetic method and electrochemical perfor-
mance of Co3Sn,@Co—NG hybrid.

To use in EVs, the hybrid was tested at faster rates
to check out the reversible capacity, capacity retention
and cycling life. The discharge capacities and capacity
retention of hybrid at various testing speeds are shown
in Figure 5, panels a and b, respectively. It is worth
noting that the hybrid has stable discharge capacity
of 793.9 mAh/g at current density of 2500 mA/g, as
shown in figure 5a. However, the rate capability of the
hybrid at 2500 mA/g current density is confirmed by its
extraordinary capacity retention of 97.8%, as revealed
from Figure 5b. Thus, this unprecedented excellent
capacity performance of hybrid can be attributed to
subsequent reasons: On one hand, the formation of
Co/Sn—N—C or Co/Sn—0—C bonds between CosSn,@
Co nanocrystals and NG sheets can efficiently anchor
NPs on NG sheets and therefore overwhelm the aggre-
gation of NPs during the lithiation process. As a result,
unchanged size of NPs during lithiation process leads
to high reversible storage of Li" by Cos;Sn,@Co. On the
other hand, the uninterrupted electron supply from NG
could improve the electrochemical ability of Co3Sn,@
Co, resulting in enhanced reversible storage capacity of
CosSn,@Co for Li™. Figure S9 further elaborates the
advantages of this rational design of double encapsu-
lated CosSn, in sealed Co cover and open overcoat
of NG for the enhanced reversible capacity, excellent
capacity retention and high rate capability. Figure S9b
represents the TEM image of hybrid after 100 cycles of
charge—discharge, and it is obvious that even after 100
cycles, hybrid retain its morphological characteristics
and no aggregation of NPs was observed.

To further investigate the mechanisms contributing
to superior rate capability of CozSn,@Co—NG hybrid
by NG, electrochemical impedance spectroscopy (EIS)
measurements were carried out. As shown in Figure 6a,
Nyquist plots confirmed that the incorporation of NG
to hybrid could improve the conductivity and diffusion
of Li*. The diameter of semicircle for hybrid is much
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Figure 6. Nyquist plots of NG-annealed, CosSn,@Co and
Co3Sn,@Co—NG hybrid in the range of 100 kHz to 10 mHz
(inset shows Randles equivalent circuit).

smaller as compared to NPs in high-medium frequency
region, which reveals lower contact and charge trans-
fer resistance of hybrid than those of NPs. Moreover,
the hybrid bears more straight inclined line in compar-
ison to NPs, indicating its faster Li* diffusion than that
of NPs. Thus, the hybrid shows a high rate capability
and excellent reversible capacity. For practical values,
Nyquist plots were further investigated by using Ran-
dles equivalent circuit given in the inset of Figure 6a.
The semicircle in high frequency is related to the SEI
film impedance (Ry), the medium frequency semicircle
corresponds to charge transfer resistance (R.) and the
inclined line relates to the Li* diffusion process (Warburg
impedance, W).">** In equivalent circuit, CPE; and CPE
are constant phase elements and R, is the ohmic resis-
tance of electrolyte and cell components. By fitting
the equivalent circuit (inset of Figure 6a), electrolyte
(3.60, 4.93, and 4.21 Q), SEl film (5.0, 24.7, and 5.8 Q)
and charge transfer (19.5, 84.8, and 24.5 Q) resistances
are calculated for NG, CosSn,@Co and CosSn,@Co—NG
hybrid, respectively. However, EIS studies further con-
firmed that composite has very high conductivity for
electron and charge transfer with low electrolyte
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resistance which further proved that thin Co shell has
no blockage on the Li* diffusion to core of the NPs. In
consequence, it can be seen that the introduction of NG
improved the conductivity and enhanced the electro-
chemical nature of NPs; similar phenomena are found in
various graphene-based hybrids 574

CONCLUSIONS

In summary, a novel architecture of double encap-
sulated CosSn, NPs in dual flexible ensembles of
Co and NG was successfully synthesized through
facile hydrothermal and annealing method without
any seed-mediated growth in a single step, as an
advanced anode material for unprecedentedly high
performance for LIBs. The NPs with tin-based core of
CosSn, were covered by the shell of inactive Co to
overcome the issue of structural changes, dendrite
formation and SEl film thickness. Moreover, this unique
hybrid is capable to efficiently utilize the high con-
ductivity, large surface area, good mechanical flexibil-
ity, and excellent electrochemical performance of NG

EXPERIMENTAL SECTION

Synthesis of Co3Sn,@Co. Initially, 80 mg of NG was sonicated for
30 min in water. Then it was mixed with the stoichiometric
amounts of SnCl,.5H,0 (176 mg), CoCl,.6H,0 (238 mg) and
CTAB (400 mg) and stirred for 30 min. Subsequently, 20 mL
of 4 M NaOH solution was added and the mixture was stirred
for 5 min. Afterward, reaction mixture was transferred to 50 mL
Teflon-lined autoclave. The autoclave was put into oven at
250 °Cand the reaction continued for 24 h. After the completion
of reaction, the product was collected by centrifugation and
washed 6 times with water and ethanol, repeatedly. Finally,
the solid product was dried at 75 °C for 6 h in a vacuum oven.
Co,Sn0,4 NPs was prepared using the above method without
the addition of NG, to observe the effect of graphene on the
properties of Co,Sn0y.

Synthesis of Co;Sn,@C0o—NG hybrid. Co3Sn,@Co—NG hybrid
was synthesized from Co,Sn0O4—NG hybrid by thermal an-
nealing process. Co,Sn04—NG hybrid was annealed at 800 °C
for 1 h with the heating rate of 5 °C/min under reducing
environment of Ar/H,. After annealing process, final core—
shell structure of CosSn,@Co—NG was developed and
it increased the contact between NPs and NG sheets for
better performance in LIBs. Annealing process was also
carried out under same condition for Co,SnO, to produce
the Co3Sn,@Co, to explore the role of Co shell and NG on the
properties of Co3Sn,.
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as well as the large electrode—electrolyte contact area,
short diffusion path of Li*, and extraordinary stability
for nanostructured CosSn,@Co NPs. Therefore, the
elastic nature of NG sheets and the strong interfacial
interaction of CosSn,@Co and NG sheets through
Co/Sn—N—C and Co/Sn—0—C bonding are beneficial
for effective control of structural integrity and aggre-
gation of Co3Sn,@Co during reversible storage process
of Li". As a result, the Co;Sn,@Co—NG hybrid dis-
plays a large reversible capacity (1615 mAh/g after
100 cycles), excellent capacity retention (102%), high
Coulombic efficiency (nearly 100%) and good rate
capability, highlighting the advantages of core—shell
structure of CosSn,@Co and utilization of nitrogen
doping in graphene sheets to achieve the maximum
performance for LIBs. The approach to encapsulate
CosSn, with dual (sealed/open) adaptable matrices
established here opens up a new avenue for develop-
ing high performance tin-based anode and can also
be extended to other attractive anode and cathode
materials systems that suffer large structural changes.
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