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ABSTRACT A composite made from graphene nanoribbons
(GNRs) and tin oxide (Sn0,) nanoparticles (NPs) is synthesized and
used as the anode material for lithium ion batteries (LIBs). The
conductive GNRs, prepared using sodium/potassium unzipping of
multiwall carbon nanotubes, can boost the lithium storage perfor-
mance of Sn0, NPs. The composite, as an anode material for LIBs,

exhibits reversible capacities of over 1520 and 1130 mAh/g for the

Capacity (mAh/g)
®
8
T

= SnO; charge
$nO; discharge S
4 GNR-SnO; charge [

GNR-8n0; discharge [ 140 &

Coulombic efficiency

U T N N N N S
-5 0 5 10 15 20 25 30 35 40 45 50 55

Cycle No.

first discharge and charge, respectively, which is more than the theoretical capacity of Sn0,. The reversible capacity retains ~825 mAh/g at a current

density of 100 mA/g with a Coulombic efficiency of 98% after 50 cycles. Further, the composite shows good power performance with a reversible capacity of

~580 mAh/qg at the current density of 2 A/g. The high capacity, good power performance and retention can be attributed to uniformly distributed Sn0, NPs

along the high-aspect-ratio GNRs. The GNRs act as conductive additives that buffer the volume changes of Sn0, during cycling. This work provides a starting

point for exploring the composites made from GNRs and other transition metal oxides for lithium storage applications.
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he development of new anode ma-
Tterials with high specific capacity for

lithium-ion batteries (LIBs) is a key
step forwarded for applications to large-
scale energy storage units such as electrical
vehicles."? Graphite, the standard commer-
cialized anode material for LIBs, has a theo-
retical specific capacity of only 372 mAh/g,?
which limits its applications in LIBs. Therefore,
new anode materials with high specific capac-
ity such as Si (4200 mAh/g), Sn (994 mAh/g),
and SnO; (782 mAh/g) have been intensively
investigated.*® However, the enormous vol-
ume expansion and structural changes during
repeated alloying/dealloying causes signifi-
cant capacity fading during cycling.*” To
address this problem, researchers have em-
ployed several approaches. One tactic is the
development of electrode materials based
upon nanostructures that minimize the strain
during volume expansion®® Another ap-
proach is to integrate the electrode material
with a carbonaceous matrix such as amor-
phous carbon,” mesoporous carbon,” graph-
ene'°7'2 or carbon nanotubes (CNTs).'>'*
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Graphene nanoribbons (GNRs), a quasi-
one-dimensional form of graphene, exhibit
tunable electrical properties through di-
mension confinement'>'® as well as edge
morphology'” or functionalization.'® Inter-
estingly, GNRs have been theoretically'®
and experimentally®® shown to enhance
lithium storage through edge effects. More-
over, GNRs, having large aspect ratios and
high surface area, might provide an excel-
lent conductive matrix with good mechanical
flexibility for the metal oxide to accommo-
date the volume changes during change/
discharge cycles. Here, we used our recently
developed conductive GNRs to prepare an-
ode composite materials with SnO, nano-
particles (NPs) for LIBs. The SnO, NPs were
synthesized via a simple chemical method,
with a size of ~10 nm, and they were uniformly
distributed among the GNR structure layers.
The GNRs were made by Na/K unzipping
of MWCNTs. The fabricated anode based on
the GNR/SnO, composite exhibited a specific
reversible capacity over 1130 mAh/g. More-
over, using sodium carboxymethylcellulose
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(Na-CMC) as the binder material affords an enhanced
cyclability to the GNR/SnO, anode. The reversible
capacity retains a specific capacity of ~825 mAh/g at
current density of 100 mA/g with Coulombic efficiency
of 98.3% after 50 cycles. The composite also shows
good power performance with a reversible capacity of
~580 mAh/g at a current density of 2 A/g.

RESULTS AND DISCUSSION

The synthesis of the GNRs/SnO, composite is illu-
strated in Figure 1. First, the GNRs were obtained using

MWCNTs

Na, 1,2-dimethoxyethane
$ %
rt.,3d

SnCl, 2-pyrrolidinone
= ey
Ultra-sonication in air

Figure 1. Scheme for the synthesis of the GNRs/SnO,
composite.

K/Na alloy to unzip the MWCNTs.2"?2 Then, SnCl, and
2-pyrrolidinone were added into the GNRs with ultra-
sonication for reducing Sn** to Sn°. Lastly, the Sn NPs
were oxidized overnight using ultrasonication in air.
The morphology of the obtained GNRs/SnO, compo-
sites was characterized with SEM. Figure 2a is the SEM
image of GNRs after unzipping, showing that the width
of GNRs is ~200 nm. The SEM image of the GNRs/SnO,
composite (Figure 2b) shows that SnO, NPs are dispersed
among the entangled GNRs, with some aggregation. From
the TEM image (Figure 2c), most of the SnO, NPs are
<10 nm and are uniformly distributed along the GNRs. The
HRTEM analysis exhibits the lattice fringe, indicative of
single crystal SnO, (Figure 2d). The spacing of the adjacent
lattice planes is 0.339 nm, agreeing well with the (110)
plane of rutile Sn0,.> The GNRs have an average of 15
graphene layers with indicative lattice spacing of 0.338 nm.

Figure 3a exhibits the XRD pattern from the as-
prepared GNRs/SnO, composite. The characteristic
peak of GNRs was observed from the diffraction pat-
tern. The indexed peaks of SnO, correspond to the
tetragonal rutile structure of SnO, with lattice con-
stants of a = 0.4721 nm and ¢ = 0.3215 nm. The
calculated particle size using the Scherrer formula is
~7 nm,**in good agreement with the results from TEM
analysis. XPS analysis was conducted to further confirm

Figure 2. SEM and TEM images of the GNRs/SnO, composite. (a) SEM image of the unzipped GNRs. (b) SEM image of the GNRs/
SnO, composite. (c) TEM image of the composite showing SnO, NPs with sizes from ~4 to 10 nm that are uniformly distributed
along the GNR structures. (d) HRTEM image of the composite, showing the graphitic structure of GNRs and the crystal

structure of SnO, NPs.
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the constituent phase of the as-prepared composite
(Figure 3b). From the XPS spectrum, Sn, O and C are
detected in the composite. The composite shows
carbon atomic concentration of 54.2%, corresponding
to a carbon content of 18.8 wt %. The TGA measure-
ment was carried out in air (Figure 3c). From the TGA
curve, GNRs/SnO, has 19.5% weight loss from 278 to
700 °C that can be assigned to combustion of GNRs in
air, forming CO,. This carbon weight loss agrees well
with the result from XPS analysis. This indicates that
the weight content of the SnO, in the composite
is ~80%.

The choice of binder for the anode material plays an
important role to enhance the specific capacity and
cyclability in LIBs research. Polyvinylidene fluoride
(PVDF) is the most commonly used binder material.
Recently, water-soluble binder materials such as Na-CMC,
poly(acrylic acid) (PAA) and polyvinyl acids (PVA) have
been used in Si-based LIBs, producing enhanced electro-
chemical performance.>~?’ In a previous study, Na-CMC
had been shown to enhance the cyclability of SnO,-
based anode materials;?® thus, Na-CMC was employed as
the binding material for our batteries. Cyclic voltammetry
(CV) measurements were carried out to characterize the
electrochemical behavior of the GNRs/SnO, composite as
the anode material from 0.01 to 2.5 V with a scan rate of
0.5 mV/s. The CV curves of the initial three cycles are
shown in Figure 4a. In the first cathodic sweep process,
the irreversible broad peak (a) at ~0.7 V is attributed
to the formation of a solid electrolyte interphase and
decomposition of SnO, to form Sn.??32 The peak (a)
disappears in the following cycles; it becomes a reversible
peak (a’) at ~0.9 V indicating the formation of various
Li,Sn species that are reported by others.'"***' The
characteristic peak (b) at ~0.1 V in the first cathodic
sweep process is associated with the alloying of Sn with
Li. This peak was slightly shifted in subsequent scans and
then stabilized at ~0.2 V. During the anodic sweep
process, two peaks (c and d) at ~0.63 and ~1.35 V are
observed. The characteristic peak at 0.63 V represents
the dealloying process of Li,Sn, while the peak at 1.35 V
is thought to be related to the partially reversible reac-
tion of SnO, with Lit.2%3*33 After the first cycle, all the
CV curves are almost identical, thereby showing the
reversibility of the composite electrode charge/discharge
process.

The galvanostatic charge/discharge measurements
were performed at the current density of 100 mA/g in
the potential window of 0.01—2.5 V vs Lit/Li. The given
specific capacity was calculated based on the total
mass of the GNRs/SnO, composite. The typical charge/
discharge curves in first, second and 30th cycle are
shown in Figure 4b. The composite can deliver a
capacity of 1519 mAh/g for the first discharge and a
reversible capacity of 1129 mAh/g. The irreversibility
could be caused by the formation of a solid electrolyte
interphase (SEl) as indicated from the CV curve of the
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Figure 3. (a) XRD pattern of the GNRs/SnO, composite. The
particle size estimated using the Scherrer equation was
~7 nm. (b) XPS spectrum of the GNRs/SnO, composite with
the inset showing the atomic percentage of the carbon, tin
and oxygen. The atomic percentage was obtained from the
high resolution scans. (c) TGA of the GNRs/SnO, composite
in air. Samples were pretreated at 120 °C to dehydrate them
prior to the measurement.

first cycle.'? It shows the second discharge and charge
capacities of 1116 and 1106 mAh/g, which is indicative
of the high reversibility. The theoretical lithium capacity
from SnO, is ~782 mAh/g based on the conventional
alloying mechanism.’ Here, the enhanced lithium stor-
age capacity from the composite implies that there
exists more lithium insertion/extraction sites in the
composite, similar to reports in the reduced graphene
oxide and tin dioxide (RGO/SnO,) anodes.'" There may
also be a contribution from enhanced surface electro-
chemistry in nanocrystalline Sn0O,3* The retention of
the charge/discharge curves at the 50th cycle shows
the stability of the composite as an anode material.
The capacity retention performance of the GNRs/SnO,
composite is shown in the Figure 4c. The specific
capacity starts to stabilize at ~840 mAh/g after 40 cycles.
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Figure 4. The electrochemical performance of the GNRs/SnO, composite electrodes. The specific capacities are calculated
based on the total mass of the GNRs/SnO, composite in the anode electrodes. (a) CV curves of the first, second and third cycles
of the composite electrodes at a scan rate of 0.5 mV/s over the voltage range of 0.01—2.5 V. (b) The first, second and 30th
charge/discharge curves of the composite electrode at a rate of 100 mA/g. (c) Comparison of capacity retention and
Coulombic efficiency of GNRs and the GNRs/SnO, composite at a rate of 100 mA/g. (d) Rate capability of the composite

electrodes with various current densities.

Furthermore, the anode maintains a reversible dis-
charge capacity of 825 mAh/g after 50 cycles,
which is higher than that reported RGO/SnO,-based
anodes'® 23> and much higher than other SnO, and
carbon based composites.>®'* The Coulombic effi-
ciency of the first cycle was 74.3%, but was above
98% after the second cycle and stayed at 98.3% after
50 cycles, indicating good capacity retention. As
shown in Figure 4c, the reversible capacity of the
GNRs/SnO, composite anode is much higher than
that of the bare GNRs with reversible specific ca-
pacity of ~250 mAh/g (Figure S1). In addition, the
reversible specific capacity of SnO, NPs, a control
sample composite prepared without GNRs, quickly de-
graded to ~200 mAh/g after 50 cycles (Figure 4c), which
indicates the significant effect that GNRs play in the
composite.

The rate capability of the GNRs/SnO, composite was
also evaluated by applying various current densities
from 0.1 to 2 A/g (Figure 4d). The GNRs/SnO, compo-
site anode exhibited high reversible capacities of
~1010, ~900, ~780, ~700, and ~580 mAh/g at current
densities of 0.1, 0.2, 0.5, 1, and 2 A/g, respectively.
After 25 cycles at different current densities, when
the current density was returned to the 0.1 A/g, the
reversible capacity can be recovered to ~930 mAh/g,
which is close to the original value. To gain additional
insight, the electrochemical impedance of the GNRs/
SnO, composite anode electrode after 50 cycles was
measured (Figure S2). The typical high-frequency and
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low-frequency relaxation loops can be observed. By
fitting the Nyquist plot with the Randles equivalent
circuit, the low surface SEI resistance formed by the
electrode was ~38 Q, which contributes to the high
rate performance.*® The highly reversible rate capacity
can be attributed to the conductive GNR networks with
large aspect ratios as well as the homogeneous dis-
tribution of small-sized SnO, nanoparticles along or
between GNR stacks. The conductive GNRs network
might further facilitate electrolyte diffusion and Li"
transport into the nanosized SnO,. The GNR networks
act as conductive mechanical buffers, apparently able
to adjust as needed to the volume change of SnO,
during the cycling.

CONCLUSION

High-performance LIB composite anodes were suc-
cessfully synthesized via uniformly distributing SnO,
nanoparticles along or within the conductive GNR
stacks. The obtained composite shows a high revers-
ible discharge capacity of 1130 mAh/g and retains
~825 mAh/g at the 50th cycle for current densities of
0.1 A/g. In addition, the composite exhibits excellent
power capability, delivering a specific capacity of
580 mAh/g at a current density of 2 A/g, which is
much higher than the theoretic capacity of graphite
(372 mAh/qg). The improved electrochemical perfor-
mance may arise from the high aspect ratio GNRs
with their conductive paths, which at the same time
could serve as a mechanical buffer for SnO, NPs

\
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expansion and contraction. The fabrication proce-
dures for both GNRs and SnO, NPs are easily scaled.
This research could motivate further exploration of

EXPERIMENTAL SECTION

Preparation of Graphene Nanoribbons. The scalable production
of GNRs was realized through the unzipping of multiwall carbon
nanotubes (MWCNTSs, Mitsui Chemicals).2'?%%’ Here, we employed
the recently developed procedure to produce the conductive
GNRs with good dispersibility in various organic solvents?' The
synthesis is nearly identical to that previously described, only the
scale was different. MWCNTs (100 mg, 8.3 mequiv C) were added
to an oven-dried 250 mL round-bottom flask containing a mag-
netic stir bar. The vessel was then transferred to a N, glovebox
where freshly distilled 1,2-dimethoxyethane (35 mL) and liquid Na/
K alloy (0.29 mL) were added. Liquid Na/K alloy was made in a
nitrogen glovebox by mixing freshly cut K (1 mol equiv) and Na
(0.22 mol equiv) chunks. The flask with the suspension was then
sealed with a septum and transferred out of the glovebox where it
was dispersed by a short 5 min bath ultrasonication (Cole-Parmer
model 08849-00) to yield a dark greenish to red suspension. After
ultrasonication, the reaction mixture was vigorously stirred
(450 rpm) at room temperature for 3 d. The reaction suspension
was then quenched by the addition of methanol (20 mL, 500
mmol) using a syringe; stirring was continued at room tempera-
ture for 10 min. The reaction mixture was filtered over a 0.45 um
pore size PTFE membrane. The filter cake was successively washed
with THF (100 mL), i-PrOH (100 mL), H,O (100 mL), i-PrOH (20 mL),
THF (20 mL), and Et,O (10 mL). The filter cake was then dried under
vacuum (~10~2 Torr) for 24 h to afford 124 mg of GNRs.

Synthesis of GNRs and Sn0, NPs Composite. To an oven-dried
250 mL round-bottom flask containing a magnetic stir bar were
added the GNRs (75 mg), together with SnCl, - 2H,0 (1.33 g, 5.89
mmol) and 2-pyrrolidinone (65 mL). The suspension was ultra-
sonicated for 20 min, followed by heating at reflux for 1 h.
During this step, Sn?* was reduced to Sn NPs, with partial
intercalation into the GNR stacks. The reaction system was
cooled to room temperature and ultrasonicated in the open air
overnight to oxidize the Sn NPs to SnO,. The reaction mixture was
then quenched with acetone, and sequentially washed with acetone
and water three times, then filtered over a 045 um pore size PTFE
membrane. The product was dried in a vacuum oven at 60 °C for
24 h, and finally annealed in a quartz tube furnace at 500 °C under an
Aratmosphere for 2 h to afford 380 mg of the GNRs/SnO, composite.

Assembly and Testing of Lithium lon Batteries. Slurries were
prepared by mixing 90% active material (GNRs/SnO, composite)
and 10% sodium carboxymethyl cellulose (Na-CMC, Sigma
Aldrich) binder with enough DI water to form a slurry; the amount
of water varied with each active material and the precise amount
did not impact the results. The control samples were prepared by
mixing the SnO, with super carbon black. The working electrodes
were made by coating 2—4 mg of slurry onto circular copper foil
(25 um-thick, Alfa Aesar) with diameters of 1.1 cm, and then dried
overnight in the vacuum furnace (10 mTorr) at 120 °Cunder an Ar
environment. Lithium foils (Sigma Aldrich) were polished in an Ar
environment before use as both the counter and reference
electrode. The working and counter electrodes were assembled
in the glovebox (VAC, model: NEXUS) with controlled O, and H,0
levels <1 ppm. They were assembled into 2032 coin-type cells with a
separator (Celgard 3501). One molar LiPFgin 1:1:1 (volume) ethylene
carbonate:dimethyl carbonate:diethyl carbonate (MTI Corp.) was
employed as electrolyte in the coin cells. The galvanostatic charge/
discharge experiments were performed using MTl battery analyzers.
The cyclic voltammetry (CV) measurements were carried out on a
CHI 608D potentiostat/galvanostatic electrochemical station.
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