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Abstract A self-supporting binder-free tin oxide (SnO,)
graphene nanocomposite electrode was synthesized through
a novel one step solvothermal treatment of graphene oxide
(GO) paper. To characterize this electrode X-ray Diffraction,
Scanning Electron Microscopy, Atomic Force Microscopy,
Raman spectroscopy, Energy-dispersive X-ray spectroscopy,
cyclic voltammetry, and constant current galvanic cycling
were performed. The solvothermal treatment simultaneously
coats amorphous carbon and SnO, nanoparticles onto the
surface of GO paper, while reducing the GO nanosheets to
graphene nanosheets (GNS). This creates a SnO,/GNS film
that is flexible, free-standing, and can be used as the nega-
tive electrode in lithium ion batteries to deliver a reversible
capacity of 400 mA h g~ ! after repeated cycling.

Keywords Solvothermal synthesis - Tin oxide
composite - Self-supporting electrode - Flexible electrode -
Graphene

1 Introduction

Lithium ion batteries (LIBs) are currently the most popular
rechargeable battery on the market, although they still
suffer from problems such as safety, improper charge/dis-
charge rates, and undesirable capacities for many applica-
tions such as electric vehicles [1, 2]. Currently commercial
LIBs use graphite as the negative electrode active material,
which has issues with low theoretical capacity of
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372 mA h g~ compared to SnO, which has a theoretical
capacity of 782 mA h g~' [3-6]. This superior capacity,
along with SnO, being relatively inexpensive compared to
other electrode materials, non-toxic, and able to be recy-
cled has, sparked a great interest in using it as a negative
electrode material for LIBs [7].

However, SnO, presents limitations as a negative electrode
material due to volume expansion/contraction of approxi-
mately 300 % during lithium intercalation/deintercalation,
which pulverizes the electrode [5, 6]. Pulverization of the
electrode causes electrical conductivity to be lost between
itself and the current collector, as well as disturbance of the
solid electrolyte interface (SEI), leading to fast capacity
fading [8]. Approaches to reduce issues with volume expan-
sion/contraction in SnO, electrodes include the synthesis of
nanomaterials as well as the combination of these nanoma-
terials with carbon nanostructures. It has been reported that
SnO, nanoparticles [9-12], nanowires [13-15], and nano-
tubes [16] improve the capacity retention by providing space
between particles to expand without being pulverized.
Combining these nanomaterials with carbon nanotubes
(CNTs) [5, 11, 17-19], graphene nanosheets (GNSs) [9, 19—
29], and/or amorphous carbon [20, 30-33] further improves
capacity retention and rate of charge/discharge by maintain-
ing electrical conductivity between nanoparticles and ele-
vating stress due to volume expansion during lithium
intercalation/deintercalation [8, 9, 18, 30, 34-37].

On the other hand, another way to improve the energy
density of LIBs is by removing and/or reducing the amount
of electrochemical inactive materials used in the electrodes.
Therefore, the negative electrode’s electrochemical and
physical properties can be enhanced by removing polymer
binders and metal current collectors, and synthesizing self-
supporting electrodes [8, 11, 38—45]. This modification to the
electrode increases specific mass capacity of LIBs by
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removing inactive materials form the electrode that increases
the mass of the cell, but not the capacity. Also, self-sup-
porting electrodes generally have an increase in the
mechanical flexibility of the electrode, as well as its elec-
trical conductivity due to the removal of non-conductive
polymer binders [41, 42, 46]. Free-standing binder-free
conductive papers can be created by simple filtration of
graphene oxide (GO) nanosheets (followed by either chem-
ical or thermals reduction) or GNS dispersion through a
micro porous membrane [42-44, 47]. This filtration tech-
nique creates strong and flexible uniform GNS film, which
can be used directly in LIBs as a negative electrode, but has
problems with low capacity of around 100 mA h g~ ' [43—
45]. Although it has been reported that the capacity of the
GNS paper is low, the graphene paper exhibits a high con-
ductivity ranging from 118 to 351 S cm™' depended on the
synthesis/post-treatment conditions [44, 48].

The improvement in electrical conductivity allows faster
electron transport to the active material, which in turn
increases the charge/discharge rate of the electrode [18, 42].
Polymer binders can also have poor adhesion of metal oxi-
des, leading to fast capacity fading, compared to metal oxide
nanoparticles anchored onto GNSs [42]. Another reason for
removing metal current collectors from LIBs, besides
decreasing the mass of inactive material, is that during bat-
tery cycling it becomes passivated, which decreases the
lifetime and capacity of the LIBs [49]. Therefore removing
metal current collectors not only increases the specific mass
capacity of the cell, but also extends the lifetime of LIBs.

In this paper a dual prompt approach is taken to attempt a
capacity increase in the anode electrode by combination of
SnO, nanoparticles with GNS and amorphous carbon. A
novel self-supporting binder-free SnO,/GNS composite
electrode is synthesized and evaluated for use as a negative
electrode in LIBs. The synthesis of this material is accom-
plished using vacuum filtration of GO nanosheet dispersion
through a micro porous membrane to make GO paper. This
GO paper then undergoes simultaneous deposition of carbon
coated SnO, nanoparticles onto its surface and chemical
reduction of the GO paper to GNS film using a solvothermal
technique. This material was characterized using X-ray dif-
fraction (XRD), Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), Raman spectroscopy,
Energy-dispersive X-ray spectroscopy (EDX), cyclic vol-
tammetry, and constant current galvanic cycling.

2 Experimental
2.1 Material synthesis

GO nanosheets were prepared with the modified Hummers’
method [50]. Then 0.3 g of the GO nanosheet powder was
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dissolved into 100 ml of DI water and ultrasonicated for
30 min (Zenith Ultrasonicator, 800 Watt, model # G2-40).
The GO dispersion was centrifuged (Thermo Scientific,
Sorvall Legend XI) at 4,000 rpm for 10 min. After the
centrifuge, 10 ml of the dispersion was passed through a
0.22 ym Durapore membrane filter (47 mm diameter)
under vacuum. After 3 h, all the solution was strained
through the filter leaving a light brown film on the filter
membrane. The Durapore membrane and the GO film were
then dried under natural convection at room temperature
for 8 h. Once the GO film was dried it was carefully peeled
off the filter membrane, leaving a strong flexible translu-
cent brown film.

A Tin (IV) chloride solution was prepared by dissolving
2.5 g of SnCly-5H,0 (984 wt%, Acros Organics) into
20 ml of absolute ethanol (99.5 wt%, Acros Organics).
60 ml of an ethanol water mixture (40 ml absolute ethanol
mixed with 20 ml of demonized water) was then added to
the solution dropwise under vigorous stirring. The final
mixture was then cooled to 0 °C for at least 6 h, and
warmed to room temperature before 1.5 g of glucose (ACS
reagent, anhydrous) was added [11].

Amorphous carbon coated SnO, nanoparticles were
loaded onto the GO paper by a solvothermal method. A
2 x 4 cm piece of GO paper was loaded into a 50 ml
Teflon autoclave vessel with 30 ml of the tin (IV) chloride
solution prepared above. The autoclave vessel and the
solution were then heated to 180 °C for 6 h. After this time
the film was removed from the solution and thoroughly
washed with DI water. The film change from light brown
translucent color to a dark brownish black and became
opaque. In this process, amorphous carbon and SnO, was
coated onto the surface of the GO paper and the GO paper
was reduced to GNSs.

The GO paper was chemically reduced to GNS film
using 55 wt% hydriodic acid (HI, Sigma-Aldrich) [46].
This was accomplished by loading ¥2” GO discs into a
sealed 50 ml autoclave vessel with 10 ml of HI. The
autoclave vessel was then heated to 100 °C for 12 h. The
resulting GNS film was thoroughly washed with DI water
and dried in a vacuum oven at 50 °C for 8 h.

2.2 Material characterization

The synthesized materials were characterized using XRD,
AFM, Raman Spectroscopy, SEM, EDX, and four-probe
electrical conductivity measurements. XRD analysis was
performed on a Rigaku Ultima IV X-Ray Diffractometer
with monochromatic Cu Ko radiation (A = 0.15405 nm) at
a scan rate of 2° min~'. The AFM images were taken at
room temperature under ambient conditions using Agilent
Technologies 5500 AFM in AC mode with NSC15/AIBS
probes from MikroMasch USA (Wilsonville, OR). AFM
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samples were prepared by spin-coating 20 pl of graphene
oxide dispersion onto a piece of freshly cleaved mica.
Raman spectroscopy was accomplished on a Bruker Sen-
terra Raman spectrometer. SEM was conducted on a JEOL-
JSM-6390LYV, with EDX attachment. The electrical con-
ductivities were measured with a standard four-probe
technique under ambient conditions using tungsten probe
tips on an Agilent 34401 A digital multimeter.

2.3 Electrochemical evaluation

All electrochemical tests were performed using a three-
electrode t cell. SnO,/GNS film or GNS paper was used as
the working electrode, and lithium foil (99 wt%, MTI
Corporation) was used as the counter and reference elec-
trode. The working electrodes were separated from the
lithium foil using a Celgard 2500 polyethylene separator.
The electrolyte used for all of the experiments was 1 M
lithium hexafluorophosphate in a mixture of ethylene car-
bonate and dimethyl carbonate 1:1 mass ratio (LP 40,
BASF). All cells were assembled inside an argon filled
glove box (MBraun UNIlab), H,O and O, concentrations
were maintained below 1 ppm. Discharge/Charge (D/C)
tests along with cyclic voltammograms (CV) were per-
formed using an 8 channel Solarton 1470E. D/C tests were
performed at 100 mA g~' normalized applied currents
from 3.00 to 0.01 V versus Li/Li*. CVs were scanned form
3.00 to 0.01 V versus Li/Li™ at a scan rate of 0.1 mV s~ .

3 Results and discussion
3.1 Characterization of GO, GNS, and SnO,/GNS film

The dispersion of graphene oxide nanosheets was investi-
gated by Atomic Force Microscopy (AFM). As shown in
Fig. 1 a, the graphene oxide nanosheets are individually
dispersed and the corresponding height measurements
(Fig. 1b) show that the graphene oxide sheets have typical
thickness of ~ 1 nm. The structural properties of the GO,
GNS, and SnO,/GNS films where characterized using
Raman spectroscopy. Figure 2 reveals a D-band at
~1,345 cm™! and G-band at ~ 1,570 cm™! for GO, GNS,
and SnO,/GNS films, indicating the presence of carbon
species in all the films. The increase in the ratio of D-band
intensity (Ip) to G-band intensity (Ig) indicates that there is
more sp> bonded carbon with smaller crystalline regime
[51], which is caused by the removal of oxygen containing
groups on the basal plane and edges of the GO nanosheets
during chemical reduction. The Ip/Ig ratios for both SnO,/
GNS film (1.00) and pure GNS film (1.20) are larger than
GO (0.92), providing evidence that both films were
reduced. The smaller Ip/Ig ratio for the SnO,/GNS film
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Fig. 1 a AFM image of graphene oxide nanosheets; b height
measurements of graphene oxide nanosheets. The AFM image and
height profile indicate the graphene oxide nanosheets are individually
dispersed
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Fig. 2 Raman spectra of the GO, GNS, and SnO, films. All of these
films exhibit D and G bands, demonstrating they are comprised of
carbonaceous materials. The difference in peak intensities compared
to GO paper indicates that the GNS and the SnO,/GNS films are
reduced

compared to the GNS film is due to the addition of the
amorphous carbon coating on the surface of the GNS film,
which adds significantly more sp> bonded carbon. Even
though the Ip/lg ratio for SnO,/GNS film was lower than

@ Springer



220

J Appl Electrochem (2015) 45:217-224

pure GNS film, it still was larger than the GO paper,
indicating that the solvothermal treatment reduces the GO
paper to GNS film.

XRD patterns for GO paper, GNS film, SnO, powder,
and SnO,/GNS film are displayed in Fig. 3a. The diffrac-
tion pattern of SnO, powder reveals that SnO, is present in
tetragonal crystalline structure (Cassiterite, JCPDS:
00-041-1445 Fig. 3b). The SnO,/GNS film displays many
of the same peaks as the SnO, powder, except that the peak
at 26.4° for the SnO, is shifted to 25.8° and intensified.
This is due to the overlap of the peak caused by the GNS
film and the SnO, nanoparticles. Using the Scherrer’s
equation, the particle size of SnO, powder and SnO, par-
ticles deposited on the GNS film were estimated to be
between 4 and 12 nm in diameter. The GNS film displays a
sharp peak at 24.0°, while the GO paper reveals a sharp
peak at 11.6°, which can be correlated to interlayer spacing
between the individual GO nanosheets and GNSs using
Bragg’s Equation. The interlayer spacing has reduced from
0.77 nm for GO nanosheets to 0.38 nm for GNSs, which is
due to the removal of oxygen containing groups located on
the surface and edges of the GO nanosheets. It can also be
seen that the GO peak disappears in the spectrum for the
SnO,/GNS film, demonstrating that the GO film was
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Fig. 3 a X-ray diffraction spectra of GO, GNS, and SnO,/GNS films
and SnO, powder. The spectra indicate that the GO paper is coated
with SnO, nanoparticles and that the GO paper is reduced to GNS
film; b the standard XRD pattern of SnO, (JCPDS: 00-041-1445)
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reduced during the solvothermal process, which is in
agreement with the Raman spectroscopy results.

The SEM images of SnO,/GNS film (Fig. 4), along with
the EDX analysis of the film (Table 1), demonstrate how
the SnO, and amorphous carbon was deposited onto the
surface of the GNS film. The surface of the GNS film is

10 40 SEI

x2,oo 100m o

Fig. 4 SEM images of SnO,/GNS film at a x250 and b x2,000
magnification. Lighter nodal growths on a darker wrinkled surface
can be seen. Both the nodal growth and darker surface contain SnO,
and carbon (determined by EDX analysis)

Table 1 EDX analysis of 4 SnO,/GNS film surfaces at multiple
magnifications from x50 to 500

Elements Weight (%) Std Atomic (%) Std

C 39.96 2.76 74.31 1.72
(0] 11.87 0.11 16.61 0.74
Sn 48.17 2.80 9.10 0.97

This analysis quantifies the SnO, concentration in the film and
demonstrates that the entire surface of the film is coated in SnO, and
amorphous carbon
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covered in an even coating of SnO, and amorphous carbon,
which is seen from the images in Fig. 4a and b as a darker
background. This darker coating has many wrinkles, which
is indicative of the GNS substrate on which it is deposited.
The SnO, amorphous carbon layer increases the reversible
capacity of the electrode, but greatly decreases the elec-
trical conductivity from 169 S cm™' for GNS film to
0.011 S cm™" for the SnO,/GNS composite film due to the
intrinsic property of oxide semiconductor.

From both Fig. 4a and b, it is observed that there are
lighter nodal growths protruding from the darker surface.
These nodal growths are comprised of many smaller nodes
that range in size from about 1 to 10 um, and are expected
to contain agglomerations of SnO, nanoparticles held
together by an amorphous carbon coating. Using EDX to
analyze the surface of the electrode at magnification in a
range of x50-500 revealed that the surface contained only
carbon, oxygen, and tin. The atomic percent and weight
percent along with standard deviation found from analyz-
ing multiple samples are given in Table 1. The darker
background surface and the nodal growths were also ana-
lyzed individually to reveal that the nodal growths have a
higher SnO, concentration and a lower carbon concentra-
tion compared to the darker background surface. Both the
surface and the nodes contained tin, oxygen, and carbon
indicating that the entire surface was coated in an amor-
phous carbon SnO, layer.

Using the weight percent found from the EDX analysis
and the theoretical capacities of carbon (372 mA h g~') and
SnO, (782 mA h gfl) a theoretical capacity for the SnO,/
GNS film electrode was calculated to be 618 mA h g ".
The amount of amorphous carbon and graphene carbon is
unknown; therefore it was assumed that the two types of
carbon are present in equal parts. In order to calculate the
theoretical capacity of carbon present in the SnO,/GNS film
the average of the theoretical capacity of amorphous carbon
(186 mA h g") and graphene carbon (744 mA h g~') was
used. Theoretically the GNS film should provide higher
capacity than the SnO,/GNS electrode, but experimentally
the GNS film electrodes have given low reversible capaci-
ties of only around 100 mA h g~ at low applied currents
[43, 44].

3.2 Electrochemical evaluation of SnO,/GNS film
electrode

Cyclic voltammogram of the SnO,/GNS film electrode is
presented in Fig. 5. The electrochemical interaction with
SnO, and carbon species can be described by the following
chemical equations [5, 10, 20, 32, 35]:

4Li* 4+ SnO, + 4e~ — Sn + 2Li,0 (1)

0.05 1+

0.00 4+

0051 | 7_Cycle2 / cycle 1

010 +

Current (mA)

0.15 -+

-0.20 +

! ! ]
T T 1
0 1 2 3

Potential (V vs. Li/Li")

Fig. 5 Cyclic voltammogram of SnO,/GNS film electrode at a scan
rate of 0.1 mV s, The first cycle shows irreversible reduction peaks
due to the formation of the SEI layer and reduction of SnO, to Sn.
Following cycles show reversible electrochemical reactions corre-
sponding to lithium intercalation into carbon and Sn

xLit +Sn +xe~ - Li,Sn 0< x <44 (2)

yLit +C+ye” —Liy 0<y <44 (3)

During the first cycle there was a large irreversible
reduction peaks at 1.4 V versus Li/Li* and 0.2 V versus
Li/Li". The first irreversible reduction peak at 1.4 V versus
Li/Li" can be attributed to the formation of the SEI layer
on the surface of the electrode, while the second irrevers-
ible reduction peak at 0.2 V versus Li/Li* is caused by the
reduction of SnO, to Sn (Eq. 1). These irreversible peaks
disappear after the first cycle and reversible redox pairs are
seen at 1.5 and 0.01-0.5 V versus Li/Li" in the following
four cycles. The first redox pair 1.5 V versus Li/Li* can be
attributed to the lithium ions intercalating into Sn (Eq. 2)
which was formed in the first cycle. The last reversible
redox pair located at 0.01-0.5 V versus Li/Li" is caused by
the lithium insertion into carbonaceous species (Eq. 3)
present in the SnO,/GNS film. These results are similar to
previously reported cyclic voltammograms of SnO, carbon
composite materials [5, 19, 35].

Constant current galvanic cycling was performed at a
constant normalized discharge rate of 100 mA g~ ' or a C/6
rate. D/C curves of the SnO,/GNS film for the first three
cycles and the 40th cycle are displayed in Fig. 6a. These
D/C curves are in good agreement with the CV discussed in
the previous section, where during the first discharge there
is a relatively large amount of irreversible capacity loss due
to the formation of the SEI layer and the reduction of SnO,
to Sn. Figure 6b displays discharge and charge capacity, as
well as the Coulombic efficiency of the SnO,/GNS film
electrode at a constant normalized current of 100 mA g’
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Fig. 6 Constant current galvanic cycling of SnO,/GNS film elec-
trode, normalized 100 mA g~' (C/6) showing a discharge/charge
curve for the first three cycles and 40th cycle and b the reversible
capacity and Columbic efficiency as a function of cycle number. The
discharge/charge curves reveal the voltage plateau regions and how
the curves change with cell cycling. From b it can seen that the
capacity fades and Columbic efficiency increases with cell cycling

as a function of cycle number. The first discharge (lithium
intercalation) has a large capacity of ~1,800 mA h g~'
and much smaller charge (lithium deintercalation) capacity
of ~800 mA h g~' causing the first cycle to have a very
low Coulombic efficiency of only 42 %. After the first cycle
the Coulombic efficiency has already increased to 86 % and
by the third cycle the Coulombic efficiency is maintained
above 90 % for the remainder of the cell cycling. As cycle
number increased the capacity begins to fade, with the
biggest capacity fade occurring in the first 20 cycles. This
capacity fading is due to the large volume expansion/con-
traction of Sn during lithium intercalation/deintercalation,
which was discussed in the introduction. After 50 cycles the
reversible capacity retention for the SnO,/GNS film elec-
trode has stabilized at ~400 mA h g~'. This novel elec-
trode show much better capacity retention than plain SnO,
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Fig. 7 Comparison of the reversible discharge capacities of the
SnO,/GNS film electrode and the GNS paper electrode at a constant
normalized current of 100 mA g~ for 50 cycles. Reversible capacity
improves due to the addition of SnO, on the surface of the GNS film

nanoparticle electrodes and comparable capacity retention
as previously reported SnO, carbon composite electrodes
that use polymer binders and metal current collectors [4,
19-24, 31, 35, 36].

The reversible capacity of the GNS film and the SnO,/
GNS film electrodes are compared in Fig. 7. It can be seen
that the GNS film electrode exhibits almost no capacity
fading after the first few cycles, but has a much lower
reversible capacity of only around 120 mA h g~', which is
consistent with previous reports of GNS film used as
electrode for lithium cells [43—45]. So in comparison, the
addition of the carbon coated SnO, nanoparticles onto the
surface of the GNS film adds approximately an additional
280 mA h g' to the self-supporting electrode, which is
over a two hundred percent increase in the reversible
capacity of the GNS paper. Also the capacity retention of
the SnO, was greatly enhanced by the addition of carbo-
naceous materials in comparison against previously
reported bare SnO, electrodes [19, 21, 24, 31, 35, 36].

4 Conclusion

In conclusion a flexible self-supporting binder-free SnO,/
GNS film electrode was synthesized using a simple and fast
one-step solvothermal treatment of GO paper. This SnO,/
GNS film electrode was able to deliver 400 mA h g~
reversible capacities after repeated cycling. The capacity is
comparable with previously reported graphene/SnO,
composite electrodes [23], but lower than graphene/con-
fined SnO, electrodes, such as SnO, nanosheets/graphene
electrode [23], atomic layer deposited SnO, with controlled
morphology [10]. The capacity is also lower than ternary
electrodes, such as Sn/CNT/graphene composite electrodes
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[18]. Although the capacity of the SnO,/GNS film elec-
trode was lower than these confined SnO, carbon com-
posite materials, it doesn’t require conductive additives,
polymer binders, or metal current collectors, which can
account for around 50 % of the mass of the electrode. Also
removing polymer binders, conductive fillers, and metal
current collectors improves mechanical flexibility, electri-
cal conductivity, and lifetime of LIBs. These improve-
ments to the negative electrode permit greater application
in new devices that require larger capacities and mechan-
ical flexibility.
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