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Synthesis of Sn Nanoparticles/Graphene Nanosheet Hybrid Electrode
Material with Three—Dimensional Conducting Network for Magnesium Storage

Zhang, Changhuan’ Li, Nianwu* Yao, Hurong*” Liu, Lin®?
Yin, Yaxia**“® Guo, Yuguo**“*
(“ CAS Key Laboratory of Molecular Nanostructure and Nanotechnology, Institute of Chemistry, Chinese Academy of
Sciences (CAS), Beijing 100190, China)
(® School of Chemistry and Chemical Engineering, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Rechargeable magnesium (Mg) batteries have attracted research attention as one promising alternative for energy
storage because of abundant raw materials. However, the strong electrostatic interaction between bivalent Mg-ions and host
lattices often cause sluggish solid state diffusion of Mg-ion within the local crystal structure and consequently prevent re-
versible insertion/extraction of Mg-ion. Thus much more effort has been paid to develop suitable electrode materials with
Mg-ion storage capability. This paper reports the synthesis of Sn nanoparticles/reduced-graphene-oxide nanosheet hybrid
nanocomposite (Sn/rGO), by simple hydrothermal method and subsequent thermal treatment. Transmission electron micros-
copy (TEM) clearly shows that in the as-synthesized Sn/rGO powder Sn nanoparticles are well crystallized, and X-ray dif-
fraction (XRD) pattern was consistent well with tetragonal Sn. Thermogravimetric analysis (TG) suggested that the mass
percentage of Sn is ca. 82.3 wt% in the Sn/rGO nanocomposite, very close to the design ratio of ca. 83.4 wt%. As Mg-ion
battery anode, the Sn/rGO electrode material exhibit a high initial discharge specific capacity (545.4 mAheg ' at 15 mA+g "),
good reversible ability and rate performance. The impressive electrochemical property could be attributed to the unique
structure of Sn/rGO, in which the three-dimensional (3D) conducting network of rGO can effectively prevent the aggregation
of Sn nanoparticles and alleviate the serious volume variation of Sn during repeated discharging/charging process, as well as
facilitate the fast access of electrons and Mg-ion to improve kinetics for Mg-ion insertion/extraction. Ex situ XRD and SEM
characterization were performed to investigate the electrochemical evolution of Sn/rGO electrode at different discharg-
ing/charging states. It is found that upon magnesiation crystalline Mg,Sn appears and subsequently disappears during
de-magnesiation process, which indicates the good electrochemical activity of Sn nanoparticles in Sn/rGO hybrid nanocom-
posite for magnesium storage. Our result will open new avenue to develop high-efficient magnesium storage material for
rechargeable Mg batteries.
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1 Introduction

Rechargeable batteries have become one of the key sys-
tems for energy storage. In particular, lithium-ion batteries
have been widely applied for most portable electronic de-
vices as power sources.!'" *! However, rechargeable batter-
ies with much high safety, low cost, and high volumetric
energy densi?/ are recently being required for large scale
applications.”! Magnesium (Mg) is more stable in ambi-
ent atmosphere and abundant in the earth crust compared
with lithium (Li). In addition, the specific volumetric ca-
pacity of Mg can reach 3833 mAhecm °, which is higher
than that of Li (2046 mAhscm °).[%"! So the rechargeable
Mg batteries are considered as one potential solution for
the ever-increasing demand for large-scaled energy stor-
age.® 'Y And the increasing attention has been paid to re-
chargeable Mg batteries after the pioneering work of
Aurbach’s group."! ! However, the development of
Mg-ion batteries has been limited from serious challenge
in selecting suitable electrode materials because the strong
electrostatic interaction between bivalent Mg-ions and host
lattices often causes slow solid state diffusion of Mg-ion
within the local crystal structure, thus prevents reversible
insertion/extraction of Mg-ion. Some progress has been
achieved toward designing electrode materials.!'"'* ~2¢
Among potential electrode materials for magnesium stor-
age, Sn is of great interest as the Mg-ion anode with a rela-
tively high theoretical capacity (903 mAheg "), originating
from the alloying reaction with Mg, Sn is electrochemical-
ly stable in the electrolyte.!'”*”! However, alloy anode ma-
terials usually suffer from serious volume change and elec-
trochemical aggregation during Mg insertion and extrac-
tion, resulting in the electrode pulverization, rapid capacity
fading, and a strong charge-rate dependence on reversible
capacity.!

Graphene has been widely used as the highly efficient
three-dimensional conducting network due to its high elec-
tronic conductivity to improve the performance of elec-
trode materials suffering from the limited kinetics of lith-
ium storage. Additionally, large surface area of graphene
nanosheet can guarantee a good distribution of active
nanoparticles on its surface and its flexibility can effec-
tively buffer the volume varation of active nanoparticles
during cycles.”™ In this work, we synthesized the Sn
nanoparticles/reduced-graphene-oxide nanosheet hybrid
nanocomposite (Sn/rGO) as the anode material for Mg-ion
batteries by a simple two-step method, composed of
hydrothermal (1st step) and thermal treatment (2nd step).
After the hydrothermal process, the obtained GO and SnO,
were reduced into rGO and Sn nanoparticles by thermal
reduction, respectively. As the anode materials of Mg-ion
battery, the Sn/rGO nanocomposite delivers a high initial
discharge specific capacity (545.4 mAheg™' at 15 mAe-
g "and 238.8 mAheg ' at 300 mA+g '), good reversible
ability, and rate performance. The excellent electrochemi-
cal property of Sn/rGO nanocomposite comes from its
unique structure, in which the folded rGO facilitates the
penetration of electrolyte into the hybrid structure to en-
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hance Mg-ion accessibility. In addition, the rGO skeleton
could maintain the integrity and improve the conductivity
of the electrode system, holding the small particles in elec-
trical contact with the current collector.

2 Results and discussion

The synthesized Sn/rGO nanocomposite exhibits typical
morphology of Sn nanoparticles grown on the folded rGO
sheets (Figure 1), and most of Sn nanoparticles are almost
one hundred nanometer. SEM image shows a relatively
uniform distribution of Sn particles throughout the sample.
There was no impurity phase in the synthesized Sn/rGO, as
revealed from the XRD pattern (Figure 2a). Well-crystal-
lized Sn is identified with a tetragonal crystal structure
(JCPDS Card No. 04-0673). In addition, the typical
High-resolution (HR) TEM image (Figure 2b), TEM image
(Figure 2c¢), and corresponding elemental mapping images
(Figure 2d~2e) also show that crystallized Sn nanoparti-
cles with the size of about one hundred nanometer are uni-
formly dispersed on graphene conducting network. With-
out introducing GO during the synthesizing process, we
obtained the mixture of crystallized SnO, (JCPDS Card
No. 88-0287) and Sn (JCPDS Card No. 04-0673) as con-
firmed from XRD result (Figure S1). And the prepared
mixture shows microparticle morphology (Figure S2).
These results suggest that GO could play important role on
the reduction of SnO, into Sn and preventing the progres-
sive growth of particles during synthesis process.

a e[GO
@ Sn

Figure 1 (a) Schematic illustration and (b) SEM image of the Sn/rGO
nanocomposite

Thermogravimetric analysis (TG) was performed to ob-
tain the Sn content in the Sn/rGO nanocomposite (Figure
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Figure 2 (a) XRD pattern and (b) HRTEM image of Sn/rGO nanocomposite. (¢) TEM image of Sn/rGO nanocomposite and corresponding elemental
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3). There are one-step weight loss and two-step weight
gain observed in the TG curve. The sharp weight gain oc-
curred in the temperature ranges of 200~450 C. This
may be mainly due to the oxidation reaction of Sn to SnOs.
The major weight loss from 450 ‘C to 600 ‘C may come
from the oxidation reaction of rGO. When heating to
600 C, the further weight gain was observed, suggested
that Sn nanoparticles were continuously oxided into SnO,
from 200 to 750 C. After 750 °C, the weight of sample
was constant. This gave a yield of about 104.5 wt% be-
cause the Sn/rGO nanocomposite eventually evolved into
SnO, in the air after the whole thermal treatment. Based on
TG results, the mass percentage of Sn is caculated to be ca.
82.3 wt% in Sn/rGO nanocomposite, very close to the de-
sign ratio of ca. 83.4 wt%.
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Figure 3 TG curve of Sn/rGO nanocomposite
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In order to investigate the electrochemical performance
of the Sn/rGO nanocomposite, we assembled the testing
cells with a Sn/rGO electrode as the working electrode and
Mg metal as the counter electrode separated by a mem-
brane. Figure 4a exhibits the cyclic voltammograms (CVs)
of the Sn/rGO electrode in a half-cell for the first 10 cycles
within the potential range of 0~0.8 V vs. Mg*"/Mg at a
scan rate of 0.01 mVes™'. In the first cycle, there are two
anodic peaks centered at 0.31 and 0.41 V respectively. And
the peak at 0.41 V is no longer present in subsequent cy-
cles. In the subsequent scanning process, the Sn/rGO elec-
trode exhibited relatively high symmetric cathodic/anodic
peak with Mg insertion (0 ~0.17 V) and deinsertion
(0.23~0.44 V), confirming the high electrochemical activ-
ity and good reversiblity of Sn/rGO nanocomposite to
magnesium storage. The current density of cathodic/anodic
peak shows a trend of rise during initial several cycles. It
might be associated with an activation process during the
initial discharging-charging process. Figure 4b displays the
galvanostatic discharge/charge profiles of the Sn/rGO
electrode for the first cycle at a current density of 15 mA-
g '. The Sn/rGO electrode delivers capacities of 545.4 and
426.0 mAheg ™' for the first discharge and charge process at
a current density of 15 mA+g . We used commercial Sn
powder (ca. 200 mesh) as the control material for magne-
sium storage. No obvious voltage plateau and capacity
could be observed for large-sized Sn powder, indicating the
serious size-dependent magnesium storage of Sn. During
the initial ten discharge/charge process, the specific capac-
ities show a trend of first rise and then fall (Figure 4c),
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consistent with the CV curves. The Sn/rGO electrode de-
livers a discharge capacity of 238.8 mAheg ' as the current
density subsequently increases to 300 mAsg ' (Figure 4c),
which is better than previously reported performance of Sn
nanoparticles.!'”’ Then the discharge capacity first fall and
then rise to 221.1 mAheg ' after 150 cycles. This corre-
sponds to capacity retention of 93%, indicating the good
cycling stability. The average Coulombic efficiency is
above 99% during cycles. The rate capability of the
Sn/rGO electrode under various current densities is further
shown in Figure 4d. The Sn/rGO electrode exhibits the
discharge capacities of 550.4, 369.6, 326.6, 271.4, 203.5,
and 298.1 mAh°g{1 at the current densities of 15, 30, 60,
150, 300 and 30 mAe~g ', respectively. The results show
the relatively good reversible ability.["* !¢

An ex situ X-ray diffraction (XRD) study was performed
to investigate the electrochemical evolution of Sn/rGO
electrode at different discharging/charging states (Figure
5). XRD patterns of the pristine Sn/rGO electrode are in-
dexed to the tetragonal phase Sn without any impurity
peaks. Upon magnesiation, crystalline peaks associated
with the formation of Mg,Sn (JCPDS card No. 06-0190),
corresponding to the alloying reaction of Sn with Mg, were
observed along with remnant Sn peaks. No metallic Mg
was observed in the spectra. And for the de-magnesiation
sample, crystalline Mg,Sn disappear and simultaneously
crystalline Sn phase re-form. After the second discharging
process (Mg insertion again), diffraction peaks corre-
sponding to Mg,Sn were clearly observed again, albeit
some weak peaks of crystallized Sn still exist. This results

indicate the highly reversibility of Sn nanoparticles for
magnesium storage. In addition, there exist trace impurity
phase in the magnesiation and de-magnesiation sample.
These impurity phases may come from the side reaction of
Cu current collector with 0.4 mol/L. PhMgCI-AICl; elec-
trolyte, which is illustrated from CVs curves and ex situ
XRD spectra of (Supplementary Figure S3 and Figure S4)
Sn/rGO nanocomposite with stainless steel foil as current
collector. No obvious impurity was observed for Sn/rGO
electrode with stainless steel foil upon discharging/
charging process, suggesting the minimal side reaction
between stainless steel and PhMgCI-AlCl; electrolyte.

Figure 6 shows SEM images of the pristine Sn/rGO
electrode, magnesiated Sn/rGO electrode, and de-magne-
siated Sn/rGO electrode. No distinct morphology change
of the Sn/rGO nanocomposite are observed during cycles.
It indicated that the rGO can effectively prevent the elec-
trochemical aggregation of Sn nanoparticles, and buffer the
volume change of alloy reaction during the charging and
discharging process, as well as maintains the structural
integrity and conductivity of the electrode system. These
unique attributes of rGO could enhance the electrochemi-
cal properties of Sn towards magnesium storage.

3 Conclusions

As described in this paper, a hybrid nanocomposite of
Sn nanoparticles/reduced-graphene-oxide nanosheet with
3D conducting network was designed as the anode material
for rechargeable Mg batteries. Such hybrid nanostructure
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can effectively facilitate the penetration of electrolyte and
thus enhance Mg-ion accessibility. The introduction of
rGO can effectively buffer the volume variation and pre-
vent the aggregation of Sn nanoparticles during the Mg
insertion and extraction. Therefore, the rGO framework
could maintain the structural integrity and improve the
conductivity of the electrode system. The resultant Sn/rGO
nanocomposite delivers a high first discharge specific ca-
pacity of 238.8 mAheg ' at the current density of 300
mA-+g . In addition, the Sn/rGO nanocomposite exhibits
good capacity retention after 150 cycles even at high cur-
rent density of 300 mAsg ', with a high Coulombic effi-
ciency of 99%. These results will open new options to de-
velopment of Mg-ion anode material for rechargeable Mg
batteries.

4 Experimental

4.1 Preparation of Sn/rGO nanocomposite
All of the reagents were of analytical grade purity and

used without any further treatment. Graphite oxide (GO)
was synthesized according to the modified Hummer’s
method starting from natural graphite flake (natural,
—325, Alfa Aesar).”” The GO was obtained after ultra-
sonic and centrifuge processes, which was washed with
deionized water and further dispersed into deionized water.
The concentration of GO dispersion was estimated to be
about 4.3 mgemL "

Tin chloride dehydrate (SnCl,*2H,0, AR, Sinopharm
Chemical Reagent Co., Ltd) was firstly added to N,N-di-
methylformamide (DMF, AR, Beijing Chemical Works) to
obtain the concentration of 26.6 mmoleL ™' with magnetic
stirring for 1 h, and then appropriate volume of GO disper-
sion was added to the solution. The weight ratio of
SnCl,*2H,0 and GO was 10 : 1. The mixed solution was
firstly heated at 80 ‘C for 4 h and then transferred to a
Teflon lined stainless steel autoclave for hydrothermal re-
action at 120 C for 12 h. The obtained products were
washed with ethanol for at least three times and then dry-
ing at 80 ‘C for 12 h. The dried powders were transferred
into a tube furnace and were heated at 500 ‘C for 5 h un-
der the protection of reductive gas (5% H, and 95% Ar) to
yield Sn/rGO nanocomposite.

4.2 Preparation of electrolyte

The electrolyte in this study was prepared in two steps
according to previous reports”"!. First, 0.26668 g Alumin-
ium trichloride (AICl;, anhydrous, 99.99%, Sigma-
Aldrich) was very slowly added to 3 mL of Tetrahydro-
furan (THF, anhydrous, =99.9%, Sigma-Aldrich) under
vigorous stirring to form AICI;-THF solution. In the sec-
ond step, 2 mL of Phenyl magnesium chloride (PhMgCl, 2
mol/L solution in THF, Sigma-Aldrich) solution was added
drop by drop in 3 mL of AICI;-THF solution. The final
solution was stirred at least 24 h prior to use. It should be
addressed that the previous two steps are exothermic reac-
tions. A stirring stage with a cooling system is strongly

Figure 6 SEM images of (a) pristine Sn/rGO electrode, (b) first discharged electrode, (c) first recharged electrode, and (d) second discharged electrode
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suggested for the mixing process. Since the electrolyte is
sensitive to moisture, all the processes should be per-
formed under argon in a glove box (<<0.1 ppm of water
and oxygen).

4.3 Cells assembling and electrochemical measure-
ments

The electrodes were composed of Sn/rGO nanocompo-
site, super P (SP), and poly(vinyl difluoride) (PVDF) bind-
er with a weight ratio of 80 : 10 : 10, which were coated
onto a piece of copper foil (99.6%, Goodfellow) and was
punched into disk electrodes after drying at 80 ‘C over-
night. The loading mass of the active materials is approxi-
mately 2.0 mgeecm . CR2032 coin cells were assembled
with Whatman borosilicate glass fiber paper as the separa-
tor, magnesium foil as the counter electrode, and 180 pL of
0.4 mol/L PhMgCI-AICl; in THF as the electrolyte in an
argon-filled glove box.

The cycling performance and the rate capability were
measured by an Arbin BT2000 system in the potential
range of 0 to 0.8 V versus Mg® /Mg. The current density
was calculated on the basis of the weight of the Sn/rGO
nanocomposite in the electrode. Cyclic voltammograms
(CVs) test was carried out using an Autolab electrochemi-
cal workstation (PG302N) in the same potential range with
a scan rate of 0.01 mVss™' (vs. Mg® /Mg). All electro-
chemical measurements were carried out at 25 C.

4.4 Preparation of ex-situ XRD and SEM samples

For preparing the magnesiated sample, the pristine
Sn/rGO electrode was discharged to 0 V vs. Mg at a con-
stant current of 15 mAeg™'. For de-magnesiated sample,
the pristine Sn/rGO electrode was charged to 0.8 V vs. Mg.
All the cells were disassembled inside an argon-filled
glove box and the magnesiated or de-magnesiated elec-
trodes were washed repeatedly with THF and dried at
25 C overnight to remove excess electrolyte bound to the
surface and obtained XRD and SEM samples. Before XRD
test, the nanocomposite was scraped off from the current
collector of the washed magnesiated and de-magnesiated
electrode using a clean razor blade.
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