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ABSTRACT: Herein, a graphene oxide (GO)-wired manganese silicate
(MS) hollow sphere (MS/GO) composite is successfully synthesized.
Such an architecture possesses multiple advantages in lithium and
sodium storage. The hollow MS structure provides a sufficient free
space for volume variation accommodation; the porous and low-
crystalline features facilitate the diffusion of lithium ions; meanwhile, the
flexible GO sheets enhance the electronic conductivity of the composite
to a certain degree. When applied as the anode material for lithium-ion
batteries (LIBs), the as-obtained MS/GO composite exhibits a high
reversible capacity, ultrastable cyclability, and good rate performance.
Particularly, the MS/GO composite delivers a high capacity of 699 mA
h ¢! even after 1000 cycles at 1 A g '. The sodium-storage
performance of MS/GO has been studied for the first time, and it
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delivers a stable capacity of 268 mA h g™" after 300 cycles at 0.2 A g™".
This study suggests that the rational design of metal silicates would render them promising anode materials for LIBs and SIBs.
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B INTRODUCTION

Since their commercialization, lithium-ion batteries (LIBs) have
dominated the market of power sources for portable electronics
because of their high energy density and good cycling
stability.' > However, the performances of current state-of-
the-art LIBs, such as energy density, power density, safety, and
cycle life, cannot meet the ever-increasing demands of electric
vehicles and smart grids. Therefore, significant efforts have been
dedicated to the development of novel high-capacity electrode
materials.’ "'

Recently, metal silicates have been recognized as a promising
family of high-capacity anode materials."*"* For example,
nickel silicate is reported as an LIB’s anode, with a high initial
discharge capacity of 1650 mA h g™"."* Mueller et al. reported a
cobalt silicate anode with a reversible capacity of ~600 mA h
g~'; however, the cycling and rate performances of the material
are unsatisfactory due to its large particle size.'” To boost the
cyclability and rate capability, an effective strategy is
compositing metal silicate with conductive carbon."*”"”* Jin
et al. designed a sandwich-structured graphene—nickel silicate—
nickel ternary composite."”” Qu et al. fabricated a composite of
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layered zinc silicate/carbon/reduced graphene oxide (RGO)."°
Both composites show enhanced cycling stability and rate
performance. Another effective way to boost the electro-
chemical performance of metal silicates is constructing
nanostructures.' ' *'*?**! The rationally designed nanostruc-
tures can shorten the diffusion length of lithium ions, ensure a
sufficient electrode/electrolyte contact, and reduce the strain
induced by repeated lithiation/delithiation.”> With a sufficient
free space for volume variation accommodation and strain
relaxation, the hollow sphere has been demonstrated to be one
of the most attractive nanostructures for electrode materi-
als."*'7*7*% For example, when coupled with RGO, nickel
silicate and copper silicate hollow spheres can serve as long-life
anode materials for LIBs.'*"”

Recently, amorphous and low-crystalline electrode materials
have attracted a great attention in electrochemical energy
storage and conversion.”” ** Compared to their highly
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Figure 1. Schematic illustration of the synthesis of pristine MS and MS/GO composite. Step I: hydrothermal synthesis of MS hollow spheres from
Stober SiO, spheres. Step II: assembling the MS hollow spheres and GO nanosheets into MS/GO nanocomposite via freeze drying.

crystalline counterparts, the amorphous and low-crystalline
electrode materials are more effective in lithium-ion diffusion
and strain relaxation.””>**"*® As an excellent example,
amorphous FePO, has been demonstrated to be a superior
cathode material for both lithium and sodium storage.”” " In
addition, both amorphous and low-crystalline FeOOH can
function as high-performance pseudocapacitive electrode
materials in supercapacitors.””*’ Through a comparative
study, Zhao et al. demonstrated that the amorphous copper
vanadate outperforms its highly crystalline counterpart in
lithium storage.38 For metal silicate, it has also been
demonstrated that the amorphous cobalt silicate, when
composited with carbon, can deliver outstanding electro-
chemical performance.'” It should be pointed out that all of
the above-mentioned amorphous/low-crystalline electrode
materials have poor electronic conductivity, which is unfavor-
able for electron conduction. Therefore, conductive carbon is
usually introduced in the electrode materials to enhance their
electrochemical performances.’”****

Herein, we report for the first time a facile two-step synthesis
of the low-crystalline manganese silicate hollow sphere/
graphene oxide (MS/GO) composite. With a porous and
low-crystalline wall for a fast lithium-ion diffusion, a hollow
interior for volume change accommodation, and a GO network
for electron conduction, the as-obtained MS/GO composite
manifests an excellent lithium-storage performance. In addition,
this is the first report on applying metal silicate/GO as the
anode material for SIBs.

B RESULTS AND DISCUSSION

The synthesis of MS/GO involves two major steps (Figure 1).
In step I, porous and low-crystalline manganese silicate (MS)
hollow spheres are synthesized via a facile hydrothermal
method, in which Stober SiO, spheres are used as the sacrificial
templates, MnCl,-4H,0 is used as the Mn source, and NH,Cl
and NH;-H,O are used to adjust the pH value. In step I, the
MS hollow spheres and GO are dispersed in water and freeze-
dried to construct the MS/GO composite. For comparison, an
MS/RGO composite is also prepared by annealing the as-
obtained MS/GO at 700 °C for 10 h in Ar/H, (95%/5%).
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X-ray diffraction (XRD) patterns of the as-obtained MS and
MS/GO (Figure 2) show three weak and broad diffraction
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Figure 2. XRD patterns of the pristine MS and the MS/GO
composite.

peaks, indicating the low-crystalline nature of the products.
Both patterns can be indexed to Mn;(1I)Mn,(III)(SiO,),
(JCPDS card no. 01-089-5709). No diffraction peaks for GO
can be detected in the XRD pattern of the MS/GO composite,
which is due to the ultrathin feature and low content of GO in
the composite.””*"

The existence and content of GO in the MS/GO composite
are determined by Raman spectroscopy and thermogravimetric
analysis (TGA). The Raman spectrum (Figure S1) presents
two obvious carbon bands. The D band at 1323 cm™ is due to
the defects, whereas the G band at 1589 cm™! is ascribed to the
in-plane vibration of sp> carbon atoms.*” The Ip/I ratios for
MS/RGO and MS/GO are determined to be 0.94 and 1.0,
respectively. The close Ip/I; ratios indicate that the
graphitization degrees of MS/RGO and MS/GO are similar.
The GO content is determined to be 5.8 wt % by TGA (Figure
S2). The slight weight loss of pristine MS can be ascribed to the
elimination of moisture.
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Figure 3. FESEM (a) and TEM (b) images of MS, FESEM (c) and TEM (d) images of MS/GO, and element-mapping results of MS/GO (e—i).
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Figure 4. CV curves of MS/GO (a); representative discharge—charge curves of MS/GO at the current density of 0.2 A g™! (b); cycling performances
of MS/GO, pristine MS, and GO at 0.2 A g™' (c); cycling performance of MS/GO at 0.5 A g™' (d); rate performances of MS/GO and pristine MS
(e); and Nyquist plots of MS/GO and pristine MS, where R, = external resistance, R, = charge-transfer resistance, CPE = constant phase element, R;

= SEI resistance, and Z,, = Warburg impedance (f).

The nanoporous features of MS and MS/GO are
characterized by nitrogen sorption (Figure S3). Both samples
possess high specific surface areas and abundant mesopores.
The Brunauer—Emmett—Teller surface areas of MS and MS/
GO are determined to be 365 and 325 m” g/, respectively. The
pore sizes of both samples are centered at approximately 2 nm.
Such a highly porous feature is desirable in lithium storage as it
can facilitate the ion diffusion.

The morphology and microstructure of the MS/GO
composite, pristine MS, and the sacrificing template are studied
by field emission scanning electron microscopy (FESEM) and
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transmission electron microscopy (TEM). The sacrificing
template, namely, Stober SiO,, is composed of monodisperse
microspheres with smooth surface (Figure S4). The diameter of
the SiO, spheres is ~400 nm. After the hydrothermal
treatment, the Stober SiO, is converted into MS. The MS is
composed of microspheres with rough surface and a diameter
of ~450 nm (Figure 3a). The TEM image (Figure 3b)
demonstrates the hollow structure of MS. The thickness of the
shell is determined to be approximately 120 nm. From the
high-magnification TEM images (Figure S5), it can be observed
that the shell of MS is composed of nanobubbles with
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Figure S. Rate performance (a) and cycling performance (b) of MS/GO at 0 °C.

diameters of ~2 nm, which is consistent with the literature.*

The element-mapping analysis (Figure S6) shows that the Mn,
Si, and O elements distributed homogeneously in the MS
hollow spheres. Figure 3c,d shows the FESEM and TEM
images of the MS/GO composite, respectively. It can be
observed that the GO forms a continuous network and the MS
hollow spheres are well dispersed in it. The element-mapping
results (Figure 3e—i) indicate the homogeneous distribution of
Mp, Si, O, and C in the MS/GO composite.

Figure 4a presents the initial three cyclic voltammetry (CV)
curves of the MS/GO at a scan rate of 0.1 mV s™". An intense
reduction peak can be observed at around 0.07 V in the first
cathodic process, which is caused by the initial lithiation and
the formation of a solid electrolyte interphase (SEI) layer on
the electrode surface.'”'” In the second cathodic scan, the peak
shifts to approximately 0.65 V, and this new peak is ascribed to
the reversible lithium-ion insertion into the MS/GO.* In the
anodic sweeps, an oxidation peak located at about 1.45 V can
be observed, corresponding to the lithium extraction. The CV
curves of pristine MS are similar to those of MS/GO (Figure
S7), suggesting their identical reaction mechanism.

Figure 4b shows representative discharge—charge curves of
the MS/GO composite at 0.2 A g~'. The discharge plateau is
between 0.01 and 0.75 V, and the charge plateau is located at
1.0—1.5 V. The charge plateau is a little high for practical
application; however, this is a common issue for conversion-
reaction-based anode materials.”> The MS/GO composite
delivers initial discharge and charge capacities of 1780 and
825 mA h g™!, respectively. The corresponding coulombic
efficiency is 46.3%, and the irreversible capacity is as high as
955 mA h g'. The large capacity loss is ascribed to the initial
irreversible electrochemical reaction as well as the formation of
SEL'>"” This phenomenon is very common for anode materials
based on conversion and alloying/dealloying reactions.****
Although the initial coulombic efficiency of MS/GO (46.3%) is
lower than that of commercial anode materials, it can be
improved by employing prelithiation.*”°

Figure 4c displays the cycling performances of the MS/GO
composite, pristine MS, and GO at the current density of 0.2 A
g~". The MS/GO composite delivers a much higher capacity
than the pristine MS and GO. A stable capacity of 1015 mA h
g~' can be achieved after 150 cycles. It is worth noting that the
capacity undergoes a progressive increasing process after 15
cycles. A similar phenomenon has been reported in manganese
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oxide-based anodes, and it may originate from the oxidation of
Mn?" to Mn*" at a high charge voltage.”’ ™ Under similar
conditions, the pristine MS delivers a capacity of 484 mA h g™*,
whereas the GO delivers a capacity of only 196 mA h g™". The
synergetic effect of MS hollow spheres and GO is responsible
for the high specific capacity and excellent cycling stability of
MS/GO. Although MS possesses a high theoretical capacity of
1226 mA h g7', the active material utilization is low due to its
poor electronic conductivity. At 0.2 A g, the pristine MS
delivers a moderate reversible capacity of 484 mA h g~'. With
the introduction of GO, both the electronic conductivity and
specific capacity of MS can be enhanced significantly.

At a current density of 1 A g™', the MS/GO composite
delivers a reversible capacity of 828 mA h g~', maintaining 699
mA h g7! after 1000 cycles (Figure 4d). At an even higher
current density of 2 A g™, the MS/GO composite manifests a
capacity of 445 mA h g™' after 1000 cycles, confirming its
desirable cycling stability (Figure S8). Reducing the GO to
RGO improves the cycling stability while slightly sacrificing the
reversible capacity; the MS/RGO composite manifests a very
stable capacity of ~674 mA h g™ at 1 A ¢! (Figure S9).

To evaluate the structural stability, the morphology of MS/
GO after 500 cycles at 1 A g™' is investigated (Figure S10).
Both the MS spheres and GO nanosheets can be well retained
after cycling, demonstrating the excellent structural stability of
MS/GO. Such an excellent structural stability can be attributed
to the volume change buffering ability of the MS hollow
structure and the flexibility of GO.

Rate performance is one of the most important parameters
for evaluating electrode materials. Figure 4e presents the rate
performances of MS/GO and pristine MS. The MS/GO
composite delivers average capacities of 936, 811, 686, 574,
514, 343, and 164 mA h g_1 at current densities of 0.1, 0.2, 0.5,
1,2,3,and 5 A g/, respectively. When the current density is
returned to 0.1 A g, the capacity resumes to 850 mA h g™/,
which is ~90.8% of the initial capacity. No matter what the
current density is, the pristine MS delivers a much lower
capacity than the MS/GO composite. The superior perform-
ance of MS/GO over pristine MS in terms of specific capacity
and rate capability suggests that the GO is beneficial to the
reactivity and conductivity of MS. Compared to previous
reports on MS anode materials,”"** the MS/GO composite
reported here shows the highest specific capacity and cycling
stability.
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Figure 6. Rate performance (a), cycling performance and coulombic efficiency (b) of MS/GO for sodium storage.

To evaluate the reaction kinetics of MS/GO and MS
electrodes, electrochemical impedance spectra are recorded.
The Nyquist plots of both MS/GO and MS electrodes consist
of a semicircle at the high-frequency region and a slope line at
the low-frequency region (Figure 4f). The semicircle represents
the charge-transfer impedance (R,), whereas the slope line
represents the Warburg impedance related to solid-state Li*
diffusion. The R value of MS/GO is determined to be 78.52
Q, which is much lower than that of pristine MS (175.6 Q).
This suggests that the MS/GO composite has a much faster
charge-transfer process than the pristine MS. The low-
frequency line for MS/GO is much steeper than that of MS,
indicating the much faster Li* diffusion in MS/GO. The
enhanced Li* diffusion can be attributed to the fact that the
introduction of GO nanosheets induces the formation of a less
aggregated structure with more interspaces. Reducing the GO
to RGO decreases the R, from 78.52 Q for MS/GO to 51.7 Q
for MS/RGO (Figure S11).

For practical applications, low-temperature performance is
another important parameter for electrode materials. The low-
temperature lithium-storage performances of MS/GO at 0 °C
are presented in Figure S. It delivers average capacities of 707,
551, 460, 368, 311, 248, and 148 mA h g_1 at current densities
of 0.1,0.2, 0.5, 1, 2, 3, and 5 A g, respectively (Figure Sa).
The MS/GO composite also exhibits an excellent low-
temperature cycling performance (Figure Sb). A capacity of
425 mA h g™' can be obtained after 300 cycles at 0.5 A g™".

The abundance and low cost of sodium make the SIBs a
promising alternative to LIBs.'>***"*%%¢ Although sodium has
a number of features similar to those of lithium, most of the
electrode materials for LIBs are not suitable for SIBs because of
the large ionic radius of sodium. Considering that the porous
and low-crystalline features may favor the insertion/extraction
of Na®, the sodium-storage performances of MS/GO are
further studied. As shown in Figure 6a, the MS/GO composite
delivers an average capacity of 340 mA h g™ at a low current
density of 0.1 A g™". Even at a high current density of 3A g™, a
capacity of 83.3 mA h g~' can be retained. Figures S12 and 6b
depict the representative discharge—charge curves and cycling
performance of MS/GO at 0.2 A g™'. It shows initial and
second discharge capacities of 787 and 366 mA h g/,
respectively. From the second cycle onward, it exhibits a
good cycling stability and retains 268 mA h g~" after 300 cycles
and the coulombic efficiency is close to 100%. There are few
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reports on using silicate as anode materials for SIBs. Gui et al.
reported a CNT@NiSiO,, anode with an initial capacity of 576
mA h g~'; however, the capacity decays rapidly to only 213 mA
h g™ after 16 cycles at 20 mA g~'."* This work proves that the
porous and low-crystalline MS/GO composite is a potential
anode material for SIBs.

B CONCLUSIONS

In conclusion, a MS/GO composite has been successfully
constructed. The as-prepared MS/GO composite exhibits a
high lithium-storage capacity (825 mA h g™' at 0.2 A g™'), an
excellent cyclability (699 mA h g after 1000 cycles at 0.5 A
g™'), and a good rate performance. The excellent lithium-
storage performance can be attributed to the porous and low-
crystalline features for rapid lithium-ion diffusion, hollow
structure for volume variation accommodation, and GO for
electronic conduction. This work suggests that the rational
design of metal silicate structures would render them promising
anode materials for LIBs and SIBs.
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