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ABSTRACT: A sandwichlike magnesium silicate/reduced gra-
phene oxide nanocomposite (MgSi/RGO) with high adsorption
efficiency of organic dye and lead ion was synthesized by a
hydrothermal approach. MgSi nanopetals were formed in situ on
both sides of RGO sheets. The nanocomposite with good
dispersion of nanopetals exhibits a high specific surface area of
450 m2/g and a good mass transportation property. Compared to
MgSi and RGO, the mechanical stability and adsorption capacity of
the nanocomposite is significantly improved due to the synergistic
effect. The maximum adsorption capacities for methylene blue and
lead ion are 433 and 416 mg/g, respectively.
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1. INTRODUCTION

Layered nanomaterials have two-dimensional (2D) layered
structure with tuned interlayer spaces. Ions and molecules,
such as lithium ions, heavy metal ions, or dyes, could transport
between layers or exchange with other ions. Because of their
outstanding diffusion performance, layered nanomaterials were
widely used in nanofillers,1−3 bionanocomposites,4,5 energy
storage,6−10 photocatalysts,11−13 adsorption, and separa-
tion.14−16 As an important type of layered nanomaterial, layered
silicates are stable, low cost, and environmentally benign. For
example, palygorskite and montmorillonite have been used as
adsorbents in water treatment for years. Lead ion (Pb2+) and
methylene blue (MB) were widely investigated toxic pollutants
in industrial or agriculture wastewater and could cause a wide
range of health problems. Drinking water containing these
pollutants could cause serious disorders, such as cancer, nausea,
coma, and mental retardation.17−20 Recently, flowerlike zinc
silicate nanomaterials with layered structures exhibited a high
adsorption capability of Pb2+ for water treatment.21 Magnesium
silicate nanotubes also showed excellent adsorption capacities of
929, 424, 362, and 276 mg/g for UO2

2+, Pb2+, Rhodamine B, and
MB, respectively.22 Because of the analogous structure to
graphite, layered silicates might also serve as competitive
candidates for anode materials in lithium ion batteries.
Hydrothermally reduced multiwalled Ni3Si2O5(OH)4 nanotubes
were reported to retain a specific capacity of 308.5 (mA h)/g after
21 cycles at a current rate of 20mA/g.23We also designed a novel
layered zinc silicate/carbon/reduced graphene oxide (RGO)

composite with a three-dimensional (3D) carbon-based
conductive network, which exhibited a specific capacity as high
as 778 (mA h)/g after 50 cycles.24

Hollow structured metal silicates and core−shell structured
iron oxide/magnesium silicate composites were reported for
water treatment with high adsorption capacities of dyes and
metal ions.25−29 However, all these materials are in the
nanoscale, which are difficult to be separated from the solution
and might cause secondary pollution. Fabrication of nanoma-
terials with larger sizes could solve the problem, but the
Brunauer−Emmett−Teller (BET) surface area and adsorption
performance would decrease accordingly. Combination of
layered silicates with other large-scale materials would be an
effective approach to obtain a better separation property while
retaining the high adsorption capacity.
RGO has been integrated with other inorganic materials to

improve the electrochemical or photochemical performances, as
the presence of RGO could help to sustain the volume change of
the inorganic materials and improve their electron transport
property.30−34 For adsorption application, RGO could serve as a
soft buffer to stabilize the inorganic structure and as a separator
to prevent the aggregation of inorganic nanomaterials which
would decrease the BET surface area and lower the adsorption
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capacity. RGO could also enhance the adsorption of ions and
molecules by electrostatic attraction or conjugation.
In this study, a step-by-step approach was used to synthesize in

situ a sandwichlike magnesium silicate (MgSi)/RGO nano-
composite. Silica nanoparticles were grown on RGO sheets as the
silicon source, and the sandwichlike MgSi/RGO nanocomposite
was synthesized under a mild hydrothermal condition. Improved
dispersion of MgSi enhanced mass transportation efficiency and
resulted in a large BET surface area (up to 450m2/g).When used
as adsorbent, the as-prepared sandwichlike MgSi/RGO nano-
composite exhibits excellent removal capabilities of 416 and 433
mg/g for Pb2+ and MB, respectively.

2. EXPERIMENTAL SECTION
2.1. Materials. Graphite was purchased from Huadong Graphite

Factory (China) with an average diameter of 13 μm. Sulfuric acid
(H2SO4, 98%), hydrochloric acid (HCl, 37%), hydrogen peroxide
(H2O2), ammonium hydroxide (NH3·H2O, 28%), magnesium chloride
(MgCl2·6H2O), ammonia chloride (NH4Cl), tetraethyl orthosilicate
(TEOS), lead nitrate (Pb(NO3)2), and MB were bought from Beijing
Chemical Factory (China). All chemicals are analytical grade and were
used without further purification.
2.2. Synthesis of Silica/RGO Nanocomposite. Silica/RGO

nanocomposite was synthesized by a reported sol−gel method.35

Graphene oxide (GO) (120 mg) was ultrasonicated in ethanol (240
mL) and deionized water (24 mL) for 2 h. NH3·H2O (4 mL) was then
added dropwise and the suspension was ultrasonicated for another 1 h.
TEOS (0.5 mL) was added, and the mixture was further ultrasonicated
for 3 h. The suspension was rested for 24 h, centrifuged, washed with
ethanol for 3 times, and dried at 60 °C in an oven for 12 h.
2.3. Synthesis of MgSi/RGO Nanocomposite. MgSi/RGO

nanocomposite was synthesized using a hydrothermal approach.22

Silica/RGO (50 mg) was dispersed by ultrasonication in 20 mL of
deionized water as suspension A. Magnesium chloride (50.8 mg),
ammonia chloride (530.5 mg), and NH3·H2O (1 mL) were dissolved in
deionized water (30 mL) as solution B. Suspension A and solution B
were mixed and transferred to an autoclave at 140 °C for 8 h. The
product was centrifuged, washed with deionized water for several times,
and dried in an oven at 60 °C for 6 h. For comparison, GO was treated
with a similar hydrothermal method to synthesize RGO. MgSi hollow
spheres were synthesized as reported.26

2.4. Characterization. X-ray diffraction (XRD) measurement was
carried out using a Rigaku D/Max 2500 diffractometer with Cu Kα
radiation (λ = 1.54 Å) at a generator voltage of 40 kV and a generator
current of 40 mA. MgSi/RGO, RGO, and MgSi were characterized with
high-resolution X-ray photoelectron spectroscopy (XPS; Thermo VG
RSCAKAB 250X), Fourier transform infrared spectroscopy (FT-IR;
Nicolet Nexus 670), and Raman microscopy (Renishaw inVia, Britain).
The morphology and microstructure of the nanocomposite were
observed with field emission scanning electron microscopy (SEM; Zeiss
Supra 55) and transmission electron microscopy (TEM; JEOL JEM-
3010). The surface area of the product was measured by a BET method
using N2 adsorption and desorption isotherms on an Autosorb-1
analyzer at 78.3 K. Thermogravimetric analysis (TGA) was conducted
on a TA Instruments Q50 thermal analyzer. The concentration of lead
ions was analyzed using inductively coupled plasma atomic emission
spectroscopy (ICP-AES; Shimadzu ICPE-9000). MB concentration was
measured with a Thermal Scientic Evolution 200 UV−visible (UV−vis)
spectrophotometer.
2.5. Adsorption Experiments. Pb2+ and MB adsorption experi-

ments were carried out with a similar process. In a typical procedure to
obtain the adsorption isotherm, 20 mg of MgSi/RGO nanocomposite
was mixed with 20 mL of solution of different initial concentrations at
room temperature, with no other additives present, and stirred for 12 h
to ensure adsorption equilibrium. The adsorbent was removed by
centrifugation, and the filtrate was analyzed by ICP-AES or UV−vis
spectroscopy.

3. RESULTS AND DISCUSSION
As reported previously,22 silica nanotubes with mesoporous walls
synthesized using hard/soft dual templates could serve as the
structure director for fabrication of metal silicate nanotubes, with
original tubular structure of the silica nanotubes retained. With
these templates, the structure of materials was programmable. To
ensure the tight interaction of MgSi with RGO, a two-step
approach is designed to synthesize the sandwichlike MgSi/RGO
nanocomposite (Figure 1). First, silica nanoparticles are planted

on both sides of GO sheets by the hydrolysis of TEOS in an
alkaline medium. During the process, the oxygen-containing
groups of GO are connected with silica nanoparticles tightly, as
reported in other metal oxide/RGO nanocomposites.32,36

Second, silica nanoparticles are converted in situ to MgSi
nanopetals under a similar hydrothermal condition. The
sandwichlike MgSi/RGO nanocomposite is thus obtained.
XRD patterns of GO, MgSi, and MgSi/RGO are shown in

Figure 2a. The XRD pattern of GO, which was fabricated with a
modifiedHummers method,37,38 shows a typical sharp peak at 2θ
= 12° with a corresponding interlayer spacing of 0.74 nm,39

indicating that a large amount of oxygen-containing functional
groups are intercalated into the interlayer space of graphite. This
sharp peak is not observed in the XRD pattern of MgSi/RGO,
because the silica nanoparticles formed on each side of the RGO
by the sol−gel treatment prevent the restacking of these RGO
sheets. The peaks of MgSi and MgSi/RGO samples are relatively
broadened and overlapped with each other, but all peaks can be
indexed to magnesium silicate (Mg3Si4O9(OH)10, JCPDS: 03-
0174). No other impurities are observed. The morphologies of
GO, silica/RGO, and MgSi/RGO are observed with SEM. As
reported,26 the as-prepared MgSi shows a hollow spherical
structure with diameters around 500 nm (Figure S1, Supporting
Information). Its shell is made of dozens of twisted nanopetals.
Figure 2b shows that as-prepared GO exhibits a smooth surface
with the size up to the micrometer scale. After the hydrolysis of
TEOS, lots of nanoparticles lying on the surface of GO make it
relatively rough, confirming the formation of silica nanoparticles
(Figure 2c). Some studies have shown that the silica nanoma-
terials could serve as the silicon source to synthesize the metal
silicate.26,28,40 Here, the anchored silica also serves as the
structure director to synthesize in situ MgSi/RGO nano-
composite. After treated with a mild hydrothermal process, the
silica on the surface converts to petal-like structure while the
nanopetals are still anchored on both sides of the nanocomposite
(Figure 2d). RGO sheets could not be observed from the SEM
image. Such a large size would make the nanocomposite be
separated easily from water thus avoiding secondary pollution.
The plate-on-plate sandwichlike structure is studied further by
TEM observation. The twisted nanopetals are connected with
each other to form a MgSi layer growing on the surface and edge
of RGO (Figure 2e). From the edge, RGO is observed between
two MgSi layers, indicating a sandwichlike structure. The
corresponding selected area electron diffraction analysis
indicates that the MgSi is successfully formed in the nano-
composite (Figure 2f).

Figure 1. Schematic of the preparation of the sandwichlike MgSi/RGO
nanocomposite.
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FT-IR spectra of RGO, silica/RGO, and MgSi/RGO are
shown in Figure 3a. Compared to RGO, the silica/RGO
nanocomposite exhibits new bands at 1190, 1095, 955, and 788
cm−1, which are attributed to the stretching and deformation
vibrations of coated silica on the surface of RGO.5,25,35 After the
hydrothermal treatment, the presence of new bonds appearing at
3676, 1018, and 666 cm−1 for the MgSi/RGO nanocomposite
confirms the formation ofMgSi.5,25 The peak at 3424 cm−1 could
be assigned to the stretching and bending modes of adsorbed
water. All these bands could also be observed in the FT-IR
spectrum of MgSi (Figure S2, Supporting Information). The
band at 1629 cm−1 is associated with carboxylate groups of RGO.
Raman spectroscopy is a powerful tool to investigate the
structural change of carbon materials.32,36 As shown in Figure 3b,
there are two regular peaks corresponding to the D band (ca.
1340 cm−1) and the G band (ca. 1590 cm−1). The G band
corresponds to the first-order scattering of the E2g mode
observed for sp2 carbon domains, while the pronounced D

band is caused by structural defects or edges that break the
symmetry and selection rule. The intensity ratio of the D band to
the G band (ID/IG) is usually used to measure the graphitization
degree of carbon materials. The ID/IG value of GO is 0.85; after
being composited with silica, the value increases to 0.91, and
then, the value further increases to 0.98 for the MgSi/RGO
nanocomposite, indicating that not only the silica nanoparticles
but also the MgSi nanopetals in the nanocomposite result in the
increased disorder degree of RGO sheets. Such a structural
change would provide more active sites for adsorption.
To trace the variation in surface composition during each stage

of the synthesis, Figure 4 shows XPS spectra of GO, silica/RGO,
MgSi/RGO, and MgSi. GO typically shows only carbon and
oxygen peaks, with a C/O ratio of 4.98, indicating high levels of
oxidation (Figure 4a). The oxygen-containing functional groups
are identified by deconvoluting the C 1s and O 1s spectra of GO.
The peaks at 284.5, 286.4, and 288.4 eV correspond to CC,
CO, and CO moieties, respectively (Figure 4b). The silica

Figure 2. (a) XRD patterns of GO, MgSi, and MgSi/RGO; SEM images of (b) GO, (c) silica/RGO, and (d) MgSi/RGO; (e) TEM image and (f)
diffraction pattern of MgSi/RGO.

Figure 3. (a) FT-IR spectra and (b) Raman spectra of RGO, silica/RGO, and MgSi/RGO.
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nanoparticles on RGO by the sol−gel process result in the
presence of the Si peak and the intensity decrease of the oxygen-
containing peaks. Curve fitting results of the O 1s and Si 2p
spectra, as shown in Figure 4c, d, show that the peaks at
approximately 532.5, 533.4, and 103.8 eV are indications of the
formation of a silica network.35 There is a peak at 102.8 eV for
Mg−O3Si in the MgSi hollow sphere, which is overlapped with
the C−O3Si peak in the MgSi/RGO nanocomposite. However,
the peaks at 531.7 and 102.8 eV are an evidence of the covalent
bonding between the RGO and silica.35 Some studies have
shown that the oxygen bridge bond between the carbon and
metal atoms could be formed in the hydrothermal process.7,32

The strong C−O−Si covalent bonding would not be broken
during this mild hydrothermal condition. Hydrothermal treat-
ment of silica/RGO leads to a further intensity decrease of the
oxygen-containing functional groups in the C 1s spectra,

indicating the reduction of GO to RGO during the treatment.
The peak at 532.5 eV moves to 532.3 eV for the Si−O−Si bond
and 533.2 eV for the Si−O−Mg bond. It agrees well with the
spectrum of MgSi hollow spheres (Figure 4c).
The specific surface area of the MgSi/RGO nanocomposite

calculated by the BET method is 450 m2/g (Figure S3,
Supporting Information). Such a high BET surface area is due
to the porous MgSi layer with all nanopetals exposed on the
surface of RGO sheets. These pores are very likely due to the void
spaces formed by the stacking of MgSi nanoplates.41 For
adsorption application, the stability of the nanocomposite in
acidic and basic solution should be evaluated. Mg2+ concen-
tration is conducted with ICP-AES at the pH range 2−7. The
data show that both as-prepared MgSi and MgSi/RGO samples
can exist stably within pH 4−7 (Figure 5a). In our study, the pH
values of solutions of lead ions are at 5−7 depending on the

Figure 4. XPS spectra of GO, silica/RGO, MgSi/RGO, and MgSi. (a) Survey scans, (b) C 1s, (c) O 1s, and (d) Si 2p.
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concentration without adjusting. The adsorption properties of
various silicate adsorbents are listed in Table 1 for comparison.

To investigate the adsorption capacities, adsorption isotherms
of RGO, MgSi, and MgSi/RGO for Pb2+ are obtained. The
Langmuir model is employed for adsorption analysis:42,43

= +Q Q bC bC/(1 )e m e e

where Ce is the equilibrium concentration of Pb2+ (mg/L), Qe is
the amount of Pb2+ adsorbed per unit weight of the adsorbent at
equilibrium (mg/g), Qm (mg/g) is the maximum adsorption
capacity, and b is a constant in the Langmuir equation related to
the energy of adsorption and the binding strength. The
adsorption data of the specimens fit the Langmuir adsorption

isotherm well (Figure 5b). The maximum adsorption capacity of
the as-prepared MgSi/RGO for Pb2+ is 416 mg/g, which is
substantially higher than that of RGO (61 mg/g, Figure 5b) and
the controlled MgSi hollow spheres (331 mg/g, Figure 5b).
Compared with the reported values (Table 1), the MgSi/RGO
nanocomposite has a higher or competitive adsorption perform-
ance with a moderate BET surface area. However, the MgSi
content in the nanocomposite is just 70.3%, which is determined
by TGA (Figure S4, Supporting Information). On the basis of
this data, the calculated capacity of MgSi in the nanocomposite is
up to as high as 566 mg/g, much higher than the reported values
in the literature.
In addition, if the adsorption capacity is evaluated based on the

surface area, the MgSi/RGO nanocomposite also shows the
highest adsorption capacity (0.92 mg/m2) per unit surface area
(Table 1), which is nearly twice that of MgSi hollow spheres and
31.4% higher than that of magnesium silicate nanotubes
(MgSNT). Because the capacity of RGO is much lower than
that of MgSi hollow spheres, the capacity of the nanocomposite
should mainly result from the MgSi component. However, the
MgSi/RGO nanocomposite with just 70.3%MgSi shows a much
higher capacity than the MgSi hollow sphere alone, indicating
that the sandwichlike structure with all nanopetals exposed on
the surface exhibits much higher adsorption efficiency than other
nanostructured silicate materials. For adsorbents, the surface is
where adsorption occurs; a large BET surface area may lead to a
high capacity. However, the efficiency of mass transportation,
which is related to the structure of materials, is another important
factor. Take the controlled MgSi hollow structure as an example,

Figure 5. (a) Concentration curves ofMg2+ from as-preparedMgSi andMgSi/RGO as a function of pH value; (b) adsorption isotherm of Pb2+ on RGO,
MgSi, and MgSi/RGO. Ce (mg/L): the equilibrium concentration of the Pb2+ solution; Qe (mg/g): the amount of Pb2+ adsorbed at equilibrium.

Table 1. Pb2+ Adsorption Properties of MgSi/RGO and
Related Materials Reported in the Literature

adsorbent
BET
(m2/g)

Qm
a

(mg/g)
Qm/BET
(mg/m2) ref

MgSi/RGO 450 416 0.92 this work
RGO 485 61 0.13 this work
MgSNT 604 424 0.70 22
MgSi hollow sphere 521 300 0.58 26
MgSi hollow sphere 470 147 0.31 28
MgSi hollow sphere 355 65 0.18 29
MgSi core−shell
sphere

386 48 0.12 29

MgSi nanotubes 222 41 0.18 29
aQm (mg/g): the maximum adsorption capacity of Pb2+.

Figure 6. (a) Adsorption isotherm of MB on RGO, MgSi, and MgSi/RGO. Ce (mg/L): the equilibrium concentration of the MB solution; Qe (mg/g):
the amount of MB adsorbed at equilibrium. (b) Time-dependent concentration of MB (initial concentration of 100 mg/L) using RGO, MgSi, and
MgSi/RGO.
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it has a higher BET surface area, and the lead ions in the solution
could easily transport and be adsorbed by the outer exposed
MgSi through ion exchange. However, because the twisted
nanopetals are closely packed to form an about 100 nm thick
shell, the ions might be difficult to diffuse to the inner side and
react with MgSi. Differently, if the MgSi nanopetals are planted
on the surface of RGO sheets, there would be no inner surface,
and all the MgSi nanopetals are exposed to the solution,
benefiting the adsorption of Pb2+. Therefore, the sandwichlike
MgSi/RGO nanocomposite exhibits a higher adsorption
capacity.
Besides serving as a soft buffer to disperse theMgSi nanopetals

to fully expose their active sites, RGO also serves as a separator to
avoid the nanopetals to suffer from their aggregation, which leads
to a huge loss of surface area, thus damaging the adsorption
property. As detected by XPS, the Si−O−C bond between RGO
and MgSi enhances its mechanical stability. After a long time
mechanical stirring and ultrasonic treatment, the structure is still
well preserved (Figure S5, Supporting Information). In addition,
the micrometer-scale nanocomposite can be easily separated by
gravity (Figure S6, Supporting Information). RGO can also
adsorb ions and molecules through electrostatic attraction or
conjugation with the oxygen-containing functional groups.
The adsorption of MB is also investigated. Figure 6a shows

that the adsorption data fit the Langmuir adsorption isotherm
well. The maximum adsorption capacity of the as-prepared
MgSi/RGO nanocomposite for MB is 433 mg/g, while the
maximum adsorption capacities of RGO and MgSi reach only
195 and 160 mg/g, respectively. The value of 433 mg/g is also
much higher than that of MgSNT. The time-dependent
experiment shows that the nanocomposite has a faster
adsorption rate of MB at room temperature than the controlled
samples under the initial concentration of 100 mg/L (Figure 6b).
Although the BET surface area of the MgSi/RGO nano-
composite is 450 m2/g, which is lower than that of MgSi (521
m2/g), the nanocomposite still had a similar adsortpion rate to
MgSi alone. It was reported that the adsorption process of GO
composites followed the pseudo-second-order rate adsorption
kinetic model,44,45 which is also in agreement with our results. As
shown in Table S1, Supporting Information (the data are fitted
based on Figure 6b, so Qe is lower than their maximum
adsorption capacities), the correlation coefficients of the samples
are almost 1. The adsorption rate of the MgSi/RGO nano-
composite is a little higher than that of MgSi. It means the
adsorption capacity is affected not only by BET surface area but
also the efficiency of mass transportation that is related to the
structure of materials. These results indicate that the layer-by-
layer structure can serve as a highly efficient adsorbent in the
application of water treatment. Meanwhile, the adsorption
capacity of MgSi/RGO toward Cr2O7

2− is also measured, and
nearly no adsorption is observed. This is because the surfaces of
MgSi and MgSi/RGO nanocomposite are negatively charged in
aqueous solution with pH value of about 726 and the anions such
as Cr2O7

2− cannot be adsorbed.

4. CONCLUSION
MgSi/RGO nanocomposite is synthesized by a hydrothermal
approach. XRD pattern and FT-IR spectra clearly index the
crystallographic information on the nanocomposite. XPS results
confirm the reduction of GO during the two-step reaction and
the existence of a Si−O−Cbond that improves the stability of the
nanocomposite. SEM and TEM observations show the good
dispersion of MgSi nanopetals on RGO sheets to form a 2D

sandwichlike composited structure. The improved dispersion of
MgSi and enhanced mass transportation efficiency make the
MgSi/RGO nanocomposite high adsorption capacities of 416
and 433 mg/g for Pb2+ and MB, respectively. The synergistic
effect is well illustrated by increasing theMB and Pb2+ adsorption
capacities of MgSi alone by 171% and 26%, respectively. This
new material would have good potential in water remediation.
Such a 2D plates-on-plates composited structure would be an
effective approach to improve the mass transportation efficiency
of materials for enhanced adsorption ability, catalytic, or lithium
ion storage property.
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