
Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 1
8 

Se
pt

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 1

0/
06

/2
01

6 
21

:5
2:

52
. 

View Article Online
View Journal  | View Issue
Magnetic graphe
aIntegrated Composites Laboratory (ICL),

Engineering, Lamar University, Beaumont,

lamar.edu; zguo10@utk.edu
bDepartment of Chemistry and Biochemistry

USA. E-mail: suying.wei@lamar.edu
cDepartment of Physics, Southern Universit

guang-lin_zhao@subr.edu
dDepartment of Materials Science and En

Angeles, Los Angeles, CA, 90095 USA
eDepartment of Chemical & Biomolecular En

University of Connecticut, Storrs, CT, 06269
fDepartment of Chemistry, The University of
gDepartment of Physics and Astronomy, Lou

70803 USA
hDepartment of Chemistry, Key Laborator

Ministry of Education, Tongji University, Sh

tongji.edu.cn
iEngineered Multifunctional Composites, LL

Cite this: J. Mater. Chem. C, 2014, 2,
9478

Received 24th June 2014
Accepted 11th September 2014

DOI: 10.1039/c4tc01351d

www.rsc.org/MaterialsC

9478 | J. Mater. Chem. C, 2014, 2, 947
ne oxide nanocomposites:
nanoparticles growth mechanism and property
analysis

Yiran Wang,ab Qingliang He,abi Honglin Qu,ab Xi Zhang,ab Jiang Guo,ab Jiahua Zhu,a

Guanglin Zhao,*c Henry A. Colorado,d Jingfang Yu,e Luyi Sun,e Saheel Bhana,f

Mojammel A. Khan,g Xiaohua Huang,f David P. Young,g Huanwen Wang,h

Xuefeng Wang,*h Suying Wei*ab and Zhanhu Guo*ai

The growth mechanism of magnetic nanoparticles (NPs) in the presence of graphite oxide (GO) has been

investigated by varying the iron precursor dosage and reaction time (product donated as MP/GO). The

synthesized magnetic NPs were anchored on the GO sheets due to the abundant oxygen-containing

functionalities on the GO sheets such as carboxyl, hydroxyl and epoxy functional groups. The introduced NPs

changed the intrinsic functionalities and lattice structure of the basal GO as indicated by FT-IR, Raman and

XRD analysis, and this effect was enhanced by increasing the amount of iron precursor. Uniform distribution

of NPs within the basal GO sheets and an increased particle size from 19.5 to 25.4, 31.5 and 85.4 nm were

observed using scanning electron microscope (SEM) and transmission electron microscope (TEM) when

increasing the weight ratio of GO to iron precursor from 10 : 1, to 5 : 1, 1 : 1 and 1 : 5, respectively. An

aggregation of NPs was observed when increasing the iron precursor dosage or prolonging the reaction time

from 1 to 8 h. Most functionalities were removed and the magnetic NPs were partially converted to iron upon

thermal treatment under a reducing condition. The GO and MP/GO nanocomposites reacted for one and

two hours (denoted as MP/GO1-1 h and MP/GO1-2 h) were converted from insulator to semiconductor after

the annealing treatment as annealed GO (A-GO, 8.86 S cm�1), annealed MP/GO1-1 h (A-MP/GO1-1 h, 7.48 �
10�2 S cm�1) and annealed MP/GO1-2 h (A-MP/GO1-2 h, 7.58 � 10�2 S cm�1). The saturation magnetization

was also enhanced significantly after the annealing treatment, increased from almost 0 to 26.7 and

83.6 emu g�1 for A-MP/GO1-1 h and A-MP/GO1-2 h, respectively.
Introduction

Graphene, a two-dimensional sp2 carbon monolayer in a unique
honeycomb-like network, has attracted dramatic attention due to
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its numerous merits such as extremely large specic surface area
(2630 m2 g�1), high thermal and electrical conductivity (�5000W
m�1 K�1 and 6000 S cm�1), large Young's modulus (�1.0 TPa)
and high optical transmittance (�97.7%).1–4 Graphene has
therefore been widely employed in various applications, such as
supercapacitors, batteries, solar cells, photovoltaic cells, gas
barriers and other devices.5–13 Graphene oxide (GO), a graphene-
based material, shares merits similar to those of graphene.
However, due to the presence of decorated hydroxyl, carboxyl and
epoxy functional groups on the basal plane and plane edge,14 GO
is more easily dispersed than graphene, making its synthesis,
processing and usage more convenient. In addition, the strong
hydrophilicity of GO guarantees that it is a good candidate for
many applications, including drug delivery, harmful cell treat-
ment and water purication.15,16

In order to enrich the functionalities, graphene and GO are
always used to host various nanomaterials due to their large
surface area.17,18 Excellent performances in different areas have
been achieved aer the incorporation of inorganic NPs. For
example, Co3O4–anchored graphene nanocomposites that serve
as potential electrode materials for supercapacitors exhibit an
This journal is © The Royal Society of Chemistry 2014
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excellent specic capacitance.19 TiO2/graphene nanocomposites
display a much higher photocatalytic activity and stability for
the degradation of benzene in air.20 Graphene-wrapped Fe3O4

nanocomposites exhibit improved reversible capacity and cyclic
stability in the lithium ion battery.21 In addition, graphene
based materials also possess the ability to adsorb organic
molecules and heavy metal ions, which gives them potential to
be adsorbent materials. However, the inconvenient separation
and following difficult recycling process have greatly restricted
their applications. To overcome this problem, magnetic NPs are
usually introduced to improve graphene's efficient adsorption
behavior. Previous reports have proven their amazing removal
behavior for pollutants, like chromium,17,22 copper,23,24

arsenic,25–27 cadmium,28 lead,29 cobalt30 and organic dye,30–32

aer the introduction of magnetic NPs.
For the synthesis of magnetic graphene or GO-based nano-

composites, GO is commonly used as a template to grip the in
situ produced magnetic NPs by interacting with the function-
alized oxygen-containing groups. A further reduction process is
performed to obtain graphene or reduced GO (r-GO) nano-
composites with an enhanced magnetization. Nowadays, the
study of graphene-based nanocomposites focuses mainly on
their performance and applications; however, the growth
mechanism of NPs in the presence of GO is still unclear, and the
variations of GO during the NPs depositing and annealing
processes have rarely been reported.

In the present work, MP/GO nanocomposites were success-
fully synthesized in a mild hydrothermal condition using as-
fabricated GO and iron nitrate (Fe(NO)3) as raw materials. The
growth of NPs on the GO surface was performed by varying the
Fe(NO)3 amount and reaction time. The structure, functionality
and stability of the as-prepared GO and MP/GO nanocomposites
under various conditions were characterized to obtain insight
into the inherent growth mechanism. Scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and
X-ray diffraction (XRD) were used to study themicrostructure and
crystalline phases of the MP/GO nanocomposites. Fourier trans-
form infrared spectroscopy (FT-IR) and Raman spectroscopy were
applied to characterize the functionality and structural evolution
of the as-prepared GO and MP/GO nanocomposites. Thermog-
ravimetric analysis (TGA) was also applied to analyze the thermal
stability and determine the loading of NPs. The annealing effect
on the conductivity and magnetic properties of the as-prepared
GO and MP/GO nanocomposites were investigated by a four-
probe technique and magnetometer as well.

Materials and methods
Materials

Natural graphite powders were supplied by Bay Carbon Inc,
USA. Potassium persulfate (K2S2O8, $99.0%), phosphorus
pentoxide (P2O5, $98.0%) and potassium permanganate
(KMnO4, $99.0%) were purchased from Sigma Aldrich. Iron
nitrate nonahydrate (Fe(NO3)3$9H2O, >98.0%), sulfuric acid
(H2SO4, 93–98%), hydrochloric acid (HCl, 37.5%) and hydrogen
peroxide aqueous solution (PERDROGEN® 30% H2O2 (w/w))
were purchased from Alfa Aesar. The dialysis membrane
This journal is © The Royal Society of Chemistry 2014
(Spectra/Por, molecular weight cutoff (MWCO): 12 000–14 000)
was commercially obtained from Spectrum Laboratories, Inc.
All the materials were used as received without any further
treatment.
Methods

Graphite oxide (GO) was synthesized following a modied
Hummers method.18,33 Specically, prior to the Hummers
synthesis of GO, natural graphite powders rst underwent a pre-
oxidation process in order to promote the complete oxidation of
graphite. In detail, 3.0 g natural graphite powders, 4.0 g K2S2O8

and 4.0 g P2O5, were weighed and mixed, followed by an addi-
tion of 12 mL H2SO4, the mixture was then heated to 80 �C and
kept for 6 h. Aer cooling to room temperature, distilled water
was used to dilute and wash the products until the rinsed water
turned neutral. The pre-oxidized product was dried naturally at
room temperature overnight. The dried pre-oxidized interme-
diate product was dispersed in 120 mL H2SO4 at 0 �C, followed
by gradual addition of 15.0 g KMnO4, and stirring was
continued during this process for the removal of heat while the
temperature was controlled below 20 �C. The mixture was
transferred to a water bath and kept at 35 �C for 2 h with
magnetic stirring to complete the oxidation process. Finally,
250 mL distilled water was added and 15 min later, another 700
mL distilled water and 20 mL H2O2 solution were added in
sequence to terminate the oxidation reaction. The solution
turned from blackish purple to bright yellow and was ltered
and washed with 1 L HCl aqueous solution (1 : 9 v/v) to remove
metal ions. The obtained GO slurry was re-dispersed with
certain amount of distilled water to form a 1.5 wt% diluted
suspension, which was further subjected to a dialysis process
within a dialysis membrane package to completely remove the
residual metal ions and acid. The nal concentration of the as-
synthesized GO aqueous solution was determined to be 1.17
wt% by measuring the weight difference before and aer drying
at 60 �C overnight.

The MP/GO nanocomposites were synthesized using a GO
suspension and Fe(NO)3 as precursors. Specically, 17.1 g GO
aqueous solution (0.2 g GO) was dispersed in 50 mL distilled
water and subjected to a one-hour ultrasonication to achieve the
uniform dispersion of individual GO sheets. The suspension
was then placed in water bath and maintained at 70 �C with 300
rpm magnetic stirring, 50 mL Fe(NO)3 aqueous solution con-
taining different precursor amounts (GO : Fe(NO)3 ¼ 10 : 1,
5 : 1, 1 : 1, and 1 : 5, products labeled asMP/GO10, MP/GO5, MP/
GO1 andMP/GO0.2, respectively) was added dropwise to start the
reaction. The beaker was removed from the water bath aer 8 h
and cooled down to room temperature. The synthesized MP/GO
nanocomposites were ltered and washed with distilled water
until the rinsed water turned neutral. 17.1 g GO aqueous solu-
tion without the addition of Fe(NO)3 was also employed as a
control experiment, and this solution was named as GO, and all
the products were dried at 60 �C overnight. GO : Fe(NO)3 ¼ 1 : 1
was selected to investigate the reaction time effect by applying
different reaction time as 1 h or 2 h (products labeled as MP/
GO1-1 h and MP/GO1-2 h). The annealing process was
J. Mater. Chem. C, 2014, 2, 9478–9488 | 9479
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performed by heating GO, MP/GO1-1 h, and MP/GO1-2 h up to
800 �C for 2 h under a H2 atmosphere balanced with 95% argon
(products designated as A-GO, A-MP/GO1-1 h and A-MP/GO1-2 h,
respectively). The detailed synthesis parameters for the specic
samples are summarized in Table 1.
Characterizations

Fourier transform infrared spectroscopy (FT-IR, Bruker Inc.
Vector 22, coupled with an ATR accessory) was used to charac-
terize the structure of the synthesized nanocomposites over the
range of 500 to 4000 cm�1 with a resolution of 4 cm�1.

The morphology of the synthesized nanocomposites was
characterized using scanning electron microscopy (SEM, Hita-
chi S-3400) and transmission electron microscopy (TEM, FEI
TECNI G2 F20) with a eld emission gun, operated at an
accelerating voltage of 200 kV. The TEM samples were extracted
from the hot solution of GO nanocomposites at the end of each
synthesis process, aer dilution with about 10 times of DI water,
and one droplet was dropped on a 400 mesh carbon-coated
copper grid. The NPs size were measured using Nano Measure
soware for over 200 NPs.

The thermal stability of the synthesized nanocomposites was
studied using a thermal gravimetric analysis (TGA Q-500, TA
Instruments) in air and nitrogen atmosphere, respectively, with
a ow rate of 60 mL min�1 and a heating rate of 10 �C min�1.

X-ray diffraction (XRD) analysis was carried out using a
Bruker AXS D8 Discover diffractometer operating with a Cu-Ka

radiation source. The XRD patterns were recorded at 2q from 5�

to 80�.
The Raman signals were collected with a ProRaman-L porter

Raman spectrometer (Enwave Optronics, Irvine, CA) and
recorded from 1100 to 1800 cm�1. The focus of the laser was
adjusted to obtain maximum signal, which was detected with a
CCD camera cooled down to �60 �C. The excitation wavelength
was 785 nm and the power was 50 mW with an acquisition time
of 5 s. A baseline correction using multi-segment polynomial
tting (provided by EnWave) was utilized to subtract the
background.

The electrical conductivity of each sample was measured by a
four-probe technique (C4S 4-Point Probe Head, Cascade
Microtech, the tips were made of tungsten carbide).
Table 1 Synthesis parameters for different nanocomposites

Sample ID Precursor ratios Reaction time (h) Annealing

GO GO : Fe ¼ 10 : 0 — No
MP/GO10 GO : Fe ¼ 10 : 1 8 No
MP/GO5 GO : Fe ¼ 5 : 1 8 No
MP/GO1 GO : Fe ¼ 1 : 1 8 No
MP/GO0.2 GO : Fe ¼ 1 : 5 8 No
MP/GO1-1 h GO : Fe ¼ 1 : 1 1 No
MP/GO1-2 h GO : Fe ¼ 1 : 1 2 No
A-GO GO : Fe ¼ 10 : 0 — Yes
A-MP/GO1-1 h GO : Fe ¼ 1 : 1 1 Yes
A-MP/GO1-2 h GO : Fe ¼ 1 : 1 2 Yes

9480 | J. Mater. Chem. C, 2014, 2, 9478–9488
The magnetic property of the samples at room temperature
was recorded in a 9T physical properties measurement system
(PPMS) by Quantum Design.
Results and discussion
Microstructure investigation

The morphologies of MP/GO10, MP/GO5, MP/GO1 and MP/GO0.2

were characterized by SEM, as shown in Fig. 1(a)–(d). All the NPs
are observed to be successfully synthesized and anchored on the
GO surface. For MP/GO10 with ultra-low NP loading, seen in
Fig. 1(a), the GO surface still maintained smooth morphology
attached by a few small NPs, and the size of decorated NPs was
estimated as 19.5 nm. More NPs became anchored on the GO
surface with increasing the ion precursor amount, and the
particle size increased to 25.4, 31.5 and 85.4 nm for MP/GO5,
MP/GO1 and MP/GO0.2, respectively (Fig. 1(b–d)). The increased
particle size clearly indicates that increasing the dosage of
Fe(NO)3 can directly result in the increase of NPs size. In
addition, it is clearly seen that the GO surface became rougher
when increasing the NPs loading, which is also observed in the
CdS/rGO nanocomposites;34 moreover, the wrinkled structure
probably came from the restacking process, as the mobility of
GO sheets was largely restricted by the xed NPs.35

Fig. 2(a)–(e) show the FT-IR spectra of the as-prepared GO,
MP/GO10, MP/GO5, MP/GO1 and MP/GO0.2, respectively. For the
as-prepared GO (Fig. 2(a)), two absorbance peaks at 1623 and
1726 cm�1 are clearly observed, which are attributed to the
stretching vibrations of aromatic C]C and C]O groups,
respectively.18,36,37 The peaks at 1223 and 1056 cm�1 are
assigned to the epoxy C–O and alkoxy C–O groups located at the
edges of the GO sheets.36,38–40 The peak at 1379 cm�1 arises from
the bending vibration of hydroxyl groups attached to the
aromatic carbon backbone.41–43 The peak at 969 cm�1 belongs to
peroxide group vibration.44 Because it has been conrmed that
no peaks are observed in the FT-IR spectra of graphite,45,46 all
these oxygen-containing functional groups were generated
Fig. 1 SEM images of (a) MP/GO10, (b) MP/GO5, (c) MP/GO1 and (d)
MP/GO0.2.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 FT-IR spectra of (a) as-prepared GO, (b) MR/GO10, (c) MR/GO5,
(d) MR/GO1 and (e) MR/GO0.2.

Fig. 3 Raman spectra of (a) as-prepared GO, (b) MP/GO10, (c) MP/
GO5, (d) MP/GO1 and (e) MP/GO0.2.

Table 2 Summary of the ID/IG and La values of synthesized MP/GO
nanocomposites

Sample ID ID/IG La (nm)

GO 0.47 190.9
MP/GO10 0.72 124.8
MP/GO5 0.74 121.8
MP/GO1 0.78 115.3
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during the strong oxidation process, which indicates the
successful modication of graphene through a modied
Hummers method. For MP/GO10, MP/GO5, MP/GO1 and MP/
GO0.2, Fig. 2(b)–(d), similar spectrum patterns as that of GO are
observed, revealing that the functional groups have not been
destroyed aer the deposition of NPs. However, it is clearly seen
that the peak intensity and position of the functional groups
have been changed, and the intensity for all peaks becomes
much weaker with increase in the loading of NPs, especially for
the epoxy C–O group at 1223 cm�1, which almost disappears in
MP/GO5, MP/GO1 and MP/GO0.2 due to the removal of the cor-
responding functional groups during the deposition of NPs.47 In
addition, the peaks at 1623, 1379 and 1056 cm�1 exhibit
downshis to lower wavenumbers at 1609, 1352 and 1045 cm�1,
respectively, which is probably correlated with the presence of
hydrogen bonding between the functional groups and the as-
synthesized NPs.48,49 Similar results have also been reported in
iron oxide/GO nanocomposites synthesized through a hydro-
thermal method.50 Finally, the affected basal structure of GO is
mainly accountable for the position change of the C]C bond
due to the decoration of the as-synthesized NPs.

The Raman spectrum is a prominent tool used to charac-
terize the crystalline structure of carbonmaterials, especially for
those possessing conjugated C]C bonds, due to its strong
response to the specic electronic property.51–53 Fig. 3 shows the
Raman spectra of the as-prepared GO, MP/GO10, MP/GO5, MP/
GO1 and MP/GO0.2. Typically, the Raman spectrum of graphene
based materials shows two feature peaks: a G band and a D
band. The G band is attributed to the E2g phonon mode of in-
plane sp2 carbon atoms, and the D band is induced by the
interruption of regular hexagonal network structure, including
in-plane defects, edge defects and dangling bonds.54,55 For the
as-prepared GO (Fig. 3(a)), two characteristic peaks are clearly
observed as 1599 cm�1 for the G band and 1342 cm�1 for the D
band. The presence of the D band indicates that the original
lattice structure of graphite was disrupted by the introduced
functional groups.52,56,57 In addition, it is clearly seen that all D
This journal is © The Royal Society of Chemistry 2014
bands of the four MP/GO nanocomposites shi to a lower
wavenumber (1325 cm�1) compared with that of the as-
prepared GO, which is consistent with NiFe2O4/GO and poly-
ethylene glycol/GO nanocomposites.47,58 This phenomenon is
probably due to the NPs anchored to the GO surface that behave
like defects and largely damage the intrinsic bonds and
symmetry.55,59 The intensity ratio of D band and G band (ID/IG)
determines the structure of graphene-based materials, and a
higher ID/IG value indicates more defects and disordered
structure on the GO surface.14,60 A monotonous increase of ID/IG
value was obtained, as summarized in Table 2, showing a
dramatic increase of the ID/IG value from the as-prepared GO
(0.47) to 0.72, 0.74, 0.78 and 0.76 for MP/GO10, MP/GO5, MP/
GO1 and MP/GO0.2; moreover, these increases indicate that
increasing the number of anchored NPs on the GO surface can
cause more structural defects. Finally, the in-plane crystalline
size (La) is also calculated using an empirical formula eqn (1),
and the calculated values are summarized in Table 2.61

La ¼ 560

El
4

�
ID

IG

��1

(1)

where El is the excitation laser energy in eV used in the Raman
measurement. It is obtained from Table 2, which shows that all
the GO nanocomposites exhibit smaller La values compared
with that of the as-prepared GO due to the affected basal
structure by the anchored NPs, consistent with the downshi of
the C]C peak in FT-IR spectra. In addition, the presence of NPs
has another effect, i.e., it prevents the agglomeration of
MP/GO0.2 0.76 118.8

J. Mater. Chem. C, 2014, 2, 9478–9488 | 9481
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Table 3 Thermal stability parameters of GO and MP/GO
nanocomposites

Sample ID F. W. (%) t1 (�C) t2 (�C) t3 (�C)

GO 0 167.71 645.40 687.75
MP/GO10 9.4 184.85 411.72 463.90
MP/GO5 18.3 187.12 382.98 438.19
MP/GO1 56.5 195.61 348.20 435.16
MP/GO0.2 58.7 196.51 345.17 417.77
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substrate sheets, thus contributing to the decreased La value.
Furthermore, a monotonous decrease in La values is observed
for MP/GO10, MP/GO5, MP/GO1 and MP/GO0.2, indicating an
enhanced effect with increasing the NPs loading. However, for
MP/GO0.2, a slight La increase of GO is observed due to the full
usage of the constant GO defects at the same GO amount, which
is also consistent with the approached constant ID/IG value in
the synthesized MP/GO nanocomposites.

TGA is the powerful technique employed to investigate the
thermal stability and determine the loading of the synthesized
MP/GO nanocomposites. Fig. 4(A) and (B) shows the TGA curves
of GO, Fe(NO3)3$9H2O and MP/GO nanocomposites in air and
in a nitrogen atmosphere, respectively, as (a) as-prepared GO,
(b) MP/GO10, (c) MP/GO5, (d) MP/GO1, (e) MP/GO0.2 and (f)
Fe(NO)3$9H2O. For TGA curves in air atmosphere (Fig. 4(A)), all
these TGA curves experience a typical thermal decomposition
process in air atmosphere, and it is clearly seen that
Fe(NO3)3$9H2O exhibits the poorest thermal stability as it was
decomposed completely and eventually was converted to Fe2O3

around 350 �C.62 For the as-prepared GO, a weight loss of 10%
below 150 �C was assigned to the evaporation of physically
absorbed water.36 As the temperature rises, the observed
signicant weight loss at around 200 �C is due to the removal of
labile oxygen-containing functional groups. The following slow
weight loss is due to the decomposition of stable oxygen func-
tionalities. Finally, GO gets burned out at around 690 �C.18 For
MP/GO10, MP/GO5, MP/GO1 and MP/GO0.2, similar thermal
decomposition patterns to that of the as-prepared GO are
observed; however, the nal residual weight percentages (F.W.)
and the decomposition temperatures vary with the iron
precursor amounts. It is clearly seen from Table 3 that higher
iron salt dosages result in higher F.W. values, which is also
consistent with the SEM analysis. However, even though the
iron precursor amount of MP/GO0.2 is 4 times more than that of
MP/GO1 with the same GO base, the nal residues of these two
are almost the same (58.7% for MP/GO0.2 and 56.5% for MP/
GO1), demonstrating that the NPs have occupied almost all the
defects on the GO surface and reached the saturation status of
GO. Moreover, it is clearly seen that the decomposition
temperature of the functionalized groups and the nal stable
Fig. 4 TGA curves in (A) air atmosphere and (B) nitrogen atmosphere for (
and (f) precursor Fe(NO3)3$9H2O.

9482 | J. Mater. Chem. C, 2014, 2, 9478–9488
temperature also change with varying the Fe(NO)3 amount. The
t1, t2 and t3 values represent the on-set removal temperature of
liable functional groups,18 the maximum oxidation temperature
of the residual carbon and the beginning temperature of the
nal stable status, respectively. The t2 and t3 values of all the
synthesized MP/GO nanocomposites are observed to be lower
than that of GO, indicating that the anchored NPs can accel-
erate the heat transfer and the oxidation of carbon. However, an
increased t1 value is observed for MP/GO nanocomposites
compared with that of the as-prepare GO, suggesting that the
removal of labile functional groups is hindered by the occupa-
tion of functionalized groups by the NPs. Finally, it is clearly
obtained from Table 3 that the t2 and t3 values decrease when
increasing the NPs loading, which can be explained by the
increased NPs loadings inevitably decreasing the carbon
amount within the nanocomposites, thus leading to the earlier
burn off of the carbon materials.

Fig. 4(B) shows the thermal stability of the corresponding
nanocomposites under a nitrogen atmosphere. As the temper-
ature goes below 200 �C, all the decomposition patterns of the
as-synthesized nanocomposites are close to those under an air
condition, indicating the removal of absorbed water and labile
oxygen-containing functional groups on the GO surface.
However, as temperature increases above 300 �C, GO undergoes
a slow and smooth weight loss, which is assigned to the thermal
decomposition of stable oxygen functionalities.63 Because
carbon material cannot be oxidized or burned under an inert
condition, the residual weight percentages are not stabilized
a) as-prepared GO, (b) MP/GO10, (c) MP/GO5, (d) MP/GO1, (e) MP/GO0.2

This journal is © The Royal Society of Chemistry 2014
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and continue to decrease throughout the entire temperature
range, as indicated by all the decomposition curves.

The lattice structure of the as-prepared GO and the structural
variation aer the introduction of NPs were studied by
XRD. Fig. 5 shows the XRD patterns of the as-prepared GO,
MP/GO10, MP/GO5, MP/GO1 and MP/GO0.2. For the as-prepared
GO (Fig. 5(A)), the strong diffraction peak at 11.64� was used to
calculate the interlayer distance (d) using Bragg's law, i.e.
eqn (2).64

nl ¼ 2d$sin q (2)

where n is chosen as 1, l is the wavelength of Cu-Ka radiation as
1.5406 Å and q is the Bragg angle. The d of the as-synthesized
GO is calculated to be 7.6 Å, which is very close to the published
results for GO44,65 and much larger than that of graphite
measured in our previous work, 3.4 Å.18 The severe oxidation
during GO synthesis process breaks the original lattice structure
of graphite and expands the interlayer space of graphite, thus
leading to an increased d value. Fig. 5(B) shows the XRD
patterns of (a) MP/GO10, (b) MP/GO5, (c) MP/GO1 and (d) MP/
GO0.2. For MP/GO10 and MP/GO5, strong diffraction peaks
similar to those of the as-prepared GO around 12� are observed,
and the corresponding d values are calculated to be 7.2 and 7.5
Å, respectively, indicating a negligible effect of the small
amount and poor crystallinity of NPs on GO. However, the
increased NPs loadings can not only damage the original lattice
structure of the GO substrate but also largely depress the carbon
signal; moreover, the peak intensity of GO becomes negligible,
whereas the peaks of magnetic NPs become dominant as well,
as indicated by MP/GO1 and (d) MP/GO0.2. Several diffraction
peaks (020), (110), (120), (130), (021), (111), (221), (151) and (002)
corresponding to pure orthorhombic a-FeOOH (JCPDS 29-713)
become intensied with increasing the NPs loading, indicating
that the formed NPs exist as a-FeOOH.66 However, the low
intensity of FeOOH peaks clearly indicates the poor crystallinity.
In addition, the average grain size (L) is evaluated through
Debye–Scherrer equation, i.e. eqn (3).67,68

L ¼ Kl

bð2qÞcos q (3)
Fig. 5 X-ray diffraction patterns of (A) as-prepared GO and (B) (a) MP/G

This journal is © The Royal Society of Chemistry 2014
where K is the shape factor depending on the Miller index of the
reecting plane and the shape of the crystal, which is usually
assigned as 0.9 for an uncertain shape; l is the X-ray wavelength
as 1.5406 Å; q is the diffraction angle and b(2q) is the full width
at half-maximum (FWHM). The grain sizes of the as-prepared
GO, MP/GO10 and MP/GO5 were calculated to be 8.91, 2.97 and
3.19 nm using the peaks located around 11.6�. The reduced
grain size is probably due to the anchored NPs, which cause the
separation of nanosheets.

As concluded from the TGA result, the as-prepared GO
almost reaches a saturation state in MP/GO1 nanocomposites.
In this case, precursor ratio as Fe(NO3)3 to GO as 1 : 1 was
chosen to investigate the reaction time effect (1 h and 2 h,
products labeled as MP/GO1-1 h and MP/GO1-2 h). The
morphology and crystallization of the NPs were characterized by
transmission electron microscopy (TEM) and selected area
electron diffraction (SAED). Fig. 6 shows the TEM images (a–c)
and SAED patterns (d–f) of MP/GO1-1 h, MP/GO1-2 h and MP/
GO1, respectively, and the bottom insets of TEM images are the
corresponding high-resolution TEM (HRTEM) with a marked
lattice fringe of magnetic NPs. For MP/GO1-1 h (Fig. 6(a)), the
NPs are clearly seen to grow on the GO sheet with ultra-ne
particle size (2.98 nm). However, the wide coverage of the GO
with self-linked ultra-ne NPs clearly demonstrates that the
reaction is proceeding. For MP/GO1-2 h (Fig. 6(b)), the NPs are
observed to continue grow and aggregate into bigger ones with
an average size of 14.44 nm. For MP/GO1, the NPs formed with
8-hour reaction time are around 29.96 nm with a serious
aggregation, as shown in Fig. 6(c), which is also consistent with
the measured size from the SEM image. The growth mechanism
of magnetic NPs is summarized by the following process: the as-
synthesized magnetic molecules are rst anchored on the GO
surface by interacting with the oxygen containing groups, and
then the growth proceeds as more molecules are deposited
around the nuclei and gradually aggregate into larger NPs with
increasing the reaction time. Lattice fringes at 3.37, 2.69, and
2.45 Å belonging to the (1 2 0), (1 0 0), and (1 1 1) planes of a-
FeOOH are clearly observed in the bottom inset of the HRTEM
images, indicating the successful synthesis of a-FeOOH/GO
nanocomposites. For the corresponding SAED patterns
(Fig. 6(d)–(f)), the assigned (1 3 0), (1 1 1), (1 4 0), (2 2 1), (1 5 1)
O10, (b) MP/GO5, (c) MP/GO1, (d) MP/GO0.2.

J. Mater. Chem. C, 2014, 2, 9478–9488 | 9483
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Fig. 6 TEM (a–c) images and corresponding SAED pattern (d–f) of MP/
GO1-1 h, MP/GO1-2 h, and MP/GO1. Bottom insets of TEM images are
the HRTEM with clear lattice fringe.

Fig. 7 SEM images of (a) A-MP/GO1-1 h and (b) A-MP/GO1-2 h.

Fig. 8 TGA curves of (a) A-MP/GO1-1 h and (b) A-MP/GO1-2 h in air

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 1
8 

Se
pt

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 1

0/
06

/2
01

6 
21

:5
2:

52
. 

View Article Online
and (0 6 1) diffraction planes correspond to a-FeOOH, which is
also consistent with the XRD result and HRTEM analysis.69 Even
though these three SAED patterns point to the samematerial, a-
FeOOH, the SAED patterns exhibit different rings varying with
the reaction time, obtuse and thick diffraction rings for MP/
GO1-1 h, and the increasing clearer and sharper rings for MP/
GO1-2 h and MP/GO1 indicate an increase of particle size. In
addition, more diffraction planes are observed with increasing
the reaction time, i.e., (2 2 1) for Fig. 6(e) and (1 3 0) as well as (1
5 1) for Fig. 6(f), indicating a better growth of crystalline
structure with longer reaction time. Therefore, the selection of
reaction time is critical for determining the quality of synthe-
sized nanocomposites, as increase in the reaction time could
favor the crystal structure but limit the growth of smaller crystal
NPs.

Fig. 7(a) and (b) shows the SEM images of A-MP/GO1-1 h and
A-MP/GO1-2 h, respectively. Both wrinkled structures of the
reduced GO substrate are observed, indicating that the GO
structure has not been destroyed during the annealing process.
However, a much rougher morphology is observed in A-MP/
GO1-2 h than that of A-MP/GO1-1 h because more NPs are
anchored on the GO surface aer a longer reaction time. Finally,
obvious particle increases are observed for A-MP/GO1-1 h and A-
MP/GO1-2 h (28.18 and 56.73 nm) in comparison withMP/GO1-1
h and MP/GO1-2 h (2.98 and 14.44 nm), indicating further
aggregations during the annealing process.
9484 | J. Mater. Chem. C, 2014, 2, 9478–9488
Fig. 8(a) and (b) shows the TGA curves of A-MP/GO1-1 h and
A-MP/GO1-2 h in an air atmosphere. Both slight weight
increases are observed that start around 150 �C and stop at 460
�C for A-MP/GO1-1 h and 380 �C for A-MP/GO1-2 h. Since FeOOH
can be converted to Fe2O3, which will be further partially
reduced to Fe during the 800 �C reducing heat treatment, the
slight weight increase is probably attributable to the oxidation
of reduced Fe2O3. The nal residuals as 67.4 and 70 wt% are
obtained for A-MP/GO1-1 h and A-MP/GO1-2 h, respectively,
which again conrms higher NPs loading in MP/GO1-2 h than
that of MP/GO1-1 h. In addition, it is clearly seen that the A-MP/
GO1-2 h reaches the nal residual weight at a lower tempera-
ture, and its maximum weight percent (102.5%) is also lower
than that of A-MP/GO1-1 h (107.1%). This phenomenon is
explained by combining the two trends of thermal decomposi-
tion of carbon and oxidation of reduced Fe2O3, which produce
opposing effects on the weight percentage. Because more Fe
exists within A-MP/GO1-2 h, the relatively smaller amount of
carbon is decomposed more easily and earlier compared with
that of A-MP/GO1-1 h, thus causing a lower oxidation peak value
and lower nal stable temperature.

Aer undergoing the annealing treatment under reducing
atmosphere, XRD and Raman spectroscopy were re-employed to
characterize the structure conversion of the NPs and GO
substrate. Fig. 9(a) and (b) shows the XRD of A-MP/GO1-1 h and
A-MP/GO1-2 h, and new peaks belonging to (110), (113), (024),
(214) and (300) facets of a-Fe2O3 (JCPDS 89-596) are clearly seen,
indicating the conversion from a-FeOOH to a-Fe2O3 during the
atmosphere.

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 XRD patterns of (a) A-MP/GO1-1 h and (b) A-MP/GO1-2 h.

Table 4 The summary of ID/IG and La values for annealed
nanocomposites

Sample ID ID/IG La (nm)

GO 0.47 190.9
A-GO 0.79 114.0
MP/GO1-1 h 0.65 138.0
A-MP/GO1-1 h 0.80 112.9
MP/GO1-2 h 0.77 116.0
A-MP/GO1-2 h 0.79 114.2
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heat treatment.70 In addition, the presence of a peak located
around 44� corresponds to the zero-valence iron (a-Fe) crystal-
line phases,71 indicating a reduction of a-Fe2O3 during the
annealing process. However, the reduction of a-Fe2O3 is
incomplete, as conrmed by the presence of a-Fe2O3 peaks. A
signicant increase of a-Fe peak intensity and largely decreased
a-Fe2O3 peak intensities are observed in A-MP/GO1-2 h due to
the higher NPs loading, which leads to a more thorough
reduction process compared with that of A-MP/GO1-1 h.

Fig. 10(a)–(f) depict the Raman spectra of the as-prepared
GO, A-GO, MP/GO1-1 h, MP/GO1-2 h, A-MP/GO1-1 h and A-MP/
GO1-2 h, respectively. For GO and A-GO, Fig. 10(a) and (b), the G
band is observed to downshi from 1599 to 1589 cm�1 due to
the recovery of the defects in hexagonal network structure, as
the introduced functional groups are removed during the
reduction process.54 For the Raman spectra of MP/GO1-1 h, MP/
GO1-2 h, A-MP/GO1-1 h and A-MP/GO1-2 h (Fig. 10(c)–(f)),
similar downshis of the D band aer annealing treatment are
observed due to the recovery of the GO network. In addition, the
ID/IG values are calculated for all these six samples and are
summarized in Table 4. Both MP/GO1-1 h and MP/GO1-2 h
obtain higher ID/IG values than that of the as-prepared GO due
to the anchored NPs on the GO surface, which is also consistent
Fig. 10 Raman spectra of (a) GO, (b) A-GO, (c) MP/GO1-1 h, (d) MP/GO

This journal is © The Royal Society of Chemistry 2014
with the increased ID/IG values when increasing the iron
precursor amount. For A-MP/GO1-1 h and A-MP/GO1-2 h,
increased ID/IG values aer the annealing treatment are
obtained due to the increased defects caused by the destruction
of carbon structure. The calculated La values for all samples are
also listed in Table 4, and all the La values are observed to
decrease aer the annealing treatment, which is probably
attributable to the broken graphitic domains and the increased
quantity of sp2 clusters.72

The variation of electrical conductivity aer the annealing
treatment is measured through a four-probe technique, and the
obtained voltage-current (V–I) curves of A-GO, A-MP/GO1-1 h,
and A-MP/GO1-2 h are shown in Fig. 11. For the as-prepared GO,
MP/GO1-1 h and MP/GO1-2 h, the resistance of the three are all
in mega-ohm order and considered as insulators. However,
aer the annealing treatment, it is clearly seen that the current
increases linearly with the voltage for A-GO, A-MP/GO1-1 h, and
A-MP/GO1-2 h within �1.0 to 1.0 V, which indicates constant
conductivities, calculated to be 8.86, 7.48 � 10�2, and 7.58 �
10�2 S cm�1, respectively. The transition from insulator to
semiconductor is probably due to the removal of functionalized
oxygen-containing groups and reparation of the basal graphene
substrate in the reducing atmosphere, which contributes to the
increase in electrical conductivity.72 However, the conductivity
of the reduced GO is still lower than other previously reported
results (58.8 and 309 S cm�1) due to the incomplete reduc-
tion.73,74 For A-MP/GO1-1 h, and A-MP/GO1-2 h, the same reason
is accountable for the enhanced conductivity; however, the
enhanced conductivity is still two orders lower than that of A-
1-2 h, (e) A-MP/GO1-1 h and (f) A-MP/GO1-2 h.

J. Mater. Chem. C, 2014, 2, 9478–9488 | 9485
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Fig. 11 V–I curve of (a) A-GO, (b) A-MP/GO1-1 h and (c) A-MP/GO1-2 h.
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GO because the anchored NPs that behave as defects can largely
affect the basal plane and impede the reparation of their located
area, thus lowering the conductivity.

The variation of the magnetic property aer the annealing
process is also characterized, and the hysteresis loops are
shown in Fig. 12 as (a) A-MP/GO1-1 h and (b) A-MP/GO1-2 h. The
hysteresis loops of MP/GO1-1 h and MP/GO1-2 h are also shown
in the bottom of Fig. 12, and they exhibit an extremely weak
magnetic property due to the low saturation magnetization of
FeOOH.75 However, it is clearly seen from Fig. 12 that the
magnetic behaviors have improved signicantly as theMs values
increase to 26.7 and 83.6 emu g�1 for A-MP/GO1-1 h and A-MP/
GO1-2 h due to the reduction of a-Fe2O3 to Fe (Ms, 218 emu g�1).76

Since the NPs loading in MP/GO1-2 h is higher than that of
MP/GO1-1 h, it is reasonable that more a-Fe2O3 can be reduced in
Fig. 12 Room temperature hysteresis loops of (a) A-MP/GO1-1 h and
(b) A-MP/GO1-2 h. The top inset shows the enlarged partial curve
around the origin, and the bottom inset shows the hysteresis loop of
(c) MP/GO1-1 h and (d) MP/GO1-2 h.

9486 | J. Mater. Chem. C, 2014, 2, 9478–9488
MP/GO1-2 h, thus contributing to a higherMs value than that of
A-MP/GO1-1 h. The top inset of Fig. 12 is a magnication of
hysteresis loops, the coercivities (coercive force, Hc) are
observed to be 51 Oe for A-MP/GO1-1 h and 85 Oe for A-MP/GO1-
2 h. In addition, the corresponding remnant magnetizations
(Mr, the residue magnetization aer the applied eld was
reduced to zero) were also obtained as 1.5 and 3.3 emu g�1,
which indicate the ferromagnetically so property of the
reduced materials.

Conclusions

The synthesis mechanism of MP/GO nanocomposites has been
systematically investigated by employing different Fe(NO)3
precursor amounts and applying different reaction time. GO
with abundant oxygen-containing functional groups serve as a
template that can grip the in situ formed magnetic NPs, thus
leading to a uniform distribution. The anchored NPs can largely
affect the lattice structure and functionalities of GO, and this
effect is signicantly enhanced with increasing Fe(NO3)3 dosage
and nally lead to a full usage of GO defects. On the other hand,
varying reaction time can directly affect the growth NPs, as the
formation of magnetic NPs follows a growth order as follows:
interacting with oxygen containing groups on GO surface;
continuing deposition around the nuclei; and aggregation into
larger NPs when further increasing the reaction time. Aer
thermal treatment under reducing environment, the electrical
conductivity is improved signicantly due to the removal of
functional groups. However, the presence of NPs mainly
accounts for the poor conductivity of A-MP/GO1-1 h and A-MP/
GO1-2 h compared with that of A-GO, as the NPs act as defects
that can greatly impede the reparation of original network. With
the production of iron aer the annealing treatment in a
reducing atmosphere, the magnetic properties of A-MP/GO1-1 h
and A-MP/GO1-2 h were also improved signicantly and
exhibited ferromagnetic so behavior.
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