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One-pot synthesis of ultra-small magnetite nanoparticles on the surface of
reduced graphene oxide nanosheets as anodes for sodium-ion batteries

Abstract

Nanocomposites with ultra-small magnetite (Fe304) nanoparticles (approx. 3 nm) uniformly anchored on
the surfaces of reduced graphene oxide (RGO) nanosheets were successfully synthesized for anodes in
sodium-ion batteries by a novel single-step high-temperature coprecipitation approach. The best

electrode delivers a reversible Na* storage capacity of 204 mA h g'1 with excellent capacity retention, i.e.,
98% of the second-cycle value was retained after 200 cycles.
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Nanocomposites with ultra-small magnetite (Fe;O,)
nanoparticles (~3 nm) uniformly anchored on the surfaces of
reduced graphene oxide (RGO) nanosheets have been
successfully synthesized for anodes in sodium-ion batteries by
a novel single-step high-temperature coprecipitation
approach. The electrode delivers a reversible Na* storage
capacity of 204 mAh g* with an excellent capacity retention,
i.e., 98% of the second-cycle value was retained after 200
cycles.

Developing effective renewable energy sources to meet increasing
energy demands has been an urgent issue. During the past several
decades, lithium ion batteries (LIBs) have attracted considerable
attention in both industrial and scientific fields due to their high
energy density, fast charge/discharge rate, and durable cycling
performance.”> The high cost and limited nature of lithium
resources, however, make LIBs unable to satisfy the requirements
for large-scale energy storage.* To overcome this issue, great efforts
have been made in recent years to develop low-cost and
environmentally benign batteries, among which, sodium ion
batteries (SIBs) are considered to be the most promising candidate
for large-scale applications, owing to the huge abundance and low
cost of sodium resources.>’ Nevertheless, there have not been many
breakthroughs in the past few decades, because of the lack of
suitable host materials that have sufficient storage capacity and
cycling stability for the Na* insertion reaction.® ® Recently, iron-
based transition metal oxides have been applied as anode materials
in LIBs, among which, Fe;0,4 has been the subject of intensive study
due to its low cost, large abundance, environmental benignity, and
excellent theoretical capacity (~ 924 mA h g ™) , which is much
higher than that of commercial graphite anodes (~372 mA h g).1*
1% Its performance is lacking, however, due to both large volume
expansion/contraction during cycling and poor conductivity.

To solve the aforementioned problem, two strategies have been
proposed, including reducing the particle size of the electrode
materials and introducing a carbon matrix.*>'’ Small particles can
shorten the diffusion paths of Na* ions, which is crucial for sodium
storage because a Na* ion is about 55% larger than a Li* ion.*®
Therefore, ultra-small monodisperse FesO, nanocrystals are
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expected to be excellent novel electrode materials. Moreover,
anchoring the Fe;O, nanoparticles onto a carbon matrix can
effectively cushion the volume expansion/contraction and improve
their electronic conductivity. Two-dimensional graphene has been
successfully used as such a matrix owing to its excellent
conductivity, high surface area, and superior mechanical
flexibility.®> 2° Therefore, nanocomposites from ultra-small Fe;O,
nanocrystals and graphene nanosheets are expected to be excellent
electrodes for SIBs. There are some reports on the application of
Fe,0, nanoparticles in SIBs,2?* but no report on graphene/ultra-
small Fe;0, nanocomposites as anodes in SIBs.

Herein, we report a novel and facile one-pot approach to the
synthesis of RGO/Fe;0,/PMAA-PTMP nanocomposites (referred to
RGOF) as high-performance anodes for SIBs (Scheme 1), directly
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Scheme 1. Schematic illustration of the synthesis of Fe;O,
and RGO composites.

from graphene oxide (GO) nanosheets, thiolfunctionalized poly
(methacrylic acid), (PMAA-PTMP, shown by Scheme S1 in the
Supporting Information,), and an iron precursor (Fe*, Fe®*)
solution. PMAA-PTMP was used as a capping agent?®*° to protect
the ultra-small Fe;O, nanoparticles from coagulation to ensure that
they are evenly anchored on the RGO nanosheets. Three composites
were synthesized with a volume of GO of 0.5 mL (~2.67 mg GO), 1
mL (~5.34 mg GO) and 1.5 mL (~8.01 mg GO), and are denoted as
RGOF-1, RGOF-2, and RGOF-3, respectively. For comparison, bare
RGO/Fe;0,  nanocomposite  without PMMA-PTMP  and

J. Name., 2012, 00, 1-3 | 1



COMMUNICATION

E

1) RGOF
1440}

— RGOFe30y

£ 599 _Reor

D 401 _RGOF-2

= 301 __ RGOF-3 15.6%
20] — Fo304/PMAA-PTMP

Intensity (a.u.)

10 20 30 40 50 60 70 80 100 200 300 400 600 600 700

2 theta (deg.) Temperature (deg.)
d
®© @ Felp
o ';- RGOF-3 Fe2pii2 pqpp32
3 10 ‘2'_ RGOF-2
ad
2 RGOF %‘ RGOF-1
F 1 c
s ——/\Jm £ | Reomeo
£ - 15% o FogO4/PMAA-PTH

00 1200 1400 1600 1800 2000
Raman shift (cm-1)
Figure 1. (a) XRD patterns of GO, RGO/Fe;0,, and RGOF-3
nanocomposite, inset: enlargement of XRD pattern of RGOF-3
for the indicated range. (b) TGA curves for Fe;0,/PMMA-
PTMP, RGO/Fe;0,4, and RGOF composites in air. (¢) Raman
spectra of GO, Fe;0,/RGO, and RGOF. (d) XPS spectra of Fe
2p for pristine Fe30, Fe;04/RGO, and the RGOF

Fe;0./PMMA-PTMP  without RGO nanosheets were also
synthesized using the same procedure. The results show that the
RGOF nanocomposites feature large reversible capacity, and
excellent cycling performance and rate capability because of the
uniform distribution of ultra-small Fe;O, nanoparticles (~3 nm) and
the buffering role of the RGO nanosheets.

The crystal structures of the GO, RGO/Fe;0,, and RGOF
nanocomposites were determined by X-ray diffraction (XRD), as
shown in Figure 1(a) and Figure S1. The XRD pattern of GO shows
a strong peak at 26 = 9.3°, indicating the successful formation of GO
nanosheets with oxygen-containing functional groups through the
oxidation of graphite.® Unlike the GO nanosheets, the RGOF
nanocomposites have no peak at 9.3° in their XRD patterns,
suggesting the absence of stacked RGO nanosheets in these
composites.®! All diffraction peaks of Fe;O, in the RGO/Fe;0,
nanocomposites match well with cubic magnetite (JCPDS: 65-3107,
a=8.391 A) without any impurity. A typical pattern of RGOF is
shown in Figure 1(a), and the enlarged peaks in the inset are
broadened due to the ultra-small size of the Fe;O, nanoparticles.
Figure 1(b) displays the mass loss of Fe;0,/PMMA-PTMP,
RGO/Fe;0,4, and the RGOF nanocomposites, as determined by
thermogravimetric analysis (TGA) measurements in air, which
indicate that the contents of Fe;O, in the Fe;0,/PMMA-PTMP,
RGO/Fe;04, RGOF-1, RGOF-2 and RGOF-3 are about 35.6wt%,
92.2wt%, 70.3wt%, 54.4wt%, and 42.3wt%, respectively.
According to the weight changes of RGO/Fe;0,, RGOF-1, RGOF-2,
RGOF-3 under the argon atmosphere in Figure S2, the contents of
RGO in RGO/Fe;0,4, RGOF-1, RGOF-2, RGOF-3 are estimated to
be about 1.8 wt%, 2.0 wt%, 8.1 wt%, 17.8 wt%, respectively.

The Raman spectra in Figure 1(c) show the typical D-band
(~1332 cm™) and G-band (~1599 cm™) of GO, Fe;0,/RGO, and the
RGOF nanocomposites.®? The D band is caused by structural defects
or edges in graphene, and the G band corresponds to the first-order
scattering of the E,; mode observed for sp? carbon domains. The
intensity ratio of the D band to the G band (Ip/lg) acts as a ruler to
measure the degree of graphitization of carbon materials. The Ip/lg
ratio increases from 1.03 for GO nanosheets to 1.49 and 1.59 for
RGO/Fe;0, and the RGOF nanocomposites, respectively, indicating
increased disorder of the graphene layers in the composites.? * It
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was reported that the shift in the G band of carbon-based composites

Figure 2. FESEM and TEM images of as-prepared RGOF-3
(a, ¢, e) and RGO/Fe30, (b, d, f) nanocomposites. The
insets in (e) and (f) show the corresponding SAED patterns.

with nanocrystals means that there is charge transfer between the
carbon and the nanocrystals.>* 3* The blue-shift of the G band from
1599 cm™ (GO) to 1593 cm™ (RGOF) and 1596 cm* (RGO/Fe;0,)
may indicate more charge transfer from graphene to Fe;O, in RGOF
than in RGO/ Fe;0,. Figure S3 shows the Fourier transform infrared
(FT-IR) transmittance of pure PMAA-PTMP, Fe;0,/PMMA-PTMP,
GO, RGO/Fe;0,, and the RGOF nanocomposites. The spectra of
PMAA-PTMP and GO exhibit the characteristic peaks at 3156,
1735, and 1224 cm™ from the stretching of the O-H, C=0, and C-O
bonds, respectively. Compared with GO, RGO/Fe;0, and RGOF
have two new peaks at 1575 and 576 cm™, which are attributed to
the coordination of surface iron ions of Fe;0,4 and carboxylic groups
in the RGO sheets, and the Fe-O bond in the crystalline lattice of
Fes0,.%% In addition, the absence of peak at 1735 cm™ and a
decrease in the intensity of the broad band at 3156 cm™ in the
spectrum of RGO/Fe;0,4 composite compared to that of GO supports
the reduction of functional groups by hydrazine, which is consistent
with the XRD and Raman results. X-ray photoelectron spectroscopy
(XPS) spectra [Figure 1(d) and Figure S4] demonstrate the presence
of Fe, O, and C in the RGOF composites. Oxygenated carbon is
significantly decreased in RGOF-3 [Fig. S4(c)] in comparison with
the GO nanosheets [Fig. S4(b)], suggesting the successful reduction
of GO. Figure 1(d) presents the typical peaks of Fe 2ps;; and Fe 2py,
at 711.6 and 724.5 eV, respectively, from the Fe;O, nanoparticles.
The absence of the characteristic satellite peak of Fe,O; around
719.2 eV*%*2 confirms the formation of the Fe;0,.

The morphology and microstructure of these samples were
characterized by field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM) (Figure 2



and Figures S5-S7). The SEM image of RGOF-3 in Figure 2(a)
shows the wrinkled RGO nanosheets and ultra-small Fe;O,
nanoparticles, which are evenly anchored on the surfaces of the
RGO sheets, which can be further clearly observed in Figure 2(c, €)
and Figure S4. It is evident that RGO nanosheets are well decorated
by a large quantity of ultra-small Fe;O, nanoparticles with an
average size of 3 nm (Figure S5). The well-defined crystalline
lattice can be identified, with d-spacings of 0.48 nm, 0.29 nm, and
0.25 nm, corresponding to the (111), (220), and (311) planes of

with a pore volume of 0.158, 0.608, 0.264 and 0.124 cm’g™
respectively (Figure S9 and Table S1 in the Supporting Information).

The electrochemical performances of Fe;O/PMMA-PTMP,
RGO/Fe;0,, and the RGOF nanocomposites were tested with a view
to their use as anodes for sodium ion batteries in the voltage range
of 0-2 V in an electrolyte consisting of 1.0 mol/L NaClO, in a
mixture of ethylene carbonate (EC) - diethyl carbonate (DEC)
solution (1:1 v/v), with 5 vol.% addition of fluoroethylene carbonate
(FEC).® Fig. 3(a-c) presents the charge-discharge curves of the
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Figure 3. Electrochemical performance of the nanocomposites. (a-d) the charge-discharge curves for selected cycles of RGOF-1,
RGOF-2, RGOF-3, and RGO/Fe;0,, respectively; (e) rate capability of the RGOF composites; (f) cycling performance of RGOF

compared with RGO/Fe;0, and Fe;0,/PMMA-PTMP.

Fe;O,4, which also can be further confirmed by the selected area
electron diffraction (SAED) pattern shown in Figure 2(e). These
ultra-small Fe;O, nanoparticles are densely and evenly dispersed on
both sides of the sheets [Figure 2 (a, ¢, e) and Figure S8], and there
is no unoccupied RGO nanosheets. It should be noted that no
aggregates of FesO, nanoparticles were observed on the RGO
nanosheets, although their share of mass in the composites is up to
60%. In contrast, in the RGO/Fe;0, composite prepared in the
absence of PMAA-PTMP, the spherical Fe;O, nanoparticles have
quite a large size [(12.2 £ 1.6) nm], and they easily aggregate into
clusters, as shown in Figure 2(b, d) and Figure S6]. In addition,
many free Fe;0, nanoparticles without RGO sheets are found in the
composites [Figure S6(c)]. These results highlight the important role
of PMAA-PTMP in preventing aggregation of nanoparticles. In the
three RGOF nanocomposites, the Fe;O, nanoparticles become
smaller and more uniform [i.e. from (5.79 + 1.6) nm through (3.73 =
0.6) nm to (3.06 £ 0.6) nm] as the amount of GO increases from 0.5
mL, through 1.0 mL to 1.5 mL, as shown in Figure S7. This could
arise from the strong electrostatic interactions between the positive
Fe?*/Fe®* ions and the negative carboxyl and hydroxyl groups on the
surfaces of the GO nanosheets. More GO nanosheets provide more
functional groups and a larger area for the nucleation and growth of
ultra-small Fe;O4 nanoparticles. The Brunauer-Emmett-Teller (BET)
specific surface area of the Fe;0,/PMMA-PTMP, RGO/Fe;0,,
RGOF-1 and RGOF-3 are 177.76, 147.67, 167.92 and 137.34 m%g*

electrodes containing RGOF nanocomposites at a current density of
40 mA g*. The RGOF-1 delivered an initial discharge capacity of
350 mAh g?, with a coulombic efficiency of ~ 40 %.The close
overlapping of all the discharge curves after 2 cycles suggests the
excellent cycling performance of the electrode. The discharge
capacity of RGOF-1 composite remained ~150 mAh g, with a
coulombic efficiency of ~90% [Figure 3(a)]. The low initial
coulombic efficiency is a common phenomenon for transition metal
oxide based anodes for LIBs and SIBs.* Similarly, the RGOF-2
electrode delivered an initial discharge capacity of 360 mAh g* and
remained at 150 mAh g after the second cycle. The RGOF-3
composite with more RGO content shows a larger capacity than the
other two composites, delivering 380 and 204 mAh g™ for the initial
and stable capacity, respectively. The capacity of the RGO/Fe;0,
electrode, however, in Figure 3(d) decreases from the initial
discharge capacity of 218 mAh g to only 57 mAh g at the second
cycle. Compared with Fe;0,/PMMA-PTMP nanoparticles, the
introduction of RGO nanosheets significantly improves the
electrical conductivity (Figure S10 in the Supporting Information).

For composites based electrodes, their capacities include
contributions from each component. The capacities of our electrodes
would consist of contributions from Fe;O, nanoparticles and RGO
nanosheets, if the other contributions are negligible. Table 1
summarizes the mass of electrodes, the capacity, and standardized
capacity by Fe;0O, in each electrode. The size of Fe;04 nanoparticles
and their weight percentage in active materials determined by TGA

J. Name., 2012, 00, 1-3 | 3



is also displayed in Table 1. The calculation of standardized
capacity is based on the reversible capacity of RGO is 174.3 mAh g

1 at 40 mA g% It clearly shows that the standardized capacity

notably increases with the decrease of particle size, which supports
the smaller particle size, the better performance.

Table 1. The particle size of Fe;0O,4, the mass of active materials, percentages of Fe;O,and RGO, overall capacity and standardized capacity

of each electrode.

Sample Size Mass of Weight Weight Fes04 RGO Capacity Standardized
(nm) electrode  percentage  percentage (mg)™F (mg)™R (mAh gh©e capacity of
(mg)Me of Fe;0,4 of RGO Fe;0, (MAh
(%)WF (%)WR g-l) SF
RGOF-1 5.79 1.98 70.3 2 1.3919 0.0396 136.9 189.778
RGOF-2 3.73 2.05 54.4 8.1 1.1152 0.16605 162.1 272.025
RGOF-3 3.06 1.92 42.3 17.8 0.8121 0.34176 204 408.923
RGO/Fe;0, 12.2 2.12 92.2 1.8 1.9546 0.03816 17.6 15.686
Fes0,/PMAA-
PTMP 4.5* 1.89 35.6 0 0.6728 0 19 53.370
SF=(CexMe-174.3 mA h g"xMR)+MF In summary, we have synthesized unique RGOF

The rate capability of the RGOF based electrodes were
investigated at a variety of current densities between 20 mA g*
and 1000 mA g*, as presented in Figure 3(e) and Figure S11.
Clearly, the electrode containing RGOF-3 has the best rate
capability in comparison with the electrodes made from the other
two RGOF composites. In Figure 3(e), the average capacity for
the first 5 cycles for RGOF-3 obtained with a current density of
20 mA g* is 246 mAh g Increasing the current density to 40
mA g, 100 mA g*, and 1000 mA g* leads to a decrease in the
five-cycle average capacity, i.e. from 246 mAh g to 42 mAh g,
The half cells still retained ~17 % of initial capacity, even when
the current density was as high as 1000 mA g*. The charge-
discharge curves of RGOF based electrodes demonstrate that the
potential polarization increases with the increase in current
density (Figure S11). Figure 3(f) shows the cycling performance
of the RGOF based electrodes compared with those made from
RGO/Fe;0,4 and Fe;0,/PMMA-PTMP at a current density of 40
mA g™. It clearly shows that the cycling performance of the
electrodes made from the RGOF nanocomposites is much better
than those made from Fe;0,/PMMA-PTMP and RGO/Fe;0,.
The capacities slightly increase during cycling due to the increase
in the spacing of graphene oxide layers arising from continuous
insertion/extraction of Na ions. The capacity of the
Fe;0/PMMA-PTMP electrode drastically decreased to a
capacity of 40 mAh g after 5 cycles. After 200 cycles, the
RGOF-3 electrode, on the other hand, retained 98% capacity with
respect to the second cycle (208 mAh g1). This electrode exhibits
the highest capacity and rate capability among all the RGOF
electrodes.

The excellent electrochemical performance of the RGOF
electrodes can be attributed to the following three factors: (1)
RGO nanosheets afford not only a superior electrically
conductive matrix for the composite, but also an elastic buffer to
mitigate cracking of the Fe;O, nanoparticles associated with
expansion and contraction during the uptake and release of Na*
ions. (2) RGO nanosheets and ultra-small Fe;O, nanoparticles
effectively shorten the diffusion length of Na® ions. (3) The
unique structure of the RGOF composites has benefits for
performance because monodisperse Fe;O, nanoparticles grew
evenly in-situ on the surfaces of the RGO nanosheets, so that
they avoided aggregates, which could be destroyed during charge
and discharge.

Conclusions

4| J. Name., 2012, 00, 1-3

nanocomposites consisting of ultra-small Fe;O, and RGO
nanosheets in the presence of PMAA-PTMP through a novel
single-step high-temperature coprecipitation approach. The
resultant RGOF nanocomposites have been investigated as
anode material for SIBs. The electrodes show superior
cycling performance with a reversible Na-storage capacity
of 204 mAh g and outstanding cycling stability (i.e. 98%
capacity was retained after 200 cycles). The excellent
electrochemical performance can be attributed to the
synergetic effect of monodisperse ultra-small Fe;O,
nanoparticles and highly conductive RGO nanosheets. These
advantages, together, with their low cost and environmental
friendliness, make these hanocomposites a promising anode
candidate for sodium-ion batteries.
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ultra-small Fe;O, nanoparticles uniformly
anchored on reduced graphene oxide nanosheets have been
synthesized as excellent anodes for sodium-ion batteries.
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