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g r a p h i c a l a b s t r a c t
� Adding Mg2þ alone into LFP results in
little improvement of rate
performance.

� Introducing rGO to LFP results in
moderately increased capacity at
high rate.

� Adding Mg2þ into LFP/rGO cathode
brings significantly improved rate
performance.

� Enhanced reduction of Fe2þ to Fe0

occurs in simultaneous presence of
Mg2þ and rGO.
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a b s t r a c t

Introducing Mg2þ to LiFePO4 and reduced graphene oxide composite via mechanical mixing and
annealing leads to largely improved rate performance of the cathode (e.g. ~78 mA h g�1 at 20 C for
LiFePO4 and reduced graphene oxide composite with Mg2þ introduction vs. ~37 mA h g�1 at 20 C for
LiFePO4 and reduced graphene oxide composite). X-ray photoelectron spectroscopy unravels that the
enhanced reduction of Fe2þ to Fe0 occurs in the simultaneous presence of Mg2þ and reduced graphene
oxide, which is beneficial for the rate capability of cathode. The simple fabrication process provides a
simple and effective means to improve the rate performance of the LiFePO4 and reduced graphene oxide
composite cathode.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

LiFePO4 (LFP) is one of the most promising cathode materials for
lithium ion batteries (LIBs), due to its abundant material supply
with its high theoretical capacity (170 mA h g�1), low cost, good
environmental compatibility, and excellent safety [1e3]. Never-
theless, it suffers from low rate capability mainly due to its low
electronic conductivity [2e5].

Many attempts have been made to tackle this problem,
including conductive surface coating on LFP particles [4], cation
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doping of LFP [6e8], reduction of LFP size [9], and addition of
conductive additive into the electrode [10], etc. Introducing
conductive materials to the LFP cathode has been commonly
employed in preparing the LFP based cathode. Among various
choices of conductive materials, graphene based materials are the
most promising. Reduced graphene oxide (rGO) is cheap and easy
to process with LFP to form composite electrode by mechanical
mixing [10], hydrothermal reaction [11] or electrophoresis [12]. The
LFP/rGO electrodes indeed exhibit superior rate capability to those
of the conventional LFP electrodes (e.g., ~82 mA h g�1 at 10 C for
LFP/rGO composite vs. ~60 mA h g�1 at 10 C for conventional LFP
electrodes [12]). On the other hand, doping of Mg2þ into the LFP
lattice has also been found to be beneficial for the rate capability of
the LFP cathode [7]. It has been theoretically suggested that Mg2þ

taking the substitutional site of Fe2þ in LFP can effectively improve
the electronic conduction and ionic conductivity of the LFP [13].
Experimentally, improved electronic and ionic transport properties
of LFP crystals has been found in Mg2þ doped mesoporous carbon-
coated LFP nanocrystals, in which the Mg2þ doping is suggested by
X-ray diffraction (XRD) and Rietveld refinement data [7].

In the present work, we show that introducing Mg2þ and rGO to
LFP together via simple mechanical mixing and annealing leads to
largely improved rate performance of the cathode, while adding
Mg2þ or rGO alone results in little, or moderate performance
(specific capacity) improvement of the same cathode, respectively.
We discover that the additional improvement on rate performance
of the LFP cathode (with Mg2þ and rGO) results from the enhanced
reduction of Fe2þ to Fe0 in the simultaneous presence of Mg2þ and
rGO, rather than having Mg2þ doped into the LFP lattice. Our work
provides a simple method that effectively improves the rate per-
formance of the LFP/rGO cathode without disturbing the growth
process of the active materials.

2. Experimental

2.1. Preparation of the LFP (Mg), LFP-rGO, LFP-rGO (Mg) composite

The commercial LFP powders (Advanced Lithium Electrochem-
istry Co., Ltd., Taiwan) were employed for the preparation of
cathode electrode. LFP was dispersed in isopropyl alcohol (IPA) by
sonication for 3 h, followed by adding Mg(NO3)2$6H2O (LFP/Mg
mass ratio 130/1). After drying, the powders were collected and
annealed at 700 �C for 1 h under H2 (volume 10%)/Ar atmosphere.
The annealed LFP powders without adding Mg(NO3)2$6H2O were
also prepared following the same procedure for comparison.

The graphene oxide (GO) was prepared using the modified
Hummers method [14]. The LFP powders and GO were dispersed in
IPA by sonication for 3 h, respectively. Then they were mixed, fol-
lowed by adding different amount of Mg(NO3)2$6H2O. The mixture
was stirred for 1 h after 1hr ultrasonic dispersion. After drying, the
composite were collected and annealed at 700 �C for 1 h under H2
(volume 10%)/Ar atmosphere. The LFP/rGO composite without
adding Mg(NO3)2$6H2O was also prepared following the same
procedure for comparison.

2.2. Structure and morphology characterization

The morphologies and compositions of the samples were
characterized by a field emission scanning electron microscope
(FESEM, Quanta 200, FEI). Transmission electron microscopy (TEM)
was also carried out for more detailed structure analysis using a
Tecnai F20 (FEI) microscope operating at 200 kV. The crystallinity
and phases of the samples were examined by XRD (SmartLab,
Rigaku) with a Cu-Ka radiation source (d ¼ 0.1541 nm). Raman
analysis was performed using a Micro Raman spectrometer (RM-
1000, Renishaw Co., Ltd.) with a 10 mW helium/neon laser at
514 nm. X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific ESCALAB 250) with a monochromatic Al Ka radiation
source was used to investigate the elemental composition of
composite and its binding state. The binding energy scale of the
instrument was calibrated using Ar peak (242.1 eV). Thermal
gravimetric analysis (TGA, Perkin-Elmer) was employed to quantify
the amount of rGO in the LFP/rGO composite.

2.3. Electrochemical characterization

The electrochemical properties of the LFP/rGO composite were
characterized by using CR2032 coin-type cells with Li foil as a
counter electrode. The liquid electrolyte was 1.0 M LiPF6 in the
mixture of 1:1 (by volume) ethylene carbonate and diethyl car-
bonate (Novolyte Co.). The final cell was composed of 87 wt% LFP/
rGO powder with Mg2þ (including 7 wt% rGO, total amount of LFP
and Mg kept at ~80 wt%), 3 wt% acetylene black, and 10 wt% of
polyvinylidene fluoride (PVDF) binder pasted on carbon cloth. As a
comparison, conventional cells, consisting of 80 wt% annealed LFP
powder or LFP (Mg), 10 wt% acetylene black, and 10 wt% of PVDF
binder pasted on carbon cloth were prepared. Galvanostatic
charging/discharging cycles were tested between 2.5 and 4.2 V vs.
Liþ/Li at different rates on a multichannel battery test system
(CT2001A, Wuhan Kingnuo Electronic Co., Ltd.). The electro-
chemical impedance spectroscopy (EIS) of the batteries was tested
in the frequency range from 100 kHz to 2 Hz under an alternating
current (AC) stimulus with a 5 mV of amplitude (CHI 660C,
Shanghai Chenhua Instrument Co., Ltd.).

3. Results and discussions

3.1. Structure characterizations and electrochemical properties of
LFP and LFP (Mg) sample

We first compare the LFP sample with or without Mg2þ intro-
duction. rGO is not introduced to such samples. Commercial LFP
powder with (LFP/Mg mass ratio of 130/1) or without Mg2þ is
annealed before it is made into electrode. The two samples are
denoted as LFP and LFP (Mg), respectively. The general morphology
and crystal structure of the two samples are similar, and here we
show the results of a representative one, i.e. LFP (Mg). The char-
acterization of LFP is shown in Fig. S1 (Supporting Information).

The morphology of the LFP (Mg) powder is examined by SEM
(Fig. 1(a)). The size of quasi-spherical particles ranges from 50 to
700 nm (with an average size of ~273 nm, Fig. 1(b)). Its crystallinity
is examined using XRD and the result is shown in Fig. 1(c). All Bragg
peaks can be indexed to the orthorhombic LFP phase. No additional
peak or peak shifting is observed. Detailed structural character-
ization of the LFP (Mg) sample is carried out using TEM. High res-
olution TEM image taken from the surface region of LFP particle
(Fig. 1(d)) discloses an amorphous carbon layer of ~3e4 nm coated
on the LFP surface. The spatial distribution of the compositional
elements is revealed by EDX elemental mapping (Fig. 1(e)e(k)),
showing rather uniform distribution of the compositional
elements.

The effect of adding Mg2þ on the electronic structure of LFP
crystals is investigated by XPS. Fig. 2(a)e(c) compare the typical O
1s, P 2p, and Fe 2p spectra of LFP and LFP (Mg) samples. Fitting of
the O 1s XPS spectra (Fig. 2(a)) shows peaks located at around
530.65, 531.50, and 532.60 eV, which are attributed to chemical
shifts from Fe-O, P-O, and adsorbed OH� [15]. The P 2p spectra in
Fig. 2(b) shows single peak located at 133.2 eV, which is attributed
to P5þ state resulting from the PO4

3� group [16]. It can be seen that
the Fe 2p spectra is split into 2p3/2 at ~710.0 eV and 2p1/2 at



Fig. 1. (a) SEM image of the LFP (Mg) powder. (b) The size distribution of LFP (Mg) nanoparticles. (c) XRD spectrum of LFP (Mg) powder. (d) High resolution TEM image taken from
the surface region of LFP (Mg) particle. (e) High angle annular dark field (HAADF) image taken from LFP (Mg) sample. (f)e(j) EDX elemental mapping taken from the same region
shown in Fig. 1(e). (f) C; (g) Fe; (h) P; (i) O; and (j) Mg maps. (k) Overlap image of C, Fe, and Mg (The carbon signal in the left of Fig. 1(f) and (k) originates from the carbon support
film).
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~723.5 eV as a result of spin-orbit coupling [17]. The Fe 2p1/2 peak
rides on a larger background [18], we therefore focus our discussion
on Fe 2p3/2. Fitting of the Fe 2p3/2 shows that it consists of a small
peak at 706.8 eV, a main peak at 709.9 eV, and a broad signals at
714.0 eV. The peak at 706.8 eV is a characteristic peak of iron metal
(Fe0) [19]. The formation of metallic iron usually results from a
reduction by the carbon (carbothermal reduction) during the
annealing [20]. The area ratios of Fe0 are estimated to be ~1.9% and
~2.0% in the Fe 2p3/2 spectra of LFP and LFP (Mg), respectively. The
main peak of 709.9 eV is related to the valence of Fe2þ state in the
LFP [21]. The broad signal at 714.0 eV corresponds to satellite sig-
nals [22]. Compared to LFP, no obvious change in the O 1s, P 2p, and
Fe 2p spectra is detected in LFP (Mg), suggesting the little electronic
structure change of LFP after the Mg2þ introduction. The Mg 1s
spectrum of LFP (Mg) is shown in Fig. S2 (Supporting Information).
The presence of peak at 1304 eV is characteristic of the Mg 1s core
level (Mg2þ) [23].

Coin cells are assembled using the respective samples to eval-
uate effect of Mg2þ on the electrochemical performance of the
electrode. Fig. 3(a) shows the first charging and discharging profiles
of LFP and LFP (Mg) samples cycled at 0.1 C. The average plateau is
observed around 3.42 V vs. Liþ/Li, corresponding to the reversible
redox reaction between Fe2þ/Fe3þ in LFP particles. The polarization
between the charging and discharging plateau for the LFP sample is
~76 mV, close to that of the LFP (Mg) sample (~78 mV). This in-
dicates that the presence of Mg2þ in the sample does not signifi-
cantly change the internal resistance of the electrodes. In addition,
the LFP electrode shows a discharging capacity (normalized to the
mass of LFP) of 156.8 mA h g�1 at 0.1 C rate, which is slightly higher
than that of the LFP (Mg) sample (151.3 mA h g�1). To further
evaluate the electrochemical performance of the electrodes, these
cells are tested under various charging/discharging rates and their
specific capacities are shown in Fig. 3(b). Again, very similar rate
performance is observed for the two samples. The capacity reten-
tion of the two samples (inset in Fig. 3(b)) is also similar. For
example, at high charging/discharging rates of 20 C, the discharging
capacities of the LFP (Mg) sample are maintained at ~32 mA h g�1,
corresponding to ~21% capacity retention of the first discharging
capacity at 0.1 C. The LFP sample delivers the discharging capacities
of ~30 mA h g�1 at 20 C, corresponding ~19% capacity retention of
the first discharging capacity at 0.1 C. Good cycling performances of
both the LFP and LFP (Mg) samples (tested at a rate of 10 C) are
observed (Fig. 3(c)).

EIS is employed to find out the electrode impedance associated
with the two samples. The measurements are carried out after
charging the samples to ~4.2 V vs. Liþ/Li and their corresponding
Nyquist plots are shown in Fig. 3(d). For a typical Nyquist plot of
LIBs, the intercept impedance on the Zreal axis represents the ohmic



Fig. 2. (a) O 1s, (b) P 2p, and (c) Fe 2p XPS spectra of LFP and LFP (Mg).

Fig. 3. (a) Comparison of the first charging and discharging profiles of LFP and LFP (Mg) at
samples cycled at a rate of 10 C. (d) Nyquist plots of the electrodes after charging the sam
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resistance (Rser), which is contributed by external cell connections
and ionic conduction through the electrolyte and separator. The
depressed semicircles at high and medium frequency region
correspond to the resistance of the SEI layer (Rsur) and the resis-
tance of the charge transfer (Rct) on the electrode/electrolyte
interface, respectively. The inclined line at 45� in low frequency
region represents the diffusion of Liþ in the solid-state electrode,
which is also named as Warburg impedance [24]. An appropriate
equivalent circuit model (inset in Fig. 3(d)) is established to fit the
Nyquist curves. The electrical parameters (e.g., Rser, Rsur, and Rct) in
this model can be calculated, as shown in Table S1 (Supporting
Information). The estimated values of Rser, Rsur, and Rct for LFP are
4.7, 13.0, and 24.3 U, which are close to those for LFP (Mg) (Rser,
6.6 U; Rsur, 12.1 U; Rct, 26.6 U). The estimated values of the DLi are
~1.79 � 10�10 and ~1.07 � 10�10 cm2 s�1 for the LFP and LFP (Mg)
samples, respectively. These results suggest that the presence of
Mg2þ in the LFP sample leads to little change of its electrochemical
properties, being consistent with the structural characterization
results obtained from the two samples.
3.2. Structure characterizations and electrochemical properties of
LFP-rGO and LFP-rGO (Mg)

The composite samples are obtained by mechanical mixing of
LFP and GO with (LFP/Mg mass ratio of 130/1) or without a small
amount of Mg2þ, followed by annealing at the same condition as
the previous samples of LFP and LFP (Mg). We denote the two
samples here as LFP-rGO and LFP-rGO (Mg), respectively. The
morphological and the structural characteristics of the two samples
are similar, and the only difference is the absence of Mg signal in
the EDX measurement of the LFP-rGO sample (Fig. S3(a), Support-
ing Information).
0.1 C. (b) Specific capacities of the samples at various rates. (c) Cycling stability of the
ples to ~4.2 V vs. Liþ/Li.



Fig. 4. (a) SEM image of the LFP-rGO (Mg) composite powder. (b) XRD spectrum of the LFP-rGO (Mg) composite. (c) Raman spectrum taken from the LFP-rGO (Mg) composite. (d)
Low magnification and (e) high magnification TEM images taken from the LFP-rGO (Mg) composite sample. (f) High resolution TEM image taken from the boundary of LFP particle.
(g) HAADF image taken from part of this composite sample. (h)e(m) EDX elemental mapping taken from the same region shown in Fig. 4(g). (h) C; (i) Fe; (j) P; (k) O; and (l) Mg
maps. (m) Overlap image of C, Fe, and Mg.
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Fig. 4 shows the representative structural characterization re-
sults taken from the LFP-rGO (Mg) sample (similar to that taken
from the LFP-rGO). SEM image in Fig. 4(a) shows the quasi-
spherical LFP particles with an average size of ~280 nm (with size
ranging from ~100 to 650 nm, Fig. S4, Supporting Information)
being uniformly connected to or wrapped by thin sheet-like layers
of rGO. The EDX taken from the same sample confirms that it is
mainly composed of C, Fe, P, and O with trace amount of Mg
(Fig. S3(b), Supporting Information). The crystallinity of LFP after
the composite formation (92.50%, Fig. 4(b)) is found to be the same
as that of the pristine LFP powders (93.26%, Fig. 1(c)). All Bragg
peaks in the XRD data taken from LFP-rGO (Mg) can be indexed to
the orthorhombic LFP phase. No obvious reflection from rGO is
observed due to its very low content in the composite. The struc-
ture details of the rGO in the composite sample are examined by
Raman spectroscopy. The Raman spectrum in Fig. 4(c) reveals the
degree of graphitization of carbon in the LFP-rGO (Mg) composite.
The D band at 1344 cm�1 is attributed to defects and disordered
portions of carbon (sp3) [25]. The G band at 1594 cm�1 is indicative
of ordered graphitic crystallites of carbon (sp2) [25]. The ID/IG ratio
of LFP-rGO (Mg) is 0.72. The change of the ID/IG ratio as compared to
the samples without rGO (LFP, 1.11; LFP (Mg), 1.03; Fig. S5, Sup-
porting Information) is due to introduction of rGO, inwhich the sp2

coordinated carbon dominates [12]. The content of rGO in this LFP-
rGO (Mg) composite is ~7.2 wt%, which is estimated using TGA
(Fig. S6, Supporting Information). According to BET analysis, the
specific surface area of LFP-rGO (Mg) is 34.1 m2 g�1. The specific
surface area of LFP-rGO (Mg) is higher than that of LFP (Mg)
(15.3 m2 g�1), which is attributed to the large surface area of rGO.
On the other hand, the specific surface area of LFP-rGO
(33.2 m2 g�1) is close to that of LFP-rGO (Mg), suggesting that the
presence of Mg2þ in the LFP-rGO leads to little change of surface
areas.

More detailed structural characterization of the LFP-rGO (Mg)
composite sample is carried out using TEM. Fig. 4(d) and (e) suggest
that LFP nanoparticles are anchored on the rGO nanosheets. An
amorphous carbon layer of ~3e4 nm is observed on the LFP surface
(Fig. 4(f)), coming from the original carbon coating in the pristine
LFP powders (Fig. 1(c)). In addition, spatial distribution of the
compositional elements is disclosed by EDX elemental mapping
(Fig. 4(g) and (m)), revealing the uniform distribution of the
compositional elements.

Fig. 5(a)e(c) show the typical O 1s, P 2p, and Fe 2p spectra taken
from the LFP-rGO and the LFP-rGO (Mg) samples. The Mg 1s
spectrum of LFP-rGO (Mg) is shown in Fig. S7 (Supporting Infor-
mation). Fitting of the O 1s, P 2p, and Fe 2p XPS show similar origin
as those in the previous LFP and LFP (Mg) samples.When compared
to LFP-rGO, the peak of O 1s spectrum of LFP-rGO (Mg) composite is
found to shift toward higher binding energy (Fig. 5(a)). Further-
more, fitting of the O 1s XPS spectra shows the peak of P-O located
at around 531.45 eV in LFP-rGO, while it is blue-shifted to 531.78 eV
in LFP-rGO (Mg). Meanwhile, the Fe-O peak area of the LFP-rGO



Fig. 5. (a) O 1s, (b) P 2p, and (c) Fe 2p XPS spectra of the LFP-rGO and LFP-rGO (Mg).

Fig. 6. (a) Comparison of the first charging and discharging profiles of LFP-rGO (Mg) and LF
Comparison of the specific capacity retention of the samples is shown in the inset. (c) Cycling
charging the samples to ~4.2 V vs. Liþ/Li.
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(Mg) is decreased when compared to that of the LFP-rGO. Fig. 5(b)
shows the P 2p peak located at 133.30 eV in the spectrum of LFP-
rGO, and it is blue-shifted to 133.50 eV in that of LFP-rGO (Mg).
In Fe 2p XPS spectrum of LFP-rGO (Mg), although no peak shifting is
observed, the peak representing metallic iron becomes more
obvious when compared to that of LFP-rGO. The area ratios of Fe0

are estimated to be ~1.7% and ~5.0% in the Fe 2p3/2 spectrum of LFP-
rGO and LFP-rGO (Mg), respectively. The above experimental re-
sults suggest a decrease of Fe2þ, and an increase of Fe0 when Mg2þ

is introduced to the LFP-rGO. The enhanced reduction of Fe2þ to Fe0

in LFP is consistent with the blue shifts observed in both the O 1s
peak and the P 2p peak in the LFP-rGO (Mg) sample relatively to
those in the LFP-rGO sample. In fact, the blue shift observed in the O
1s spectrum in such a sample also excludes the possibility of Mg
doping into the LFP lattice (i.e., Mg2þ taking the substitutional site
of Fe2þ), which would then cause red-shift in O 1s peak instead of
blue shift [26]. Moreover, XRD and Rietveld refinement data (Fig. S8
and Table S2, Supporting Information) demonstrate that the pres-
ence of Mg2þ in the LFP or LFP-rGO leads to little change in the
lattice parameters of LFP. This further excludes the possibility of
Mg2þ substituting for Fe2þ.

Coin cells are assembled using LFP-rGO or LFP-rGO (Mg) as the
active materials, and their electrochemical properties are evalu-
ated. The first charging and discharging profiles of the respective
samples cycled at 0.1 C are shown in Fig. 6(a). The average plateau is
observed around 3.42 V vs. Liþ/Li. The polarization between the
charging and discharging plateau for the LFP-rGO (Mg) sample is
~60 mV, being smaller than that of the LFP-rGO sample (~71 mV).
This indicates the LFP-rGO (Mg) has lower internal resistance.
These cells are tested under various charging/discharging rates and
their specific capacities are shown in Fig. 6(b). At low charging/
P-rGO samples at a rate of 0.1 C. (b) Specific capacities of the samples at various rates.
stability of the samples cycled at a rate of 10 C. (d) Nyquist plots of the electrodes after
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discharging rates (<1 C), the specific capacities of the LFP-rGO and
the LFP-rGO (Mg) samples are rather close. However, the LFP-rGO
(Mg) sample shows much higher specific capacities at high
charging/discharging rates (e.g. 10 and 20 C), suggesting superior
rate performance, which is obvious when one compares the ca-
pacity retention of these electrodes (inset in Fig. 6(b)). Despite the
higher capacity of the LFP-rGO (Mg) at high rates, the cycling per-
formances of both samples are good (Fig. 6(c)).

The Nyquist plots are shown in Fig. 6(d). An appropriate
equivalent circuit model (inset in Fig. 6(d)) is established to fit the
Nyquist curves. The electrical parameters (e.g., Rser, Rsur, and Rct) in
this model can be calculated, as shown in Table S3 (Supporting
Information). Both the charge transfer resistance Rct and the SEI
layer resistance Rsur of the LFP-rGO (Mg) electrode decreases
significantly. Consequently, the decreased charge transfer resis-
tance and surface layer resistance in the LFP-rGO (Mg) electrode
lead to the smaller polarization as compared to the LFP-rGO elec-
trode (Fig. 6(a)), resulting in much better rate performance
observed in the LFP-rGO (Mg) electrode (Fig. 6(b)). To examine the
effect of adding Mg2þ on the Liþ transport properties, the effective
Liþ diffusion coefficient DLi is estimated from the EIS data. The
estimated values of the DLi are ~2.35 � 10�10 and
~5.28 � 10�10 cm2 s�1 for LFP-rGO, and LFP-rGO (Mg) samples,
respectively, suggesting little effect of Mg2þ presence on the Liþ

diffusion in the LFP-rGO composite samples.
The introduction of rGO in LFP-based electrodes improves the

electrochemical properties of the cathode, including both higher
specific capacity and slightly higher rate capacity retention at high
rates (Fig. S9, Supporting Information). This should be ascribed to
the formation of conductive pathways for electron transport during
the charging/discharging process, as evidenced in decreased charge
transfer resistance (Tables S1 and S3, Supporting Information). In
addition, it is known that rGO can deliver a specific capacity of
~64 mA h g�1 [7]. Therefore, the rGO may contribute an extra ca-
pacity of ~4mA h g�1 to the composite samples (as compared to the
LFP) by considering the weight percentage of rGO in the present
LFP-rGO composite electrode (~7 wt%).

A significant improvement in the rate performance of the
cathode is observed when Mg2þ is further introduced to the LFP/
rGO composite (Fig. 6(b)). The charging and discharging profiles as
well as EIS data indicate that introduction of Mg2þ into the LFP/rGO
composite leads to significantly enhanced electronic conductivity,
likely due to generation of more Fe0 in the LFP-rGO (Mg) sample.
The presence of conductive metallic phases is known to improve
the conductivity of LFP [27]. It is interesting to note that the in-
crease of Fe amount prompted by Mg2þ only takes place in the
presence of rGO. This result suggests possible influence of reaction
kinetic barriers during the carbothermal reduction of Fe2þ to
Fe0dthe simultaneous presence of Mg2þ and rGO promotes such
reduction. Moreover, experimental results also suggest that no Fe0

exists in the composites before annealing and the enhanced
reduction of Fe2þ to Fe0 in LFP occurs during the annealing process
(Figs. S10e12, Supporting Information).

The electrochemical properties of LFP/rGO composite are fairly
sensitive to the amount of Mg2þ. The optimum Mg2þ amount has
been identified during the composite cathode fabrication and the
results are presented in Fig. S13 (Supporting Information). The
Mg2þ element content is varied at different LFP/Mg mass ratio
(260:1, 130:1, and 78:1) and the rGO content is maintained at ~7 wt
% in a series of electrode samples, i.e., LFP-rGO (Mg)_1, LFP-rGO
(Mg)_2, and LFP-rGO (Mg)_3. These cells are tested under various
charging/discharging rates and their specific capacities are shown
in Fig. S13(a) (Supporting Information). Compared to the LFP-rGO
sample, higher specific capacities at high charging/discharging
rates (10 and 20 C) are always observed in the presence of Mg2þ.
The LFP-rGO (Mg)_2 sample exhibits the highest specific capacities
at high rates among all samples, suggesting its superior rate per-
formance (Fig. S13(b), Supporting Information). The Nyquist plots
and corresponding fitting parameters (e.g., Rser, Rsur, Rct, and DLi) are
shown in Fig. S13(c) and Fig. S13(d) (Supporting Information),
respectively. Observable difference of the charge transfer resistance
Rct is detected in the LFP/rGO composite with different Mg2þ

amount. At lower Mg2þ amount, (e.g. LFP/Mg mass ratio 260:1 and
130:1), decreased Rct is observed with Mg2þ incorporation. At
higher Mg2þ amount (e.g. LFP/Mg mass ratio 78:1), the effect of
Mg2þ hydrolysis becomes dominant, leading to Mg(OH)2 formation
that is detrimental to the electronic conductivity of composite [12].
The estimated values of the DLi are ~2.92� 10�10, ~5.28� 10�10 and
~3.6� 10�10 cm2 s�1 for LFP-rGO (Mg)_1, LFP-rGO (Mg)_2, and LFP-
rGO (Mg)_3. They are in the same order of magnitude. Different
amount of Mg2þ incorporation does not significantly affect the Liþ

diffusion in these samples.

4. Conclusions

We found adding Mg2þ only into LFP followed by annealing lead
to obvious change in neither the electronic structure nor the elec-
trochemical properties of LFP cathode. On the other hand, intro-
ducing rGO to LFP cathode results in moderately increased specific
capacity at high rates. Further adding Mg2þ into LFP cathode with
the presence of rGO brings significantly improved rate perfor-
mance. Experimental evidence suggests that enhanced reduction of
Fe2þ to Fe0 prompted by Mg2þ and rGO leads to the improvement
electronic conductivity of the LFP/rGO composite electrode. The
simple fabrication process does not disturb the active material
growth process and it provides a simple and effective means to
improve the rate performance of the LFP/rGO composite.
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