
Electrochimica Acta 208 (2016) 188–194
In-situ hydrothermal synthesis of Na3MnCO3PO4/rGO hybrid as a
cathode for Na-ion battery
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A B S T R A C T

Novel Na3MnCO3PO4 (NMCP)/reduced graphene oxide (rGO) nanocomposite was successfully synthe-
sized via one-step hydrothermal method. The produced materials were characterized by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), thermogravimetry (TG), galvanostatic
charge/discharge test and inductively coupled plasma optical emission spectroscopy (ICP-OES). Obtained
results indicate the formation of �25 nm NMCP nanoparticles randomly distributed on rGO sheets. As a
promising cathode material for Na-ion batteries, the hybrids deliver gravimetric discharge capacities of
98.3 mAh per gram of electrode (156.0 mAh per gram of NMCP) and 114.0 mAh per gram of electrode
(180.9 mAh per gram of NMCP) at C/30 and C/100 rates, respectively. The obtained gravimetric capacities
indicate 39% and 52% improvement at C/30 and C/100 rates, respectively, in comparison with the highest
corresponding values reported in the literature. The synergy arising from the formation of fine NMCP
nanoparticles and NMCP/rGO hybridization is responsible for the achieved higher capacities.

ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, the interest in Na-ion batteries (NIBs) has been
increased due to their outstanding properties [1,2]. Finding high
capacity cathode materials for NIBs has, however, been a challenge.
Ab initio computations have predicted Na3MnCO3PO4 (NMCP) as
new promising polyanionic cathode materials for NIBs [3–6]. It is
shown that both Mn2+/Mn3+ and Mn3+/Mn4+ redox couples are
electrochemically active [6,7] resulting in two-electron theoretical
capacity of 191 mAh g�1 for NMCP, which is higher than the
capacity of most known polyanionic cathode materials like
NaFePO4 (154 mAh g�1) and NaFeSO4F (138 mAh g�1). NMCP
belongs to the family of Na-rich cathode materials which can
theoretically store two Na+ ions per formula unit [8].

Chen and co-workers [6], synthesized NMCP material through
hydrothermal process. They achieved specific discharge capacity of
125 mAh g�1 at C/100 rate upon using 30 wt% carbon as conductive
additive. Wang and co-workers [7], performed charge/discharge
tests of NMCP cathode at C/30 rate. Specific capacities of 47.0 and
65.5 mAh g�1 were obtained by using 16 wt% graphite and carbon
black as conductive additives, respectively. The specific capacity
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was improved to 157.7 mAh g�1 but the amount of required
conductive additive for achieving this capacity was high (53 wt%
carbon black). They reported that their findings have two
important implications for future researches. First, NMCP could
be an effective cathode material for NIBs if its low electronic
conductivity problem is solved. Second, improving the electronic
conductivity of NMCP through other methods should be investi-
gated in order to keep the carbon loading low. Although adding
53 wt% (60 vol%) carbon black in the cathode improves the
electronic conductivity, the amount of the active material in the
cathode significantly decreases and thus should be avoided in
practical cells. Therefore, other strategies should be considered in
order to increase the capacity while keeping the carbon loading
low [7,9].

Carbon black and conductive graphite are the most conven-
tional carbon additives. The conducting efficiency of these
additives is relatively low because only the most outer carbon
plane is in contact with the active materials and thus contributes to
the electrical conductivity of the material. Therefore, carbon
materials with larger surface/mass ratios are investigated.

Graphene has an extremely high surface/mass ratio and can
interact with the active materials with a very high efficiency.
Graphene nanosheets with much lower addition fractions, can
construct a more effective electronic conducting network in
comparison with conventional carbon additives such as carbon
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black [10,11]. It has been demonstrated that graphene is an
excellent potential conductive additive in batteries to obtain
improved electrochemical properties and capacity enhancement
[12–14].

This study presents a facile one-step low temperature
hydrothermal process for in-situ synthesis of hybrid NMCP/rGO
cathode as a novel candidate for fabrication of the NIB cathode.
Morphology, structure and the electrochemical properties of the
material are determined and compared with the pristine NMCP
particles. Interesting electrochemical properties with much
improved gravimetric capacities are given in-depth attention
throughout the paper.

2. Experimental Procedure

2.1. Synthesis of NMCP/rGO Nanocomposite

Graphene oxide (GO) was prepared by modified Hummers
method [15,16]. Natural graphite flakes were intercalated with
sulfuric acid and washed with DI water, followed by centrifuging
and drying at 60 �C for 24 h. Graphite intercalation compound (GIC)
was thermally expanded at 1050 �C for 15 s. Expanded graphite
(EG) was treated with H2SO4 and KMnO4 at 60 �C for 24 h under
stirring. The mixture was then transferred into an ice bath and DI
water and H2O2were poured slowly into the mixture. After stirring
for 30 min, GO particles were washed with HCl solution and
centrifuged thrice. The sample was washed with DI water until pH
reached 5 to 6. The GO particles were diluted with DI water down
to 4 mg mL�1.

Hydrothermal process was used for in-situ synthesis of NMCP
nanoparticles onto the surface of rGO sheets. Fig. 1 schematically
illustrates the synthesis procedure. Some 2 millimoles of Mn
(NO3)2�4H2O (Sigma) were dissolved in 5 mL of GO to form
dispersion (A). Separately, 2 millimoles of (NH4)2HPO4 (RDH) and
2.34 g of Na2CO3.H2O (RDH) were dissolved in 10 mL of GO to form
dispersion (B). Dispersion (A) was added to dispersion (B) under
magnetic stirring in the N2 filled glove box. The slurry was then
transferred into a 25 ml Teflon-lined stainless steel autoclave. The
autoclave was placed in the oven and heated to 120 �C and then
kept for 24 h. After cooling to the room temperature, the products
were washed with DI water and dried in vacuum oven at 50 �C
overnight. By estimating the amount of produced NMCP from the
proposing reactions, it can be said that the mass ratio of GO:NMCP
is about 12:100. NMCP particles were also synthesized using the
same procedure except precursor dissolving in DI water instead of
GO mixture.

In order to make sure of GO reduction during the hydrothermal
treatment, 15 mL of GO aqueous dispersion was transferred into
25 mL Teflon-lined autoclave and maintained at 120 �C for 24 h.
After cooling down to the room temperature, the rGO hydrogel was
dried inside vacuum oven overnight.
Fig. 1. Schematic illustration of the synthesis process of NMCP/rGO hybrid.
2.2. Materials Characterization

Crystal structures of the samples were determined by X-ray
diffraction (XRD) system (PW1830, Philips) with Cu Ka radiation.
Raman analyses were done using RM3000 micro Raman system
(Renishaw PLC) having argon laser excitation of 514 nm. X-ray
photoelectron spectroscopy (XPS, Surface analysis PHI5600,
Physical Electronics) was employed to evaluate the chemical
bonds of the samples by using Al Ka line as the excitation source.
Morphological studies of the synthesized materials were per-
formed with field emission scanning electron microscope (FESEM,
JSM-6700F) and transmission electron microscope (TEM, JEM
100CXII). Thermogravimetric analysis (TGA) was done with
TGA/DTA 92 Setaram II testing system in the range of 70 to
700 �C at a heating rate of 10 �C min�1 in air. TGA sample holder
was Pt pan in which about 10 mg of sample in powder form was
placed. The gas flow rate was 25.0 ml min�1. Sample compositions
were examined by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Perkin Elmer Optima 7300DV).

2.3. Electrochemical Measurements

The electrochemical performance of the cathodes was evaluat-
ed using CR2025 coin cells. Electrodes were prepared by mixing
active material, conductive carbon black (super P) and carbox-
ymethyl cellulose (CMC) (MTI corp.) as binder with a weight ratio
of 70:20:10 to form slurry. The slurry was then coated on an
aluminum foil and dried inside the vacuum oven overnight. After
drying, the foil was cut into 12 mm diameter pellets to be used as
cathode. Coin cells were assembled in a glove box (MBraun
Labstar) filled with high purity argon gas. 1 M NaPF6 in ethyl
carbonate (EC)/dimethyl carbonate (DMC) with a volume ratio of
1:1 (Dodochem, China) was used as the electrolyte and a piece of
microglass fiber (GF/D, Whatman) was the separator. The sodium
foil was cut from the sodium bulk (Sigma) and was used as the
counter electrode. The as-prepared coin cells were used in
galvanostatic charge–discharge tests which were conducted by a
battery testing system (Neware CT-3008W) in the voltage range of
2.0–4.4 V.

3. Results and Discussion

A typical TEM image of the GO surface showing wrinkled rGO
nanosheets is illustrated in Fig. 2a. Structural information obtained
by Raman spectroscopy of the GO sample is demonstrated in
Fig. 2b. There are three typical peaks in the Raman spectra of the
GO which represent the D-band at 1355 cm�1, the G-band at
1595 cm�1 and the 2D band at �2800 cm�1. The intensity of the
D-band peak corresponds to the carbon atoms disorders or defects.
The intensity of the G band peak attributes to symmetry of the
carbon atoms [17]. In the produced GO, ID/IG is 0.85.

XPS patterns of the GO and the rGO samples are presented in
Fig. 2c and d verifying the reduction of the synthesized GO during
the hydrothermal process. The deconvoluted C1s peaks of the GO
sample at 286.1 eV (C��O), 287.2 eV (C¼O) and 289.0 eV (O��C¼O)
(Fig. 2c) correspond to the carbon atoms bonding with different
oxygenated functional groups [18]. The peak intensity ratio of non-
oxygenated C to oxidized C was drastically increased after
hydrothermal treatment confirming an effective reduction of GO
during the hydrothermal process (Fig. 2d) [13,19,20].

The FESEM images of the NMCP and the NMCP/rGO samples are
shown in Fig. 3. There are significant differences between
morphologies of the two samples. Uncontrolled growth of particles
is observed in the absence of the rGO nanosheets (Fig. 3a and b). As
is seen, there is wide variation in particle size of the NMCP sample
(from 25 nm to �4 mm). Images in Fig. 3c and d reveal the



Fig. 2. (a) TEM image, (b) Raman spectrum of GO, deconvoluted C1s XPS spectra of (c) GO and (d) rGO.
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morphology of the NMCP/rGO nanocomposite. The rGO nano-
sheets are clearly visible in these figures. Majority of the NMCP
particles are randomly adhered to the rGO planes providing good
electric contact which facilitates charge transport in the hybridized
layer. The morphology of the NMCP/rGO hybridized layer has
similarities with that reported by Zhu and co-workers [21] for the
Li2MnSiO4/graphene composite.

Size uniformity of the NMCP/rGO nanocomposite is greater
than pristine NMCP. The GO has a large number of functional
groups that act as nucleation sites for precipitation and chemical
binding with the NMCP bond terminals. At the same time, the
individual nanoparticles prevent restacking of the rGO sheets and
produce a number of voids between them which facilitate the
Fig. 3. FESEM images of NMCP (a, b) 
Na-ion diffusion. All these changes would help to improve the
cathode performance.

Mechanism of formation of the NMCP/rGO hybrid can be
described as follows: The as-synthesized GO sheets are negatively
charged when dispersed in water [22]. When the precursors are
added into the GO dispersion, the positively charged Na+ and Mn2+

can be attracted to the GO nanosheets electrostatically. During the
hydrothermal treatment, the GO nanosheets are reduced into
graphene [23] and the NMCP quantum dots are formed at the same
time.

For further observation of the synthetized samples, TEM images
are shown in Fig. 4. NMCPs of different sizes are observed in Fig. 4a.
The NMCP nanoparticles connected to the rGO planes are about
and NMCP/rGO composite (c, d).



Fig. 4. TEM images of NMCP (a) and NMCP/rGO composite (b,c).

N. Hassanzadeh et al. / Electrochimica Acta 208 (2016) 188–194 191
25 nm and smaller (Fig. 4b and c). They are much smaller than the
NMCP particles synthesized under the same conditions in the
absence of the rGO (Fig. 4a). The smaller is the size of the particles,
the higher is the ionic conductivity of the sample, which seems to
be due to the larger surface areas provided by the smaller particles
and the chemical bonds. As a result, higher specific capacity is
obtained [24]. Fig. 4b and c depict the dense network and
overlapping of the rGO sheets. Micrometer-sized clusters are
observed which comprise the NMCP nanoparticles anchored on
the rGO sheets. This causes convenient handling of the material
and fabrication of cathodes with less requirement of a binder [25].

Fig. 5a shows the XRD patterns of the NMCP and the NMCP/rGO
hybrid. The diffraction peaks in both materials are the same and in
good agreement with the standard NMCP powder which reveals
small intensity difference and slight angle change for the NMCP/
rGO hybrid formation. In comparison with the NMCP, the intensity
of the diffraction peaks increases with the rGO addition as a result
of the increase of the incidence beams diffraction.

The structures of the NMCP and the NMCP/rGO hybrid are
further studied by the Raman spectra, as shown in Fig. 5b. Raman
bands at 1040 cm�1 and 1070 cm�1 are assigned to the

CO3
2�, while the bands at 956 cm�1 and 1009 cm�1 are for

PO4
3� stretching modes [26]. Shifting the G band from 1595 cm�1

in GO (Fig. 2b) to 1587 cm�1 in NMCP/rGO (Fig. 5b), is an indicator
of reduction of GO [27]. The D bands for GO and NMCP/rGO were
located at 1355 and 1345 cm�1, respectively. The Raman results are
thus consistent with the formation of the NMCP/rGO hybrid.

The in-situ reduction of GO occurring during the hydrothermal
process is confirmed by the XPS spectra, as shown in Fig. 6. The
deconvoluted C1s spectra of the material before the hydrothermal
reduction of GO (Fig. 6a) have peaks at 285.0, 286.4 and 288.5 eV
which correspond to the C-C, C-O and C¼O bonds, respectively. The
peak at 289.8 eV is attributed to the oxygen bonds of the CO3

2� unit
[13,14]. The deconvoluted C1s XPS spectra of NMCP/rGO hybrid
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Fig. 5. (a) XRD patterns, (b) Raman spectr
(Fig. 6b) exhibit similar oxygen functional groups to those of
NMCP/GO material (Fig. 6a) but their peak intensities are much
lower which confirms that most of the oxygen functional groups
are removed.

TGA curves (Fig. 7) show that the weight loss is gradual.
Evaporation of the intercalated water molecules and dehydrox-
ylation of the material take place at the temperatures below
�300 �C [14]. The rGO burns in the temperature range of 300–
560 �C (black curve). In this range, 80% of the initial weight of the
rGO is lost. Thermal decomposition of the NMCP and releasing of
the CO2 take place in the range of 520–580 �C leading to a weight
loss of 11% (blue curve). Heating the NMCP/rGO hybrid (red curve)
above 300 �C results in 16% weight loss, which attributes to
simultaneous oxidation/reduction of the GO/rGO and decomposi-
tion of the NMCP. By assuming respective weight losses of 80% and
11%, the rGO content in the nanocomposite is calculated to be
�7 wt %.

Fig. 8a and b show the charge/discharge curves of the NMCP and
the NMCP/rGO hybrid when cycled between 2-4.4 V at a rate of
C/30, respectively. As it is observed from Fig. 8a, the initial charge
capacity is significantly larger than the initial discharge capacity.
Also, it is seen in Fig. 8b that the first-cycle charge capacity exceeds
the two-electron theoretical capacity for NMCP of 191 mAh g�1.
These are probably due to the decomposition of the electrolyte at
high voltages because the electrolyte for Na-ion batteries are not
optimized in comparison with that for the Li-ion batteries [6].

The first discharge capacity of the NMCP (Fig. 8a) is
67.4 mAh g�1 which indicates the activation of �0.7 Na per formula
unit. The capacity decreases in the following cycles. The discharge
plateau at �3.8 V and charge plateau at �4.2 V are observable in the
first cycle of Fig. 8a. They attribute to the Mn3+/Mn4+ redox couples,
but the plateaus corresponding to the Mn2+/Mn3+ couples (at
�3.4 V) are hardly observable, while unnoticeable. In order to find
the elemental composition of pristine NMCP, ICP tests were
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Fig. 6. Deconvoluted C1s XPS spectra of NMCP/GO (a) and NMCP/rGO nanocom-
posites (b).

Table 1
Chemical compositions acquired with the ICP analysis.

Sample Normalized element content
(use P = 1 for both samples)

Na Mn P

NMCP 2.50 1.09 1
NMCP/rGO 2.96 0.98 1
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performed. The ICP results (Table 1) show that Mn in the NMCP is
in a mixed Mn2+/3+ state; thus the contribution of Mn2+/Mn3+

couples in the intercalation reactions is less than the NMCP/rGO
hybrid in which all the Mn is in the form of Mn2+. The addition of
the GO to the starting materials prevented the possible oxidation of
Mn2+ to Mn3+ during the hydrothermal process. This is responsible
for the two plateaus observed in the charge/discharge curves of the
NMCP/rGO hybrid (Fig. 8b). The plateaus during the first and the
second discharge curves are obvious; the initial discharge plateau
at �3.85 V and the second plateau at �3.3 V correspond to the
Mn4+/Mn3+ and the Mn3+/Mn2+ reduction processes, respectively.
Also, the charge plateaus at � 3.6 V and � 4.2 V imply that the
Mn2+/Mn3+ and the Mn3+/Mn4+ redox couples are active.

The first discharge specific capacity of NMCP/rGO composite
(Fig. 8b) at C/30 rate is

156.0 mAh g�1, which is �82% of the theoretical capacity. This
indicates the activation of �1.6 Na per formula unit. The specific
Fig. 7. TGA analysis of NMCP, rGO and NMCP/rGO nanocomposite.
discharge capacity is lowered to 144.5, 109.6, 72.6 and 57.2 mAh
g�1 after 2nd, 5th, 15th and 25th cycles, respectively. The capacity
retentions are about 70%, 47% and 37% of the initial capacity, after
the 5th, 15th and 25th cycles, respectively. Although, at present still
the cycling stability of NMCP is rather poor, but it shows
improvement in comparison with �53% capacity retention for
only 5 cycles at C/30 rate in the previous study [7]. The capacity
loss during cycling seems to be as a result of difficulty in reinserting
Na into the structure [6]. Electrolyte behavior upon cycling is
another challenging topic for further investigations.

Different strategies should be considered in order to improve
the cycling performance of NMCP cathode. For example, Matts and
his co-workers [ECS Electrochemistry Letters, 2 (2013) A81]
reported an improvement over the performance and cyclability
of Li3MnCO3PO4 by doping the compound with iron. Their results
opened new opportunities to enhance the performance of the
novel carbonophosphate cathodes by doping and structural tuning.

The coloumbic efficiency is low for the first cycle but improves
in subsequent cycles. The initial discharge specific capacity of
NMCP/rGO composite is 2.3 times higher than that of pure NMCP
which is mainly due to the following reasons: First, as a highly
conducting network, rGO nanosheets bridge the NMCP nano-
particles and form continuous network for current to pass through
the electrode and enhance the electronic conductivity; Second,
rGO nanosheets cause the formation of nano-sized NMCP particles
during the hydrothermal synthesis, which results in increase of the
ionic conductivity and decrease of the transport path lengths of the
Na ions in the NMCP particles; Third, the void space between the
NMCP nanoparticles and the rGO sheets facilitate the penetration
of the electrolyte into the surface of the active materials; Fourth, all
the Mn in the composite is in the state of Mn2+ which causes the
activation of both Mn2+/Mn3+ and Mn3+/Mn4+ redox couples during
intercalation and de-intercalation processes.

The initial discharge specific capacities of the NMCP/rGO hybrid
at various C-rates (C/100, C/30 and C) are given in Fig. 8c. When the
C-rate was increased from C/100 to C/30, the specific capacities of
the NMCP/rGO electrode gradually reduced from 180.9 to 156.0

mAh g�1. By further increasing the rate to 1C, the capacity
dropped to 71.7 mAh g�1. Certainly, more optimization will be
necessary to improve the performance of NMCP at higher rates and
it is an interesting topic for future research. The results of the
current research show some significant improvements over the
reported values for similar materials. The rate limiting factors, e.g.,
ionic conductivity, electronic conductivity, or surface passivation
should be studied in order to improve the rate performance [6].

Table 2 compares the results of this study with the previous
reported values. Wang and co-workers [7] have reported that
carbon black is more effective than graphite in increasing the
specific capacity of NMCP. They have shown that by adding 53 wt%
carbon black to the electrode, the specific capacity (mAh per gram
of NMCP) of the cathode can increase to 157.7 at C/30 and
176.7 mAh g�1 at C/100 rates. These additions, however, result in
increase of the electrode mass and volume, which in turn decreases
the amount of the active material in the cathode significantly.
Therefore, these procedures should be avoided to increase the
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Fig. 8. The voltage profiles of NMCP (a) and NMCP/rGO composite (b) cycled between 2-4.4 V at a rate of C/30 and (c) discharge curves of NMCP/rGO composites at different C-
rates.

Table 2
Comparison of specific capacities of NMCP materials developed in this study with the literature data.

NMCP (wt%) rGO
(wt%)

Carbon black
(wt%)

Graphite Binder (wt%) Mixing method Specific capacity
(mAh g�1 of NMCP)

Gravimetric capacity
(mAh g�1 of electrode)

Ref.

C/30 rate C/100 rate C/30 rate C/100 rate

60 – 30 – 10 (PTFE) Ball milling 118 125 70.8 75 [6]
74 – – 16 10 (PVDF) High energy ball milling 47.0 – 34.8 – [7]
74 – 16 – 10 (PVDF) High energy ball milling 65.5 – 48.5 – [7]
56 – 34 – 10 (PVDF) High energy ball milling 107.4 117.2 60.1 65.6 [7]
37 – 53 – 10 (PVDF) High energy ball milling 157.7 176.7 58.3 65.4 [7]
70 – 20 – 10 (CMC) Simple mixing 67.4 – 47.2 – Current study
63 7 20 – 10 (CMC) Hydrothermal/Simple mixing 156.0 180.9 98.3 114.0 Current study
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performance of the cathodic material [7]. Gravimetric capacities
(mAh per gram of electrode) [9] calculated for different electrodes
are listed in Table 2. The highest gravimetric capacities of the
previous studies are seen to be 70.8 and 75.0 mAh g�1 at respective
C/30 and C/100 rates [6]. The corresponding gravimetric capacities
obtained in the current study are 98.3 and 114.0 mAh g�1 which
show 39% and 52% improvement at respective rates of C/30 and
C/100, in comparison with those of Chen and co-workers [6].
Therefore, electrodes with lower weight and smaller volume could
be made by implementation of rGO as the conducting network in
the hybrid electrode material structure.

4. Conclusions

A simple low temperature, one-step hydrothermal route was
employed for the in-situ synthesis of NMCP nanoparticles
anchored on rGO sheets. The NMCP particles in the nanocomposite
have almost uniform sizes (�25 nm) compared to the large
variation in the size of pristine NMCP (25–400 nm). This is due
to the fact that rGO sheets provide a large number of sites for
nucleation of NMCP and facilitation of hybridization. The first
discharge capacity of NMCP/rGO hybrid was 156.0 mAh g�1 (�82%
of the theoretical capacity) which was 2.3 times higher than that of
pristine NMCP without rGO (67.4 mAh g�1). This could principally
be resulted from the production of fine NMCP nanoparticles due to
the implementation of rGO in the NMCP/rGO hybrid.
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