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Carboncoated NaFePQ(NaFePQC) with a maricite structure was synthesized by adtep solid
state method with sucrose as carbon source. The electrochemical peremzmaiNaFeP@C were
evaluated for sodiusion batteries (SIBs) and lithiion batteries (LIBS), respectively. For SIBs, the
initial reversible capacity of 48.8 mAh'gt 0.05 C (1 C£54 mAh ¢) has obtained. For LIBs, the
initial discharge capacity of & ePQ can reach up to 75.7 mAR'@t 0.05 C. The reversible capacity
of 50.6 and 38 mAhcan be obtained at 0.1 C, 0.2 C, respectiwalith a simple synthetiprocess
costeffective chemicals, and desirabddectrochemical performancéhe mariciteNaFePQ/C is a
possible application for larggcale energy devices and stationary storage.
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1. INTRODUCTION

Recently, sodium ion batteries (SIBs) hatteagted increasing attention. Although lithium ion
batteries (LIBs) arenow the mosttommon andpredominant power source foigh power density
applications, such as home electronics and mobile electrg¢hjcsThere are several significant
challenges fang LIBs for their application in gridcale ESSssuch aghe costof the fabricationand
the raw material®f LIBs, the insufficient energy storagand unevenly distributionNhile based on
the abundancand easy accessibility of Ndar lower pricesa greener synthesignd maintaired a
similarity in ion insertion chemistrySIBs are more promising candidates for commercialized HJarge
scale energy devices and stationary stofadei Rufthermore sodium has suitable redox potential
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(E° Na+Na)= - 2.71 V versus the standard hydrogen electrosleich is only0.3 V above that of lithium,
meaning there isnly a small energy penalty to pafmong the different kinds of electrodeaterials,
iron-based cathode materials (NaFgPO N
aFe;(POy)2(P20;), NaFey sMng sP,O; and NaFePQF [4-6] have been attracting more attention. In
particular, the NaFePOhas the highest theoretical specific capacity (154 mAh[4-10], which
makes it an attractive cathode material for SIBs.
Unlike LiFePQ, the NaFeP®exists in two distinct polymorphs (triphylite and maricite) [11].
The triphylit NaFeP@ a structural analoguef LiFePQ, offers one dimensional channelsr
desodiation and sodiatiot has beennvestigatedas a possible cathode for SlBsd delivers a
reversible discharge capacity exceeding 120 mAlvigh an F&'/Fe?* redox ativity around 3 V [12,
13]. But it is not stable and can only be synthesized by chemical or electrocheri\alekichange
process, making triphylite NaFeR@ lessattractiverival for the matching LIBs [14]. The latter is
more thermodynamicallytable. And its crystal lattice is composed of FeBe(; octahedrorby
sharing edgeand it istied by neighboring PQunits by sharingcorner, offering narrower channels for
Na" movement [11]. Thus it remains a practical challenge to have an ideal electrochemical
performance for maricite NaFeRCOHowever, surging researches have been carried out on maricite
NaFePQ with insight into its electrochemical performance in recent years. Meanwhile, the non
lithium containing cathode material, such as;Féd°QF [21], NagVo(PQy)oF; [22] and NaVPQF [23]
have recently beeconsidered agpromising cathode mataits for lithiumion batterie§29]. Thus it is
meaningful to further study the electrochemical performance of maricite NafFeP8IBs and LIBs,
despite the fact #t the electrochemical performance of NaFgR@ar from optimized at present.
Solid-state reaction is a commonly used method to prepare electrode materials because it is
simple and suitable for mass production. Aratbon coatindnas beena successfulrtal in the solid
state processes to enhance its electrochemical performance. In this paper, we would like to-use solid
state method to synthesize the maricite NaReM@ sucrose as carbon source and further investigate
the electrochemical performance MaFePQ/C for SIBs and LIBs, respectively. The materials were
characterized by thermogravimetry and differential scanning calorimetnDEG), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS)t dedls
and Lihalf cells were subjected to galvanostatic charge and discharge cycles and cyclic voltammetry
tests to determine their electrochemical performance and kinetic response.

2. EXPERIMENTAL

2.1. Material synthesis

NaFePQ sample was synthesizeay a two-step solid-state method from the components
NaCO;, FeGO,4-2H,0 and NHH,PO, in the 0.5:1.0:1.0(stoichiometri¢ molar ratiQ whichwasthen
milled with ethanol solutiorfor 6 h by ball milling. Then the asobtainedprecursomwasdried under
vaauum followed by presintered at 350 °C for b. And then the precursor wagoundand sintered at
650 °C for 10 h with a heating rate of 5 °C thio obtain the material. All these heat treatments were
conducted under a nitrogen atmosphere to avoid tlation of Fé*. From this mixture five different
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compositions were synthesized: (i) without addition of sucrose powder, referred to as NadkeBO

the direct addition of sucrose powder of 8 wt.%, 10 wt.%, 12 wt.%, 14 wt.%, referred to as
NaFePQC@8,NaFePQC@10, NaFePQC@12, NaFeP@C@14, respectively. Sucrose was added
into raw material®eforethe baltmilling process.

2.2. Material characterization

Thermogravimetric behavior was carried out on a thermogravimetry and differential scanning
calaimetry (TGDSC) (NETZSCH 409 PC) from room temperature to 800 °C at a heating rate of 10
°C min* at nitrogen atmosphere. Phase identification and crystal structure analysis were conducted by
X-ray diffraction ( XQq,r&tliation g 0.75541B hm) fos@)betweentl®d® andu K
80°. The morphological analysis of the particles was investigated by emission scanning electron
microscopy (Hitachi 81800). The chemical components of cogtsurface were determined by energy
dispersive spectrometer (EDS).

2.3. Electrochemical tests

The electrochemical performanoéNaFePQ/C wasevaluaéd using CR2032 type coin cells.
To fabricate the electrodes, the prepared samples were mixed withngbtiane fluoride (PVDF)
binder and acetylene black (AB) at a weight ratio of 8:1:1 usingédthylpyrrolidone (NMP) as
solvent. Then the resulting slurry was evenly cast émtfoil with at hi ckness of 14 ¢
under vacuunovernight, the electrodes were punched into wafers with diameters of 14Tham.
loading density of the electrode was ca.-2.5g cn¥. The coin cells were assembled in an argon
filled glove box usinghe NaFeR), as thecathode foiboth Na and Li haltells. The Na haltcell was
assembledwvith a Na metalas the reference and counter electroaled 1 M NaPF in ethylene
carbonate/dimethyl carbonate solution (volume ratio of kd)electrolyte a glass fiber ashe
separatar The Li halfcell was made of a Li metal, a mesoporous membrane Celgard 2400
polypropylene and 1 M LiRHn ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 in volume).
Galvanostatic chargdischarge tests at various current densities warged out using a NEWARE
BTS-5 V 10 mA battery tester between -45/. The cyclic voltammetry tests were recorded over the
potential range of 1.5 V and 4 V using CHI660E electrochemical workstation at a scanning rate 0.05
mV s™.

3.RESULTS AND DISCUSSION

3.1. TG DTG analysis of NaFeP{C

Fig. 1 shows the TG/DSC curves of the precusdddaFePQ/C, which is useful taletermine
the decomposition and crystallization temperatufée first weight loss is about 4.59 wt.% within the
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temperature rangef @0 °C to 120 °C, corresponding to an endothermic peak at 98.9 °C in DSC curve
(peak I in Fig. 1). It can be attributed to the removal of adsorbed water. The second step from 120 °C
to 190 °C corresponding to an exothermic peak (peak Il in Fig. 1) & 1@9. it was caused by the
dehydration process of FeQy-2H,0 [25, 26]. The weight loss was 6.78 wt.%. Afterwards, there was

a fall in weight (8.36 wt.%) with an endothermic peak (peak Il in Fig. 1) up to 226.8 °C within the
temperature range of 190 °@ 869.2 °C. The carbonization of sucrose, the decomposition g0FeC

and NHH,PO, were occurred in this temperature zond-28]. The last temperature interval with two
exothermic peaks (peak IV and peak V in Fig. 1) within the range of 369.2 °C to 464an be
assigned to the crystallization and the grain growth of the prepared NaFdR®, the precalcination
temperature of the precursor is determined to be in the range of 200 °C to 400 °C, optimally at 350 °C
under nitrogen for 5 h. And the subsequealcination temperature is determined at 650 °C under
nitrogen for 10 h to obtain the NaFepP@articles with good crystallization.

TG/(%) DSC/(mW/mg)
100 41.5
90 41.0
80 40.5
70 40.0
60 4-0.5
50t Loc {-1.0

100 200 300 400 500 600 700 80
Temperature (°C)

Figure 1. TG/DSC curves of the NaFeRIG@10 precursor under a nitrogen atmosphere with a
heating rate of 10 °C mih

3.2. XRD and morphology analysis

Fig. 2 shows the Xay diffraction patterns of NaFeR@ynthesized at 650 °C with different
addition of sucrose. All the indexed peaks of the samples match well with the standard patterns of
NaFePQ (JCPDS card number 2216), indicating that all samples are maricite NaFeR@h an
orthorhombic structure andRmnbspace group [11]Thecrystallitesizes(D) of asprepared NaFePO
sampleswere calculatedrom the Schereequation(D = 0.894/f cos &) [15], which were calculated
according to the three main peaks of (220), (211) and (88d)the lattice parametefas shown in
table 1) With increasing of the pradding sucrose content, the average grain size decreases.
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Table 1. The full width at half maximum (FWHM) and calctga grain size (D) of the (211), (031)
and (222) diffraction peaks for NaFeO with different addition of sucrose

Samples FWHMC) D220, 211 Dos1
(220)(211) (031) (nm) (nm)
NaFePO4/C 0.311 0.156 35 64
NaFePO4/C@8 0.321 0.163 27 57
NaFePO4/C@10 0.347 0.169 25 55
NaFePO4/C@12 0.349 0.173 24 53
NaFePO4/C@14 0.356 0.176 22 51
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Figure 2. X-ray diffraction patterns of NaFeR@ith different addition of sucrose sintered at 650 °C:
abare NaFePQb NaFePQ/IC@8,c NaFePQC@10,d NaFePQ/IC@12,e NaFdPO,/C@14

Fig. 3ae shows the morphological features of the bare NakelR@® NaFePgC sintered at
650 °C. The effect of the sucrose contents on the surface morphology of the santpieus The
particle size of carbon free NaFefi® much larger tharhat of the carbon coated NaFeffarticles.
With the increased sucrosententsthe particle size of the NaFeR@ was decreased. It was caused
by the pyrolytic carbon from pradding sucrose, which inhibited the growth of the particle during
sintering pocess [B, 27. Compare to the carbon free NaFePRaFePQ/C have moreactive sites
for the electrochemical reactiatue to thosesmall dispersed particlesvhich weredistribute on the
surface of or among the big particl&9]. And it can be observeddm Fig. 3c that with 10 wt.% of
the sucrose contents in the synthesis, a better uniformity in size distribution is achieved. Fig. 3f shows
the EDX spectra of the NaFelFO@10 and it confirmed the existence of carbon.
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Figure 3. SEM photos of the asyrthesized NaFeP{powder with different addition of sucroge)
bare NaFePg (b) NaFePQC@8, (c) NaFePQC@10, (d) NaFePQC@12, (e)
NaFePQC@14, andf) the EDS spectrum of NaFeRPO@10

3.3. Electrochemical performance

To further valuethe electrochemal properties of the NaFeR®ith a maricite structure, the
galvanostatic chargdischarge tests at various current densities were carried outhalNeells in the
potential window 1.54 V vs. Na/NA. We found the carbon free NaFeP@as impossible toemove
the sodium from the matrix and showed little capacity. It is caused by its low intrinsic electronic
conductivity. As shown in Fig. 4, the superiority of NaFe@@10 over NaFePZC@8,
NaFePQIC@12 and NaFePLL @14 as cathode material is obvioustiWthe increased charge and
discharge rates, the NaFePO@8 and NaFePZC@14 show poor performance, and the discharge
capacities are only 6.8 and 7.7 mAH gt 0.1 C, 5.2 and 6.1 mAh'cgat 1 C (1 C=154 mAh ),
respectively. The discharge capacity ofaP¢PQC@12 is about 11.6 mAh 'gat 0.1 C.
NaFePQC@10 shows the best electrochemical performance, delivering a capacity of 17.6'mtAh g
current rate of 0.1 C. The results proved that the addition of 10 wtfdpieg sucrose ighe optimal
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amountto havepreferableconductivity andallow easy sodium ion penetrating. On the one hand, the
pyrolytic carbon from predding sucrose can suppress particle growth during the sintering process (as
shown in Fig. 3)And it facilitatesthe formation of fine particleswith carbon coating, which will
improve theconductivity ofNaFePQC composite and enhance the electron transport travef3ing.

the otrer hand, the smaller particles have the even larger interface, which needs more coated carbon ft
improve the electronic conductivity of NaFepP[27]. So the 10wt.% of the pradding sucrose is the
optimum amount.
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Figure 4. Cycling performance of NaF€R/C with different carbon contents at different rates varying
from 0.1 C to 1 C every 9 cycles

As shown in Fig. 4, it is also clear that after 50 cycles under various conditions, all the
NaFePQC show increased capacity when the current density is atmmieto 0.1 C. It is partially
caused by that the initial cycles are helpful to open the closed maricite structure and the-§rong P
covalent bond offer chemical and structural stability.

Fig. 5a and Fig. 5b show the cyclic voltammograms of the firsiciyetes for NaFeP@C @10
in the potential window 1-8 V at a scan rate of 0.05 mV/s tested fortddt cells and Lihalf cells,
respectively. Tested for Naalf cells, the CV profile of NaFeRL @10 shows one unconspicuous
anodic bump and one unconspicu@ashodic bump positioned at 2.52 V and 2.64 V (shown in Fig.
5a), implying a single phase action and sluggish kinitishin thefirst two cycles, the curves exhibit
good reversibility with excellent symmetry The tiny peakscan be explainedby that the
electrochemical mechanisms upon (de)sodiation suffer from limitations of the radiu$ ahdN#hat
not all the available active mass is involved in the redox proce28esipwever, for NaFePZC@10
tested in Lihalf cells, two well defined current pesakre found for the cathodic process and only one
current peak is observed for the anodic scan (shown in Fig. 5b). The two cathodic peaks observed ir
Fig. 5b are most likely due to the'INa" mix-insertion mechanism 2 22, 29, 30], which locate
closelyat 3.15 V, 2.47 V. It is also clear that the subsequent qgdeessexhibitsa very similar
potential profile to the first chargmdicaing a good electrochemical reversibility of the material
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Figure 5. Cyclic voltammograms of NaFeRQ@ @10 electrde at the scanning rate of 0.05 mV/s and
in a potential window of 18 V (a) vs. Na/Na in Nahalf cells and(b) vs. Li*/Li in Li-half
cells

Fig. 6ad compares the charge and discharge curves of Nafe@QO0 tested in Nhalf cells
and Lihalf cells at arious rates. The discharge capacity of NaR&P@10 in Nahalf cells is about
48.8, 17.2, 15.9, 14.1 and 13.37 mAh at current rates of 0.05, 0.1, 0.2, 0.5 and 1 C, respectively.
This performance is much less than the values of-sa®al maricite NaHe0,[18, 19], however it is
comparable to the values reported in the litera{df®17]. While the discharge capacity of
NaFePQ/C@10 in lithium cells is about 75.7, 50.6, 40.9, 34.4 and 14.4 riAdt §.05, 0.1 C, 0.2 C,
0.5 C and 1 C, respectivelin the Li-half cells, The NaFeP®showed excellent rate capabilityt
delivereda high charge capacity of 75.7 mAH gt 0.05 C, which was much higher than that of the
Na-half cell (48.8 mAh d) as shown in ig. 6a and Fig. 6b.
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Figure 6. The charge/didtarge curves of NaFeRI@ @10 at different C ratdg) at 0.05 C in Néhalf
cells,(b) at 0.05 C in Lihalf cells,(c) from 0.1 C to 1 C rate in Nialf cells,(d) from 0.1 C to
1 C rate in Lihalf cells; electrochemical cycling at various C rates for N&z@PLO tested in
(e) Na-half cells,(f) Li-half cells

The cycling characteristics of the-pepared NaFePLC @10 cathode material at different
discharge rate tested in Malf cells and Lihalf cells are shown in Fig. 6e and Fig. 6f. Favorable cycle
perfamance was demonstrated. At all discharge rates, the capacity increase during the 50 cycles ir
both the Nahalf cells and Lihalf cells. It implies that the initial cycle is helpful to open the closed
maricite structure and the strongdPcovalent bond offrs chemical and structural stability. Moreover,
the discharge capacities of NaFeRtI® 10 tested in Ehalf cells show relatively large increase over
the first 50 cycles from 50.6 mAh’go 52 mAh ¢ and 38 mAh ¢ to 41 mAh g at 0.1 C, 0.2 C
respectiely. This phenomenopan beexplaired by hree possible reasoms follows Firstly, Li* ion
is much smaller than Ng76 pm vs. 102 pm). Thusi® is much easier to inseahd extractSecondly,

Li* ions collaborate with some Nfor extraction andnserion leading to more ions participation in its



