
https://doi.org/10.1016/j.jechem.2017.10.032
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jechem
mailto:xywang@xtu.edu.cn
https://doi.org/10.1016/j.jechem.2017.10.032


574 S. Wei et al. / Journal of Energy Chemistry 27 (2018) 573–581 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

K  

n  

i  

1  

l  

b  

f  

f  

w  

2  

d  

w  

l  

w  

o

2

 

F  

R  

a  

4  

T  

F  

t  

m  

n  

s  

f

T  

t  

d  

B

2

 

t  

i  

T  

a  

1  

n  

a  

s  

p  

a  

1  

a  

(  

e  

t

3

 

s  

n  

N  

n  

o  

g  

v  

c  

l  
FeF 3 electrode materials, which can provide a facile electron path-

way [31–33] . The decrease in particle size from bulk to nanoscale

is another alternative approach to shorten ion/electrode trans-

port distance and enlarge surface area, which facilitate conver-

sion reaction kinetics and improve the electrochemical properties

of the iron fluoride [31,34] . In our previous works, the mixed con-

ducting matrix, such as FeF 3 • x H 2 O/G [35] , Fe 2 F 5 • H 2 O/G [36] and

Fe 2 F 5 • H 2 O/rGO [37] , all have successfully been prepared as cath-

ode materials for SIBs and obtained some significant results. How-

ever, the capacity and cyclic stability of FeF 3 • 0.33H 2 O/C nanocom-

posite are still required to be improved. The substitution of metal

elements such as Co [38] and Ti [39] for iron or N [40] and –

OH [41] for fluorine element has also been considered an effective

strategy to improve the intrinsic electronic conductivity and struc-

tural stability of FeF 3 cathode materials. However, some ion-doped

may reduce discharge capacity and influence cyclic life. Moreover,

it is difficult to control the ion doping site and may cause undesir-

able cation mixing [42] . 

Recently, the electrode materials comprising nanosize and

mesoporous structure have received the researchers’ extensive con-

cern, which regard as an effective way in enhancing the elec-

trochemical properties of FeF 3 cathode materials [43,44] . It has

been previously reported that solvothermal technique is an ef-

fective approach to synthesize nanoparticle/composite with con-

trollable morphology and size [45–47] . It is generally known that

the nanosized primary particles can improve the rate capability of

electrode materials due to their higher surface areas and shorter

sodium ions diffusion pathway [4 8,4 9] . Additionally, the abundant

mesoporous framework can increase contact area between the ac-

tive material and the electrolyte as well as accommodate better

the strains related to the structural transformation upon repeated

charge–discharge processes [50] . 

Owing to its high electrical conductivities, extraordinary me-

chanical properties and remarkable thermal properties, multi-

walled carbon nanotubes (MWCNTs) have become an ideal

substrate for growing and anchoring insulating materials for en-

ergy storage applications [51–53] . Particularly, MWCNTs hold three

dimensional electron conductive networks with high surface area,

which facilitates the fast penetration of electrolytes and diffu-

sion of sodium ions [54,55] . For example, Shadike et al. prepared

CoS 2 /MWCNT nanocomposite via a simple hydrothermal method,

and it obtained a high capacity of 568 mAh g –1 at 100 mA g –1 after

100 cycles [56] . Wang et al. synthesized SnO 2 @MWCNT nanocom-

posite by a solvothermal approach, and it maintained discharge ca-

pacity of 474.0 mAh g –1 at 66.7 mA g –1 after 50 cycles [57] . Appar-

ently, the introduction of MWCNTs can effectively increase the spe-

cific capacity, enhance the rate capability and improve cycle per-

formance of oxide nanomaterials as SIBs anode materials [58,59] .

However, to the best of our knowledge, there is rare report for the

FeF 3 • 0.33H 2 O nanoparticles in-situ growth with MWCNTs so far. 

Herein, we deliberately designed and synthesized a new spheri-

cal FeF 3 • 0.33H 2 O/MWCNTs nanocomposite with mesoporous struc-

ture via a one-step solvothermal approach. The mesoporous

nanoparticles with spherical morphology possess more stable

structure and higher specific surface area compared to conven-

tional FeF 3 • 0.33H 2 O cathode material, and thus showing excellent

electrochemical performances. In addition, the MWCNTs network

can not only contribute to the electric transmission, but also pro-

mote in-situ growth for spherical FeF 3 • 0.33H 2 O nanoparticles [60] .

2. Experimental 

2.1. Synthesis of FeF 3 • 0.33H 2 O/MWCNTs nanocomposite 

The FeF 3 • 0.33H 2 O/MWCNTs nanocomposite was synthesized us-

ing MWCNTs which were preferentially treated with H SO and
2 4 
MnO 4 , hydrogen fluoride (HF) as a fluorine source, and iron(III)

itrate nonahydrate (Fe(NO 3 ) 3 • 9H 2 O) as an iron source. In the typ-

cal synthesis of a composite material, 120 mg of MWCNTs (about

0 wt% to FeF 3 • 0.33H 2 O) was added to 50 mL isopropyl alcohol so-

ution containing 1.0 mL HF in a 100 mL Teflon beakers. The Teflon

eaker was sealed with Parafilm and placed in ultrasonic water

or 1 h to ensure good dispersion of the MWCNTs and create de-

ects for FeF 3 • 0.33H 2 O nucleation sites. 2.02 g of Fe(NO 3 ) 3 • 9H 2 O

as dissolved in solvent under magnetic stirring. After stirring for

0 min, the solution was heated at 150 °C for 12 h in a sealed con-

ition, followed by cooling at the room temperature to obtain off-

hite precipitates. The precipitates were washed by ethanol, fol-

owed by drying under vacuum at 80 °C for 12 h. The bare material

as produced following the same procedure without the addition

f MWCNTs. 

.2. Characterizations of structure and morphology 

The structure and phase purity of the FeF 3 • 0.33H 2 O and

eF 3 • 0.33H 2 O/MWCNTs samples were characterized by using a

igaku D/Max-3C X-ray diffractometer (XRD) with Cu K α radi-

tion ( λ= 1.542 Ǻ) and a graphite monochromator operated at

0 mA and 40 kV at a scan rate of 4 °min 

–1 from 10 ° to 80 ° (2 θ ).

he FTIR measurement of the samples was characterized via a

ourier transform infrared (FTIR) spectrometer (Perkin-Elmer Spec-

rum One) and the resolution of the apparatus is 0.09 cm 

–1 . The

orphology and structure of the samples were examined by scan-

ing electron microscope (SEM, JEOL JSM-6610LV) and transmis-

ion electron microscopy (TEM, JEOL JEM-2100F). The specific sur-

ace area of the materials was determined by Brunauer–Emmett–

eller (BET) method (TriStar II 3020, Micromeritics USA) with ni-

rogen as adsorption/desorption gas. The pore size distribution was

etermined from the adsorption branch of the isotherms by the

arrett–Joyner–Halenda (BJH) method. 

.3. Electrochemical measurements 

Positive electrodes were fabricated by mixing the active ma-

erial, polyvinylidene fluoride (PVDF) binder and acetylene black

n N -methyl-2-pyrrolidone (NMP) with a weight ratio of 80:10:10.

he as-prepared electrodes were cut into circular electrodes with

 diameter of 10 mm and dried at 110 °C in vacuum oven for

2 h before to apply. The FeF 3 • 0.33H 2 O and FeF 3 • 0.33H 2 O/MWCNTs

anocomposite were used as a cathode material, metallic sodium

node and glass fiber (GF/D) from Whatman were employed as the

eparator, and the electrolyte was 1 mol L –1 NaClO 4 in a solvent of

ropylene carbonate (PC). Finally, the cells were assembled in an

rgon-filled glove box with water and oxygen concentrations below

 ppm. The charge/discharge cycle tests of SIBs were performed

t different current densities on the Neware battery test system

Shenzhen, China) in a voltage range of 1.0–4.0 V (vs. Na + /Na). All

lectrochemical measurements were performed at room tempera-

ure. 

. Results and discussion 

Scheme 1 illustrated schematically the overall procedure for the

ynthesis of the FeF 3 • 0.33H 2 O/MWCNTs nanocomposite. To induce

ucleation center of FeF 3 • 0.33H 2 O on the MWCNTs surfaces, MWC-

Ts were firstly sonicated in HF solution to create the defects for

ucleation sites. These nucleation sites could increase the affinity

f MWCNTs to Fe 3 + via electrostatic force, thus providing more

rowing spots for FeF 3 • 3H 2 O nanocrystals [61] . As we known, the

ersatile isopropyl alcohol possesses unique physical and chemi-

al properties such as green, low specific Hansen solubility and

ow boiling point, therefore, the isopropyl alcohol was introduced
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Scheme 1. Schematics of fabrications of the FeF 3 • 0.33H 2 O/MWCNTs nanocompos- 

ite. 
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o control the morphology and size of the final products [62–64] .

n this work, we propose a simple mechanism on the synthe-

is process. With the introduction of the isopropyl alcohol, the

anocrystals are formed through the reaction between Fe 3 + cations

nd F – anions during the first stage of reaction. Subsequently, iron

uoride nanocrystals aggregated into nanoparticles with spherical-

ike morphology. As the reaction process continued, the primary

anoparticles are close to each other and self-assemble to meso-

orous materials with an inside-out way [27] . In aqueous-based

olution, FeF 3 • 3H 2 O readily converted to FeF 3 • 0.33H 2 O during one-

tep solvothermal treatment [24] . Moreover, these FeF 3 • 0.33H 2 O

anocrystals were well-crystallized and can be wrapped by the

uffy MWCNTs network. 

The XRD patterns of all as-obtained samples are shown in

ig. 1 (a). It can be seen that a small steamed bread peak at 20 °–
0 °, which should be attributed to the MWCNTs [65] . All sam-

les show intensive peaks at 2 θ = 13.8 °, 23.6 ° and 27.8 °, which

re in accord with (1 1 0), (0 0 2) and (2 2 0) diffraction

eaks of FeF 3 • 0.33H 2 O (orthorhombic structure with C mcm space

roup, JCPDS No. 76-1262). In the hexagonal–tungsten–bronze

HTB) FeF 3 • 0.33H 2 O ( Fig. 1 (b)) structure, six Fe octahedrals are

onnected via corner-sharing to form a special huge hexagonal cav-

ty. Besides, the trace amount of water can be used as a structural

tabilizer, to stabilize the huge hexagonal cavity and avoid struc-

ure collapse during Na + insertion and extraction processes [60] .

herefore, HTB-FeF 3 • 0.33H 2 O can provide the favorable space for

ccommodation and transportation of Na + . 
The Raman spectra of pure MWCNTs and the

eF 3 • 0.33H 2 O/MWCNTs nanocomposite were performed in

ig. 2 (a). The two major bands around 1343 and 1580 cm 

–1 
re attributed to a disorder-induced phonon mode (D band) and

he in-plane sp 2 vibration (G band), respectively. A shoulder band

ocating at 1612 cm 

–1 is observed, which can be assigned to the D 

′ 
and [66] . Obviously, the I D / I G value of the FeF 3 • 0.33H 2 O/MWCNTs

1.80) is bigger than that of MWCNTs (1.62). The increased I D / I G 
alue indicates that the FeF 3 • 0.33H 2 O nanoparticles lead to the

ncreased disorder of MWCNTs [67] . The FT-IR spectra ( Fig. 2 (b))

f MWCNTs, FeF 3 • 0.33H 2 O and FeF 3 • 0.33H 2 O/MWCNTs were per-

ormed to confirm that the surface of FeF 3 • 0.33H 2 O nanoparticles

as decorated by the MWCNTs. The peak at 1620 cm 

–1 belongs to

he vibration of H 

–O 

–H in the crystal water of FeF 3 • 0.33H 2 O. The

haracteristic peak at approximately 530 cm 

–1 is attributed to the

ypical bending vibration of Fe –F bond in FeF 3 • 0.33H 2 O. There is

 peak at 1111 cm 

–1 in the spectrum of FeF 3 • 0.33H 2 O/MWCNTs,

hich can be attributed to the stretching vibration of C 

–F bond

68] . These results verify that the FeF 3 • 0.33H 2 O nanoparticles have

een successfully decorated by the MWCNTs. 

The morphologies of the as-prepared samples are character-

zed by SEM. As seen in Fig. 3 (a), the MWCNTs are wrapped

round each other which form a network structure. As shown in

ig. 3 (b), the FeF 3 • 0.33H 2 O particles exhibit homogeneous spher-

cal morphology with a uniform size of 800 nm. Besides, it can

e found that the FeF 3 • 0.33H 2 O particles are composed of in-

erconnected nanosized primary particles with some large voids

r cracks. The FeF 3 • 
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Fig. 2. (a) Raman spectra of the MWCNTs and FeF 3 • 0.33H 2 O/MWCNTs; (b) FT-IR spectra of MWCNTs, FeF 3 • 0.33H 2 O and FeF 3 • 0.33H 2 O/MWCNTs samples. 

Fig. 3. SEM image of (a) MWCNTs, (b) spherical FeF 3 • 0.33H 2 O nanoparticles, (c) FeF 3 • 0.33H 2 O/MWCNTs nanocomposite, TEM image of (d) FeF 3 • 0.33H 2 O nanoparticles, (e) 

FeF 3 • 0.33H 2 O/MWCNTs nanocomposite, (f) HRTEM image of FeF 3 • 0.33H 2 O/MWCNTs nanocomposite. 

Table 1. Textural properties of the FeF 3 • 0.33H 2 O and the FeF 3 • 0.33H 2 O/MWCNTs. 

Samples BET surface BJH pore Pore 

area (m 

2 g –1 ) volume (cm 

3 g –1 ) size (nm) 

FeF 3 • 0.33H 2 O 33 0.067 8.4 

FeF 3 • 0.33H 2 O/MWCNTs 45 0.18 14.9 
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The specific textural properties and porosities of the

FeF 3 • 0.33H 2 O and FeF 3 • 0.33H 2 O/MWCNTs samples are verified by

nitrogen adsorption/desorption isotherms and the corresponding

BJH pore size distribution curves. According to the IUPAC classifi-

cation and featured capillary condensation in the mesoporous, it

can be found that the FeF 3 • 0.33H 2 O and FeF 3 • 0.33H 2 O/MWCNTs

samples ( Fig. 4 (a)) appear a typical IV-type curves. As indicated

in Table 1 , the FeF 3 • 0.33H 2 O/MWCNTs nanocomposite has higher

surface area (44.93 m 

2 g –1 ), pore volume (0.18 cm 

3 g –1 ) and

bigger pore size (14.84 nm) than the FeF 3 • 0.33H 2 O nanoparticles.

The higher surface area of the FeF • 0.33H O/MWCNTs nanocom-
3 2 
osite is beneficial to a reversible conversion reaction, because

t can provide more reaction sites for charge-transfer reactions

nd a high electrode/electrolyte contact area [62] . Accordingly, the

nique mesoporous structure allows electrolyte to penetrate easily

nto the inner–outer surface, which results in a shorter transport

ath for Na + , thus enhancing the cycling performance [70,71] . 

The cycle performance of the FeF 3 • 0.33H 2 O and

eF 3 • 0.33H 2 O/MWCNTs cells at 0.1 C (1 C = 237 mA g –1 ) in

he 1.0–4.0 V region (vs. Na + /Na) for 50 cycles are shown in

ig. 5 (a–c). From the charge/discharge profiles of the FeF 3 • 0.33H 2 O

nd FeF 3 • 0.33H 2 O/MWCNTs cells, it can be clearly seen that both

f the discharge capacities gradually decline in the first 10 cycles,

nd a relatively stable capacity can be maintained during the

ubsequent cycles. The FeF 3 • 0.33H 2 O/MWCNTs cell can maintain a

ischarge capacity of 123.5 mAh g –1 after 50 cycles. By contrast,

he FeF 3 • 0.33H 2 O cell suffers a fast capacity fading and only

elivers 82.8 mAh g −1 at the same rate after 50 cycles. As shown

n Fig 5 (c), the initial discharge capacity of FeF 3 • 0.33H 2 O/MWCNTs

ell is as high as 350.4 mAh g –1 , and the corresponding reversible
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Fig. 4. (a) N 2 adsorption/desorption isotherms of the FeF 3 • 0.33H 2 O and the FeF 3 • 0.33H 2 O/MWCNTs; (b) The BJH pore size distribution of the FeF 3 • 0.33H 2 O and the 

FeF 3 • 0.33H 2 O/MWCNTs. 

d  

c  

c  

c  

d  

t

ischarge capacity is 294.4 mAh g –1 . The FeF 3 • 0.33H 2 O/MWCNTs

ell can delivers a discharge capacity of 246.0 mAh g –1 after 5th

ycles, the capacity approximately is 211.6 mAh g –1 at the 10th

ycle and maintains 163.8 mAh g –1 after 30 cycles. Even so, the

ischarge specific capacity of the nanocomposite is superior to

hose of the 
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Fig. 5. Discharge and charge profiles of the (a) FeF 3 • 0.33H 2 O and (b) FeF 3 • 0.33H 2 O/MWCNTs cells at particular cycles (1st, 2nd, 10th, 20th, 50th); (c) Discharge capacity vs. 

cycle number for FeF 3 • 0.33H 2 O and FeF 3 • 0.33H 2 O/MWCNTs cells at 0.1 C; (d) Long term cycling performance at 1 C; The discharge/charge curves of the (e) FeF 3 • 0.33H 2 O and 

(f) FeF 3 • 0.33H 2 O/MWCNTs cells at different cycles; (g) Rate capacity of FeF 3 • 0.33H 2 O and FeF 3 • 0.33H 2 O/MWCNTs cells. 
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Fig. 6. SEM images of (a) FeF 3 • 0.33H 2 O and (b) FeF 3 • 0.33H 2 O/MWCNTs cells after 50 cycles at 0.1 C. 

Fig. 7. The GITT curves of (a) FeF 3 • 0.33H 2 O and (b) FeF 3 • 0.33H 2 O/MWCNTs cells as a function of time between 1.0 V and 4.0 V; (c) d E /d x , (d) d E /d t 1/2 and (e) the calculated 

D N a + values for the FeF 3 • 0.33H 2 O and FeF 3 • 0.33H 2 O/MWCNTs cells as a function of the stoichiometry x . 
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D

  

of 
eF 3 • 0.33H 2 O and FeF 3 • 0.33H 2 O/MWCNTs materials can be calcu-

ated according to the values of d E /d x and d E /d t 1/2 in the following

quation [25] : 

 N a + = 

4 

π

[ 
I 0 

V m 

F S 

] 2 [ d E/ d x 

d E/ d t 1 / 2 

]2 

, t � L 2 

D N a + 
(3) 

a 
As shown in Fig. 7 (e), it can be found that the D N a + val-

es of the FeF 3 • 0.33H 2 O cathode active material are in the

ange of 2.7 × 10 –14 to 6.5 × 10 –10 cm 

2 s –10  
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Therefore, the remarkable electrochemical performance enhance-

ment of the FeF 3 • 0.33H 2 O/MWCNTs cathode material could be as-

cribed to the unique mesoporous structure which can effectively

improve the diffusion coefficient of Na + , leading to high rate capa-

bility. Besides, the mesoporous structures can effectively facilitate

the penetration of electrolyte into the inner regions of the active

materials and provide space to buffer the volume change during

charge/discharge process. Moreover, the FeF 3 • 0.33H 2 O/MWCNTs

nanoparticles assembled with three dimensional electron conduc-

tive network can not only improve the structure stability, but also

shorten the Na + diffusion pathway and increase the Na + reaction

sites [68] . 

4. Conclusions 

The mesoporous spherical FeF 3 • 0.33H 2 O/MWCNTs nanocompos-

ite has been synthesized via one-step solvothermal approach. The

addition of MWCNTs can not only increase the electronic conduc-

tivity of the FeF 3 • 0.33H 2 O active material, but also play an im-

portant role for growth of the spherical FeF 3 • 0.33H 2 O nanopar-

ticles. Smaller particle’s size and higher sodium ion diffusion

coefficient reciprocate to the FeF 3 • 0.33H 2 O/MWCNTs nanocom-

posite excellent electrochemical performance. The SIBs using

FeF 3 • 0.33H 2 O/MWCNTs as cathode active material exhibit a high

initial discharge capacity of 350.4 mAh g –1 and maintain a dis-

charge capacity of 123.5 mAh g –1 after 50 cycles at 0.1 C. More-

over, the FeF 3 • 0.33H 2 O/MWCNTs nanocomposite also shows good

rate performance. A stable discharge capacity of 123.8 mAh g –1 

can still be resumed when the rate of 1 C back to 0.1 C after 25

cycles. Therefore, the spherical FeF 3 • 0.33H 2 O/MWCNTs nanocom-

posite will be a potential cathode material for SIBs. 
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