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ABSTRACT

Due to their high theoretical capacities and high energy densities, metal fluo-
rides have attracted significant attention as cathodes for lithium-ion batteries.
However, thus far, their low conductivities have limited the performance of
these materials. In this work, the Fey_,)Co,F3/MWCNT (multi-walled carbon
nanotube) nanocomposites (x = 0, 0.02, 0.04 and 0.06) are obtained by an in situ
solvothermal method with Co-doping and wrapping of the MWCNTs. The
results indicate that Co-doping can adjust the crystal structure, decrease the
band gaps and enhance the Li* diffusion coefficient of FeF;. Additionally, the
wrapped network of MWCNTs enhances the conductivity of the composites and
improves their electrochemical performances. The FegosC0gosF3/MWCNT
nanocomposites exhibit a high initial discharge capacity of 217.0 mAh g™ ' at
rate of 0.2 C within the potential range of 2.0-4.5 V, which is much higher than
that of the FeF3/MWCNT counterpart (192.1 mAh g™ '). The discharge capaci-
ties of these two samples remain at 187.9 and 160.7 mAh g~' even after 50
cycles. Meanwhile, the EIS results reveal that both the Lit charge transfer
resistance (R = 31.25 Q) and Li* diffusion coefficient (1.40 x 107! cm? s™")
are satisfactory from Co-doping and the in situ wrapping of the MWCNTs.
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advantages of a high theoretical capacity (about
712 mAh g~ ' in the voltage range of 1.0-4.5 V and

Introduction

With developments in science and technology, the
demand for energy is increasingly growing. Lithium-
ion batteries (LIBs) have attracted significant atten-
tion because of their low cost, low toxicity and sus-
tainable development [1, 2]. FeF; has attracted
considerable attention as an LIBs cathode due to the
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237 mAh g™ in the range of 2.0-4.5 V), high energy
density (~1950 Wh kg™!) and good thermal stability
[3-5]. Despite these overwhelming advantages, this
material still cannot be applied in industry due to the
intrinsically slow ionic diffusion and poor conduc-
tivity of the fluoride species [6, 7].
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To improve the electrochemical performance of
FeF;, many methods have been developed, such as
creating composites with conductive agents and
expanding the crystal structure [8]. The addition of
carbon black [9], carbon nanotubes [10], graphene
[11, 12] or V,O5 [13] through mechanical ball milling
results in FeF5; composites with better electrochemical
performances than pure FeF;. The uniform distribu-
tion of conductive agents in the composite will ben-
efit the electronic conductivities. Open structures of
FeF;, ie., hexagonal tungsten bronze-type FeF;.
0.33H,O [14, 15], pyrochlore-type FeF3-0.5H,O
[10, 16] and metal-doped FeF;, can substantially
improve the performance of this material [10, 18, 19].
Structural expansion of fluorides can increase ionic
conductivities, which has been proved by researchers
[8].

In this study, we utilized a solvothermal method
and heat treatment to synthesize high-performance
Feq_»CoyF3/MWCNTs (multi-walled carbon nan-
otubes). Since the CoF; and FeF; exhibit similar
structures and electrochemical properties as the
cathode materials in LIBs, the replacement of one Fe
atom by a Co atom may have a better performance
[17]. It has been found that a suitable Co-doped can
slightly distort the crystal structure and still remain
structure stable of FeF; [18]. Additionally, we
researched the performances and electronic struc-
tures of Co-doped FeF; with a ReOs-type structure
through XRD phase analysis and first-principles
methods [19]. It has also been proved that a suit-
able Co-doped can decrease the band gaps of FeFs
and effectively improve the conductivity of FeF; [20].
Moreover, through the combination of wrapping
with the MWCNTs and Co-doping, the as-prepared
Feq_CoyF3/MWCNTs showed remarkably
improved electrochemical properties. The in situ
wrapped MWCNTs not only could homogeneously
and intimately contact with Fe_,Co,F; particles,
but also improved the particle size distribution. The
physicochemical and electrochemical performances
of the Fe.nCo,F3/MWCNT nanocomposites were
studied in detail.
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Experimental

Synthesis of Fe(;.,)Co,Fs/MWCNT
nanocomposites

Fe1-x»CoxF3/MWCNT nanocomposites (x = 0, 0.02,
0.04 and 0.06) were synthesized by a solvothermal
method. First, 12.12 g of iron(Ill) nitrate nonahydrate
(Fe(NO3)3-9H,0) and cobalt(Ill) oxide (Co,O3) in
molar ratios of 1:0, 0.98:0.01, 0.96:0.02 and 0.94:0.03
were homogeneously dissolved in anhydrous ethanol
to obtain solutions. Next, 0.2 mL of Tween 80 and the
MWCNTs  (Feq.nCoxFs: MWCNTs = 0.99:0.01,
0.97:0.03, 0.95:0.05 by weight) were added to the
solutions. After the solutions were stirred for 10 min,
12 mL of HF (40 wt%) was added, and the mixtures
were transferred to sealed Teflon containers and
ultrasonicated for 5 min to form uniform mixtures.
Second, the containers were dried at 120 °C under
vacuum for 6 h until precipitate was obtained. Then,
the precipitates were washed with anhydrous ethanol
several times and dried in an oven at 80 °C for 4 h.
Finally, the precipitates were calcined at 240 °C for
3 h in a tube furnace under Ar flow (40 sccm), and
after high-energy ball milling for 3 h, the Feq_,Co,.
F,/MWCNT nanocomposites were obtained.

Materials characterization

The crystal structures of the samples were charac-
terized by X-ray diffraction (XRD) patterns on a
Bruker D8 Advance diffractometer using Cu Ko
radiation. The morphologies of samples were
obtained by scanning electron microscopy (SEM,
JEOL JMS-6700F) with energy-dispersive spec-
troscopy (EDS) and transmission electron microscopy
(TEM, JEOL JEM-2010).

The working electrodes were composed of the Fe(.
0C0oF3/MWCNT nanocomposites and polyvinyli-
dene fluoride (PVDF) as a binder at a weight ratio of
95:5 in N-methylpyrrolidone (NMP, Aldrich). Then,
each slurry was evenly coated on aluminum foil.
Afterward, the electrodes were dried in a vacuum
oven at 85 °C for 4 h. A solution of 1 M LiPF, dis-
solved in a mixture of ethylene carbonate-dimethyl
carbonate-ethyl methyl carbonate (EC-DMC-EMC;
1:1:1, volume ratio) was used as the electrolyte. Coin-
type cells (CR2032) were assembled in an Ar-filled
glove box with lithium foil as the negative electrode
and Celgard 2400 as a separator. The amounts of
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carbon and cobalt in the samples were verified by
elemental analysis (CHNS E.A.).

Electrochemical measurements

Galvanostatic charge—discharge tests were conducted
using a Neware CT3008W instrument over a voltage
arange from 2.0 to 4.5 V at 25 °C. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy
(EIS) were performed with an electrochemical work-
station (Corrtest CS350). The CV experiments were
carried out between 2.0 and 4.5 V at a scan rate of
0.1 mV s, and the frequency range of the EIS was
10°-107% Hz at a potentiostatic signal amplitude of
5mV.

Results and discussion
Structure and morphology characterizations

The synthesized samples were characterized by XRD
measurements. Figure 1 shows the powder XRD
patterns of the Fe Co,F3/MWCNT composites
(x=20, 0.02, 0.04 and 0.06), which are in good
agreement with those of FeF; (JCPDS no. 33-0647), in
line with previously reported results [9, 18, 21]. It is
noticed that the XRD pattern of FeF; shows the dis-
tinct diffraction peaks positioned at 20 = 24.1°, 48.2°
and 54.3°, which correspond to (012), (024) and (116)
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Figure 1 XRD patterns of the standard card of FeF; and the Fe,.
vC0oF3/MWCNT composites with different Co contents (x = 0,
0.02, 0.04 and 0.06).
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diffraction peaks of FeF;. Additionally, there are no
MWCNT (carbon) signals detected due to its amor-
phous structure. Table 1 shows the lattice constants
of the Fey_Co,F3/MWCNTs (x =0, 0.02, 0.04 and
0.06). It is observed that the values of a, b and ¢
become little smaller or bigger, while those of the
volume become slightly smaller after Co-doping. It is
found that the radius of Fe’* (0.067 nm) is larger than
of Co®" (0.065 nm), which is possible for Co to
occupy the Fe site [19]. As shown by the powder XRD
patterns in Fig. 1 (x = 0.02, x = 0.04 and x = 0.06),
Co-doping led to only a slight inhomogeneous lattice
distortion, but did not significantly influence the FeF;
crystal structure.

The morphologies of the Fe.,Co.,F3/MWCNT
composites (x = 0, 0.02, 0.04 and 0.06) were charac-
terized by SEM (before and after ball milling). Fig-
ure 2a-d shows the SEM images of the FeF; and Fe;.
vC0o,F3/MWCNT samples (x = 0, 0.02, 0.04 and 0.06)
before ball milling. Obviously, the particle sizes with
rectangular shapes have average lengths of 8§ um, and
the tiny particles attached in the rectangular particles
increase with the increasing Co-dopant amount,
which can improve the electrolyte permeation and
electrochemical performance [18, 22, 23]. Besides, the
morphologies of the Fe@.xCo,F3/ MWCNT
nanocomposites, which were obtained by ball milling
with different Co contents and a constant MWCNT
content, are revealed by the SEM images (Fig. 2e-h).

After ball milling for 3 h, the morphologies of the
as-prepared Fe(;_,,Co,F3/MWCNT composites have
been changed from rectangular to particles with no
visible crystal shape and agglomerating on some
level. The particle sizes are reduced to nanoscale
(50-200 nm). The MWCNTs are separated into indi-
vidual carbon nanotubes that reduce the sizes of the
interconnected particles, increase the number of
nucleation sites and enhance the electronic conduc-
tivities [24]. Compared with Fig. 2e-h, the Fepos.
Co9.04F3/MWCNTSs (Fig. 2g) exhibit better
electrochemical performance due to the minimum
amount of agglomeration.

Based on the SEM images in Fig. 3a, EDS elemental
mapping was employed to identify the distribution of
Fe (Fig. 3b) and Co (Fig. 3c). It is found that Co and
Fe are uniformly distributed in the interior space of
the Feo¢Coo04F5 material. Additionally, EDS (see
Fig. 3d) illustrates that the samples contain Fe, Co, F
and O (the Cu signal comes from the loading

@ Springer



2700

J Mater Sci (2018) 53:2697-2708

Table 1 Lattice constants

analyzed by the XRD Samples a(A) b (A) c(A) Volume (A%)
FeF;/MWCNTs 5.2465 5.2465 13.1632 362.3271
Fe).95C00.02F3/ MWCNTSs 5.2385 5.2385 13.1601 361.1379
Fe).96C00.04F3/ MWCNTSs 5.2432 5.2432 13.1618 361.8329
Fep.94C00.06F3/MWCNTSs 5.2327 5.2327 13.1705 360.6234

substrate), and no other foreign elements are
involved within the whole process.

In order to further accurately observe the mor-
phologies of the FeggsCop0sFs/MWCNT nanocom-
posites, high-resolution transmission electron
microscopy (HRTEM) and selected area electron
diffraction (SAED) images are shown in Fig. 4. It can
be clearly seen that the crystalline regions of Feg g
Cop04F3 and the MWCNTs coexist in the Fegoe
Cog.04F3/MWCNT nanocomposites. In addition, the
surfaces of the nanoparticles were fully wrapped by
the MWCNT network, which can be beneficial to
electron and ion transfer to reduce polarization [25],
as shown in Fig. 4a. Figure 4b, ¢ shows the HRTEM
of the FejosC0p04F3/MWCNT nanocomposites. It is
noticed that well-crystallized regions and tube-
shaped regions coexist in the Fe 9sC0g 04F3/MWCNT
nanocomposites. The discrete spots of the SAED
pattern of Feg 9¢Cog 04F3/MWCNT nanocomposites in
Fig. 4d indicate the (012), (024) and (224) planes, and
broad ring patterns exist together, which is consistent
with XRD results. The SEM and TEM images confirm
that the morphology of the Fej 9sCog 04F3/MWCNTs
is consistent with our goals. The Fepg9sCo0g04F3/
MWCNT nanocomposites exhibit a high specific
surface area, which is beneficial for enhancing charge
transfer reactions and the electrode/electrolyte con-
tact area. Meanwhile, the specific contact morphology
can reduce the diffusion distance of Li". Therefore,
the samples are expected to display good rate per-
formances and cycling stabilities.

Electrochemical characterization
Electrochemical characterization of the FeFs/MWCNTs

In order to investigate the effect of in situ wrapping
MWCNTs, the galvanostatic charge—discharge pro-
files of the FeF;/MWCNT nanocomposite cathodes
were tested within a voltage window from 2.0 to
45Vat02C(1C =237 mA g '; the weight ratio of
MWCNTs is w1 =1%, w, =3% and w; = 5%,
respectively), as shown in Fig. 5. The initial discharge
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Figure 2 SEM images of the rectangular FeFs/MWCNTs (a),™
Fe.08C00.02F3/MWCNTs  (b), Fepo6C00.04F3/MWCNTs  (c),
Fe.04C0¢.0sF3/MWCNTs (d) before ball milling; FeF;/MWCNTs
(e), FepogCog0Fs/MWCNTs (f), Fego6Cog04F3/MWCNTSs
(g) and Feg 94C00.06F3/MWCNTSs prepared by ball milling (h).

capacities of the FeF;/MWCNT electrodes with
w1 = 1%, w, = 3% and w3 = 5% are 179.4, 192.1 and
172.1 mAh g™, respectively, as shown in Fig. 5a. It is
notable that the FeF;/MWCNT electrodes are first
discharged before charge. After 50 cycles, the dis-
charge capacities of the FeF;/MWOCNT nanocom-
posites  (Fig. 5b) faded to 153.8 160.7 and
146.6 mAh g, respectively, which demonstrates
that adding o, of the MWCNTs effectively improved
the specific capacity of FeF;. Moreover, in situ
wrapping of the MWCNTs could form conductive
networks on the surface of the FeF; nanoparticles,
which is expected to enhance the conductivity of the
samples and improve their electrochemical perfor-
mances [22, 26]. However, excessive MWCNTs will
inhibit the initial efficiency due to its large specific
surface area. Therefore, we can investigate Co-dopant
of FeF; by selecting the optimal MWCNT amount
(wp = 3%).

Electrochemical characterization of Fee_)CoxFs/
MWCNTs

The Fe(.,CoF3/MWCNT nanocomposites (x = 0,
0.02, 0.04 and 0.06) were composed of MWCNTs
(0, = 3%) and Feq.,yCo,F3, prepared using the in situ
solvothermal method. Figure 6a shows the initial
discharge and charge profiles of the Fe.,)Co,F3/
MWCNT nanocomposites (x = 0, 0.02, 0.04 and 0.06)
at a current density of 0.2 C in the voltage range of
2.0-4.5 V. The initial discharge capacities of 192.1,
206.8,217.0 and 199.1 mAh g~! were obtained for Co-
doping levels of x =0, 0.02, 0.04 and 0.06, respec-
tively. Additionally, after 50 cycles (Fig. 6b), the dis-
charge  capacities of the  FeF;/MWCNTs,
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Fe.98C00.02Fs/MWCNTs,  Fe96C0g 04F3/MWCNTSs
and Fej 04Cog gsF3/MWCNTSs were 160.7, 177.8, 187.9
and 170.5 mAh g ', respectively. It is clear that the
Fe1.Co,F3/MWCNT nanocomposites exhibit sloped
reaction plateaus of 2.7 V. Obviously, the Co-doped
FeF;/MWCNT nanocomposites show better electro-
chemical properties than pristine FeF;/MWCNTs. In
addition, the Fep96C0g04F3/MWCNT nanocomposite
exhibited the highest discharge voltage plateau and
the highest specific capacity, which suggests that this
composite possesses the smallest electrochemical
polarization due to efficient Li* transport [13, 18].
To further test the cycling performances of the Co-
doped composites, the cycling performances of Feq.
»C0xF3/MWCNTs at 0.2 and 3 C in the voltage range
of 2.0-4.5 V over 50 cycles are shown in Fig. 6c, d. It
is notable that the coulombic efficiencies of Co-doped
materials are as high as 97% and obviously higher
than those of pure FeF;/MWCNTs at 0.2 and 3 C
during 50 cycles. As seen from the voltage profiles,
the capacity retentions of the Fe9sCo0p 04F3/ MWCNT

J Mater Sci (2018) 53:2697-2708

electrode were 92.7% at 0.2 C and 90.1% at 3 C.
Similarly, the FeF;/MWCNT electrode displayed
capacity retentions of 88.6% at 0.2 C and 79.1% at 3 C;
the FepogCo002Fs/MWCNT  electrode displayed
90.2% at 0.2 C and 86.4% at 3 C; the Fe0_94C00.06F3/
MWCNT electrode displayed 89.7% at 0.2 C and
84.1% at 3 C. Thus, the Co-doped samples also
showed significantly better cycling stabilities than the
undoped sample at 3 C. In addition, the Fep9sC0p 04-
F3/MWCNT electrode exhibited the highest capacity
retention.

In order to detect the electrochemical performances
after Co-doping, CV measurements of the Feg_,)Co,.
F /MWCNT nanocomposites (x = 0, 0.02, 0.04 and
0.06) were compared, as shown in Fig. 7a. The CV
curves of the Fe ) Co,F3/MWCNT cathodes were
collected at a scan rate of 0.1 mV s~ between 2.0 and
4.5 V. The four curves exhibit similar shapes with a
pair of reversible reduction and oxidation peaks
corresponding to the insertion/extraction of Li,
indicating that these samples have similar
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Figure 3 EDS elemental mapping images of the Fe( 96Co0g 04F3 composite: SEM image of the mapping area (a), Fe (b) and Co (c); the

EDS spectrum showing strong Fe, Co, F and O signals (d).
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Figure 4 TEM image of Feg 95C0¢ 04F3/MWCNTs (a); HRTEM image of the Feg 95C0g.04F3/MWCNT nanoparticle (b) and (c); SEAD

patterns of Feg 96C09.04F3/MWCNTs (d).
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Figure 5 a Initial cycle and b the 50th cycle charge/discharge curves of the FeF3/ MWCNT nanocomposites (w; = 1%, w, = 3% and
w3 = 5%) at a rate of 0.2 C (1 C = 237 mA g~ ) in the voltage range of 2.0-4.5 V.

electrochemical reaction mechanisms. However, the
Fe(1.Co,F3/MWCNT nanocomposites (x = 0.02, 0.04
and 0.06) have significantly smaller differences
between their cathodic and anodic peaks, with
AE values of 0.30, 0.24 and 0.32 V, respectively,
compared to those of FeF;/MWCNTs (0.43 V). Thus,

the FeF;/MWCNT nanocomposite showed th high-
est polarization. Additionally, Fep96C0g04F3/
MWCNTs (AE = 0.24 V) showed a higher current
and larger area of the CV curve, which are directly
related to the achieved capacity. These results
demonstrate that Co-doping can improve the
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Figure 7 a CV curves of the Fe(;,\Co,F3/MWCNT nanocom-
posites (x = 0, 0.02, 0.04 and 0.06) at 0.2 C in the voltage range
of 2.0-4.5 V (the scan rate of CV curves is 0.1 mV s™'); b rate

electrochemical performance of FeF;/MWCNTs, in
complete agreement with the improvements in both
the cycling and charge-discharge performances of
the Fep 96C00.04F3/MWCNT sample shown in Fig. 6.
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To assess the rate performance of the Feq_Co,F3/
MWCNT nanocomposites, the rate performance
curves shown in Fig. 7b were generated at various
current densities from 0.1 to 8 C and finally back to
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Figure 8 EIS analysis of the Fe(_,Co,Fs/MWCNT electrodes (x = 0, 0.02, 0.04 and 0.06) after the first (a) and 50th (d) cycles; the
relationship of the first (b) and 50th (e) cycles between Z' and w~'/2 in the low-frequency region; ¢ the equivalent circuit model.

0.1 C. As the current density is increased, the dis-
charge capacities of the samples decrease. The
capacity retentions of the Fey.»Co.F3/MWCNT
nanocomposites (x = 0, 0.02, 0.04 and 0.06) were 72.8,
91.8, 94.9 and 88.5%, respectively. Interestingly, the
Fe.0CoF3/MWCNTs (x = 0.02, 0.04 and 0.06)
showed significantly enhanced rate capabilities and
capacity retentions compared to the FeF;/MWCNTs.
Moreover, these results indicate that the Fey9sCo0q 04-
F;/MWCNT sample exhibits higher structural sta-
bility and reversibility than the other samples.
Figure 8a, d shows the EIS curves of the Feq.y
Co,F3/MWCNT nanocomposites after the first and

50th cycles at room temperature. Each curve is com-
posed of a semicircle in the high-frequency region
and a line in the low-frequency region. An equivalent
circuit model was used to analyze the impedance
spectra, as shown in Fig. 8c, where R, is the elec-
trolyte resistance, R. is the Li* charge transfer
resistance at the interface and CPE; is the constant
phase element, which was used to represent the
double-layer capacitance and the passivation film
capacitance. The slope of the line in the low-fre-
quency region represents the Warburg impedance
(W), which is attributed to the diffusion of Lit into
the electrode. It is clear that in all the curves the Rq
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Table 2 Values of 6, R, Ry

J Mater Sci (2018) 53:2697-2708

and Dy for the Fe(_CoyFs/ Fe(1.xCoxFs/MWCNTs  First 50th

MWCNT samples after ¢ Ra(@ Dui(em’s) o Ra(@ Dyy(em’s™)

different cycles
X =0 9.45  70.80 8.06 x 1072 10.56  85.36 6.45 x 10712
x, = 0.02 8.04 38.57 1.09 x 1071 8.82  47.62 9.10 x 107'2
x3 = 0.04 6.45 23.89 1.72 x 1071 715 31.25 1.40 x 1071
x4 = 0.06 851  56.12 9.73 x 10712 936 67.37 8.05 x 10712

values (~3 Q) are almost same due to the same
electrolyte. Interestingly, the R value of the Fe(._,
Co,F3/MWCNT electrodes (x = 0.02, 0.04 and 0.06) is
smaller than that of FeF3/MWCNTs after the first and
50th cycles, as shown in Table 2. Therefore, the low
total resistance of the Co-doped FeF;/MWCNT
nanocomposite indicates a higher conductivity and
less polarization than of FeF;/MWCNTs which are in
favor of the transmission of ions and thus improve
cycling and rate performance. In order to calculate
the influence of Co-doping on the diffusion of Li,
the following formula was utilized [18]:
R?*T?

Puis = 5niazFiceo? M

In Eq. (1), T is temperature (room temperature in
our experiments, 298 K); R is the ideal gas constant
(8.314 JK™! mol™Y); n is the number of the electrons
per molecule during the electronic transfer reaction;
A is the surface area of the electrode; F is the Faraday
constant (96500 C mol™'); C is the molar concentra-
tion of Li* in the Fe(;_, Co,F; electrode; and ¢ is the
Warburg factor, which has the following relationship
with Z' [27]:

7' = 60 2 + Rg + Ry (2)

Here, w is the frequency in the low-frequency
region, and the slope of line of Z'~ w12 [28] is
obtained as shown in Fig. 8b, e. The parameters of the
equivalent circuit obtained by computer simulations
are shown in Table 2, which were calculated based
on Egs. (1) and (2). Figure 8b implies the Li* diffu-
sion coefficients of Fe(;_,,Co,F3/MWCNT electrodes
after the first cycle. The calculated Li* diffusion
coefficients of the Fe(;_\Co,F3/MWCNT electrodes
are 8.06 x 1072, 1.09 x 107", 1.72 x 107" and
9.73 x 107'? cm? s, respectively, indicating that the
Fep 96C00.04F3/MWCNT nanocomposite exhibits the
highest Lit diffusion coefficient. Similarly, Fepoe
Co0p.04F3/MWCNT electrode at 50th cycles exhibited
the highest Li* diffusion coefficient

@ Springer

(Drir = 140 x 107" em® s7") compared to that of
other electrodes according to investigation. Obvi-
ously, the Lit diffusion coefficient was improved
after Co-doping, which implies that a larger Li* dif-
fusion coefficient results in an electrode with a higher
capacity during charging and discharging. A less
significant increase in impedance during cycling
indicates a lower polarization, which results in good
cycling behavior. We found that a suitable Co-doping
concentration can improve the electrochemical per-
formance of FeF;/MWCNTs. However, the experi-
mental data analysis shows that the crystal growth of
Co-dopant also restrains Li* diffusion and increases
surface impedance, which is contradicted to the
result of decreasing band gap. These results fully
demonstrate the above conclusions of the CV and
cycling tests.

Conclusions

In summary, Fe; »Co,F3/MWCNT nanocomposites
(x =0, 0.02, 0.04 and 0.06) were successfully fabri-
cated by an in situ solvothermal method. The
MWCNTs (o, = 3%) were firmly bonded to the Fe(.
»CoyF3 materials to provide electron transfer path-
ways, which were able to enhance the conductivity
and reduce the sizes of the interconnected particles of
the Feu.,Co,F3; materials. The CV measurement
results show that the Co-doped could improve the
dynamic behavior. The EIS indicates that the Co-
doped greatly enhances the charge transfer resistance
of FeF;/MWCNTs. Our analyses demonstrated that
Co-doping can adjust the crystal structure, reduce the
polarization and improve the Li* diffusion coefficient
of FeF;. However, the overgrowth of Co-dopant will
restrain Li* diffusion and increase surface impe-
dance, which has an opposite effect with the result of
decreasing band gap. In order to solve the issue of the
microcrystal growth and the band gap reduction, a
kind of suitable Co-doping concentration is selected.
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Consequently, the Feg.06C0g.04F3/MWCNT
nanocomposite exhibited the highest specific capac-
ity, cycling stability and rate performance. The initial
discharge specific capacity of the Fep9sCo0g04F3/
MWCNT nanocomposite reached 217.0 mAh g~' at
0.2 C. After 50 cycles, the discharge specific capacity
was maintained at 187.9 mAh g*l. Meanwhile, the
capacity retention remains 89.7% at a rate of 3 C after
50 cycles. The EIS results revealed that both the Li*
charge transfer resistance (R = 31.25Q) and Li*
diffusion coefficient (1.40 x 10~ cm? s™') were sat-
isfactory from Co-doping and the in situ wrapping of
the MWCNTs after the 50th cycle. This study
demonstrated that the in situ wrapping of the
MWCNTs and Co-doping are effective methods to
enhance the electrochemical performance of FeF.
Therefore, the Fe(;_,yCo,F3/MWCNT electrodes are a
potential cathode material for LIBs.
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