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Abstract

Nano-crystalline FeOOH particles{A0 nm) have been uniformly mixed with electric matrix of diaygvalled carbon nanotubes (SWNTSs)
for forming FeOOH/SWNT composite via a facile ultrasonicatmethod. Directly using the FeOOH/SWNT composite (cioritg 15 wt%
SWNTSs) as anode material for lithium battery enhances kiseif the Li* insertion/extraction processes, thereby effectivelyrimimg re-
versible capacity and cycle performance, which deliverigh teversible capacity of 758 mAgr 1 under a current density of 400 ngv L even
after 180 cycles, being comparable with previous reportsrims of electrochemical performance for FeOOH anode. ©bd glectrochemical
performance should be ascribed to the small particle sideano-crystalline of FeOOH, as well as the good electromicactivity of SWNT
matrix.
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1. Introduction rate. According to the diffusion formuta= L?/2D (where
t is the time constant for i and e insertion/extraction

Developing the new anode materials via facile routes isinto/from the active particles., is the diffusion length, and
a key to develop the next-generation lithium ion batteries? iS the diffusion coefficient), reducing the particle sizenc
(LIBs) [1—3]. Metal oxides and metal oxyhydroxides, es- S|g_n|f|cantly s_hor.ten the diffusion time of tiin active ma-
pecially FeOOH provided with a large theoretical capacity terials, resulting in a much enhanced el_ectrochemlcabperf _
of 905 mAhg2, low cost and environmental friendliness, Mance [17,18]. Thus, how to use a simple method for si-
have been investigated as alternative anode materialseto tHnultaneously solving three above-mentioned problems such
commercial graphite anode {4.3]. However, rapid capac- S {0 reduc_e the size of active r_natenal, to obtain the agplic
ity decay resulted from the specific volume change, and lowPl€ crystalline structure and to improve the conductanas, h
electronic conductance of FeOOH materials extremely simit °€€n a major challenge for FeOOH materials used as high per-
their potential application [1413]. Researchers mainly focus formance anodes in LIBs.
on controlling the crystalline phase [14,15], synthesjziew In this work, nano-crystalline FeOOH particles
nanostructures [11,12,16], or utilizing carbonaceousemiat (5~10 nm) have been synthesized via a wet chemical
als as buffer carriers for addressing those problems [1@]. F method. And the FeOOH particles have been further mixed
example, Funabiki et al. and Jain et al. have reported that rewith SWNTs matrix for forming uniform FeOOH/SWNT
ducing the crystallization of FeOOH provided with good con- composite. The electrochemical analysis reveals that the
ductance can improve its cycling performance [14,15]. ButFeOOH/SWNTs can afford an obviously better electrochem-
until now, most FeOOH anodes were cycled less than severatal performance compared to the pure FeOOH, with a high
decades of times and always suffer from capacity fading ateversible capacity of 758 mAgr even after 180 cycles
high current densities [1113]. Thus, good electrochemical under a relatively high current density of 400 ngAl. Ad-
performance including cycling stabilities and rate capesi  ditionally, this facile approach is suitable for boostirget
for FeOOH anodes needs to be achieved, especially at a higblectrochemical properties of anode materials for LIBs.
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2. Experimental measurements were carried out by applying an AC voltage of
5 mV over the frequency range from 1 MHz to 100 kHz.

2.1. Materials synthesis and characterization
3. Results and discussion

All chemicals were of analytical grade and were used
as received. The details for the preparation of the SWNTs The SEM image presented in Figure 1(a) reveals that the
were presented in our earlier work [19]. Briefly, a single purified SWNTs as webs of curved nanotubes form strong
process was adopted to prepare FeOOH NPs. 0.60 mmantertwined entanglements with a network structure. Fig-
phenylphosphonic acid and 0.60 mmol Fe@$§0H,O were  ure 1(b) shows the morphology of agglomerated FeOOH par-
dispersed in de-ionized water and sonicated to form homogeticles. The FeOOH particles cannot be distinguished fraen th
neous solution. About 30 mL NaBH0.20 mol/L) solution =~ SEM image, which is due to the small size of their particles.
was added drop by drop and the mixtures were stirred forFigure 1(c) and 1(d) shows the corresponding typical TEM
30 min. The final product of FeEOOH NPs was filtered and images of the SWNTs and pure FeOOH. From Figure 1(c),
washed several times with de-ionized water, and then dtied ahe SWNTs appear as bundles with part appearing as individ-
80°C overnight. Then, 85 mg FeOOH NPs have been mixeduals. As shown in inset of Figure 1(c), the typical diameter
with 15 mg SWNTs in sodium dodecyl sulfate solution and of a SWNT is~1.4 nm and the two parallel dark lines corre-
sonicated for 1 h. The obtained solution was filtered andspond to the SWNT walls. Herein, the SWNT product is of
washed several times with de-ionized water, and then driediltrahigh purity ¢~99%) [20]. Figure 1(d) shows that the di-
at 80°C overnight for forming the FeOOH/SWNT compos- ameter of FeOOH particles is in the range ef® nm. The
ites (as shown in Scheme 1). The samples were characterizedgular interplanar spacing of 0.25 and 0.42 nm for FeOOH
by scanning electron microscope (SEM), transmission elecparticles respectively ascribed to (040) and (110) plaes c
tron microscope (TEM) and X-ray diffraction (XRD). be observed.

As shown in Scheme 1, the synthesis of the
FeOOH/SWNT composite went through a rapid sonication
progress using purified SWNTs and FeOOH particles as the
starting materials. As disclosed in the SEM image shown
in Figure 2(a), the composite consisting of agglomerative
FeOOH particles embedded with a SWNT matrix was ob-
tained. The intertwined SWNTs are wrapped around the
agglomerated FeOOH particles, showing a good connection
&= between FeOOH particles and SWNT networks. Hereby,
1 SRR carion 1h T t_h(_e SWNT networks can prc_)vide a gpod electronic conduc-

tivity between FeOOH particles. Figure 2(b) shows that
the diffraction peaks of the X-ray diffraction pattern okth
FeOOH/SWNT composite are in good agreement with the
standard values fon-FeOOH (JCPDS card, N0.8D464)
except for an additional diffraction peak at abouf 2&ken
2.2. Electrode assembly and measurement from SWNTs. The weak and broad peaks indicate a nano-
crystallinity of the FeOOH particles.

The electrochemical behaviors were measured via The cyclic voltammetry (CV) curves of FeOOH and
CR2025 coin-type test cells assembled in a dry argon-filledrFeOOH/SWNT electrodes at the first 6 cycles in the volt-
glove box. The test cell consisted of working electrode age window of 3.6-0.05V at a scan rate of 0.5 my/?!
(~2.0 mgem~2) and lithium sheet which were separated by a are shown in Figure 3(a) and 3(b). According to the previ-
Celgard 2300 membrane and electrolyte of 1 mol/L LiPF6 inous reports [12,13], the cathodic peak around 1.2V in the
EC:EMC:DMC(1:1:1involume). For FeOOH, the work- 1st cycle shown in Figure 3(a) corresponds to the reaction
ing electrode consisted of 80 wt% active material, 10 wt% of FeOOH+Li"+e~—FeOOHLi. The peak at 0.65V with a
carbon black and 10 wt% polyvinylidene difluoride (PVDF). sloping curve down to the cutoff voltage of 0.05 V is attridait
And for FeEOOH/SWNTSs, the electrode consisted of 90 wt%to the reaction of FeOOHLi+2t+2e” —F&+LiOH+Li»O
active material and 10 wt% PVDF. The capacities of the ac-and the formation of the solid electrolyte interface (SBjdr.
tive material are calculated based on the whole weight ofThe anodic peak presented from 1.5V to 2.2 V represents the
FeOOH/SWNT composites. Cyclic voltammetry tests wereoxidation from F& to Fe€**. In the subsequent 5 cycles, the
operated on a CHI660D electrochemical workstation with a0.65V reduction peak becomes diminished, indicating that
scan rate of 0.50 m¥ 1. The cells were cycled by LAND the formation of the SEI layer only takes place during the 1st
2001A at room temperature. Electrochemical impedancecycle. Compared to the CV curves of FeOOH shown in

FeOOHNPs SWNTs FeOOH/SWNTs

Scheme 1.Schematic one-step synthesis of FeOOH/SWNT composites
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Figure 2. (a) SEM image and (b) XRD pattern of FeOOH/SWNT composite

Figure 3(a), it is observed from Figure 3(b) that the anode materials [13]. From Figure 3(c), it is found that
peaks in the following 5 cycles overlap well, indicat- the first D/C curves of FeOOH electrode deliver capacities
ing a better electrochemical reversibility and structigt@-  of 1360 and 930 mAly 1, implying an irreversible capac-
bility for FeOOH/SWNTs.  Moreover, the subsequent ity loss of ~31%. However, the first D/C capacities for the
redox process may be ascribed to the reversible reacFeOOH/SWNT electrode were 1340 and 905 noiH, with

tion of 2F@+3Li,0—Fe0s+6LiT+6e [11]. Accordingly,  an larger irreversible capacity loss ©83% compared to that
the discharge/charge (D/C) profiles of the FeOOH andof FeOOH. This larger capacity loss may result from the addi-
FeOOH/SWNT electrodes in the 1st, 2nd, 10th, 30th and 60thional formation of SEI layer from SWNTs in FeOOH/SWNT
cycles at a current density of 100 ngA® between 0.05V  composite. In addition, the D/C curves in the 10th, 30th and
and 3.00V are presented in Figure 3(c) and 3(d), respec50th cycles almost overlapped with the 2nd cycle presented
tively. Those voltage plateaus shown in D/C curves for thein Figure 3(d), obviously indicating the better cycling per
FeOOH and FeOOH/SWNT electrodes are consistent with thdormance compared to that of FeOOH electrode shown in
CV observation, and being similar to the reported FeOOHFigure 3(c).
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Figure 3. Cyclic voltammetry curves and discharge-charge curvesdmt 0.05 and 3 V (versus Li/t) of Li insertion/extraction into/from the electrodes (a,c
FeOOH and (b,d) FEOOH/SWNT composite

The galvanostatic method was used to estimate the cycléhe fairly stable capacities at different current densitian be
performance of these electrodes. As can be seen from Figabserved. Even at a high rate of 1800 métt, the specific
ure 4(a), the capacity for pure FeOOH electrode decreasedapacity remained at400 mAhg~1. When the cycling cur-
with the increasing cycle numbers. The capacity of FeOOHrent was reduced back to 100 ngA?, the composite can still
tested at 100 mAy~* was only 295 mAky ! after 60 cycles.  deliver a reversible capacity of 780 mAj1L, implying that
This capacity fading of pure FeOOH could be resulted fromthe structure of the electrode remained stable after variou
its aggregation and pulverization during D/C processesv-Ho rate cycles. The high capacity, excellent cyclic stabidibd
ever, the general properties for pure FeOOH obtained here argood rate performance of the FeOOH/SWNT composite could
still better than the previous report (e.g. 75 m@ht at 50th  be attributed to the intimate interaction between the nano-
cycle) [13], which could be ascribed to its nano-crystallin crystalline FeOOH patrticles and the electric SWNT matrix.
structure providing better conductance. After embedding i Figure 5 shows EIS impedance spectra of FeOOH and
SWNTs, the specific capacity of FeEOOH/SWNT composite FeOOH/SWNT electrodes after test and the corresponding
can remain at-840 mAhg! after 60 cycles, presenting bet- equivalent circuit. EIS impedance spectra are fitted wig t
ter electrochemical performance than pure FeOOH. To furthecorresponding equivalent circuit, wheR, Rs; and R, de-
evaluate the long life cycle performance, the FeOOH/SWNTnote the solution resistance, the diffusion resistance mfris
electrode was cycled under a relatively high current dgiedit ~ through SEI layer and the charge-transfer resistanceecesp
400 mAg~. As shown in Figure 4(b), the reversible specific tively. Ry, is the Warburg impedance. As shown in Table 1,
capacity stabilized at 758 mAdr ! even after 180 cycles. The the R for FEOOH/SWNT is smaller than that of FeOOH,
reversible capacity is much higher than the theoreticahcap indicating that the presence of SWNT matrix can improve
ity of commercial graphite of 372 mAb~1. Meanwhile, the  the electronic-conductivity. To further investigate tHece
coulombic efficiency of the FeOOH/SWNT electrode after trode kinetics, the diffusion coefficient of Li iond;+) for
the first 6 cycles kept around99% until 180 cycles. The FeOOH and FeOOH/SWNT electrodes can be calculated from
rate performance of the FeOOH/SWNT electrode under varthe following equation [21]:
ious current densities from 100 to 1800 rgAl is also pre-

R?T?
sented in Figure 4(c). From the Figure 4(c), it is found that D=

2A%n4F4C2%072
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where,R is the gas constari; is the absolute temperatur,
is the surface area of the cathodds the number of electrons
per molecule during oxidizatio, is the Faraday constan,

is the concentration of lithium ion, anclis the Warburg factor 400
which obeys the following relationship:

500

CPE, CPE,

Zreal= Re+ Ret+ 0w71/2

YA(®))

where, Re is the resistance between the electrolyte and elec- 200
trode, R is the charge transfer resistance, angd angle fre-

quency. 100
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2 1000 The inset shows the corresponding equivalent circuit
<
E '
5 Table 1. Impedance parameters of FeOOH and FEOOH/SWNT
é 800 b electrodes after test
S s00 b Electrodes Re(Q) Rg(Q) Ra(Q)  Dy+ (cnPls)
b FeOOH 54.96 54.63 137.5 8.920 12
00 F FeOOH/SWNTs 25.5 93.29 24.56 378011
;
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0 10 20 30 40 50 60 Figure 6 shows the linear fitting of;eq vs. w12, from
which the sloper can be obtained, through related calcula-
1500 tion expression can get that th@ ;+ for FEOOH/SWNT is
3.74x10 1 cn?-s 1. In comparison, the diffusion coefficient
for FEOOH shows a lower value of 8.990 12 cm?.s 1.
Thus, the SWNT matrix can improve the conductivity of this
%" 1000 @ composite and support the FeOOH aggregation particles to al
£ P leviate the degrading of the electrode, obviously imprgvin
z 5 the electrochemical performance.
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In summary, a simple approach was used to fabricate
Figure 4. (&) Cycling performance of pure FeOOH and FeOOH/SWNTs FeOOH/SWNT composite in which FeOOH particles are uni-
electrodes at a current density of 100 mA/g, (b) cycling genfance of formly mixed with the electric SWNT matrix. As an an-

FeOOH/SWNT electrode at a current density of 400 mA/g, (® capabili- .
ties of the FEeOOH/SWNT electrode ode for LIBs, the FeOOH/SWNT composite demonstrated
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a high reversible specific capacity, superior rate cafighil [7] Ban C M, Wu Z C, Gillaspie D T, Chen L, Yan Y F, Blackburn
and outstanding cycling stability. After 180 cycles, a high J L, Dillon A C. Adv Matey 2010, 22(20): E145

reversible capacity of 758 mAf§t under a current den- [8] ChenJS, Zhang Y M, Lou X WACS Appl Mater Interf2011,
sity of 400 mAg! still remained, which is much higher 3(9): 3276 . .

than any other reports on FeOOH-based anodes. Thus, thi&) Pé?eitlf)lcﬂiﬁl%tl-aézoqaén%g’g/ggl GZ XuelLJ, LiJT, SunSG.
FeOOH/SWl\_lT electrode can pe conS|dered.as a promisin 0] Li J X, Zhao Y, Ding Y H. Guan L HRSC Advances012,
anode material for LIBs, and this proposed simple synthesi

thod can be readily adapted to its producti | 2(10): 4205
method can be readily adapted to Its production on a argFll] Lou X M, Wu X Z, Zhang Y X. Electrochem Comm2009,
scale. 11(8): 1696
[12] Tabuchi T, Katayama Y, Nukuda T, Ogumi ZPower Sources
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