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Spinel MFe,O4 (M = Co, Ni) nanoparticles coated on
multi-walled carbon nanotubes as electrocatalysts
for Li—O, batteriest

Jiaxin Li,?® Mingzhong Zou,® Weiwei Wen,? Yi Zhao,*® Yingbin Lin,® Luzhuo Chen,?
Heng Lai,? Lunhui Guan*°° and Zhigao Huang*®

Ternary spinel MFe,O,4 (M = Co, Ni) nanoparticles coated on multi-walled carbon nanotubes (MFe,O4/
CNTs) were prepared via a simple hydrothermal method. Owing to their favorable structures and
desirable bi-functional oxygen reduction and evolution activities, the resulting MFe,O4/CNT (M = Co, Ni)
composites as electrocatalysts for the cathodes deliver better electrochemical performance during the
discharge and charge processes compared with that of the pure carbon of ketjen black (KB). The good
performance can be attributed to the excellent catalytic activity of highly dispersed MFe,O4 (M = Co, Ni)
nanoparticles and facile electron transport by supporting CNTs. This preliminary result manifests that the
ternary spinel MFe,O4/CNT (M = Co, Ni) composites are promising cathode electrocatalysts for non-

www.rsc.org/MaterialsA aqueous Li—O, batteries.

1. Introduction

Rechargeable Li-O, batteries (LOBs) represent one of the most
promising new technologies among the various energy storage
systems owing to their very large theoretical gravimetric energy
(3505 W h kg~ based on the reversible reaction of 2Li + O, —
Li,0,)."” However, the extremely high energy density of LOBs
cannot be fully achieved in practice. In the case of non-aqueous
LOBs, the insoluble discharge products of lithium oxides (such
as Li,0,) deposit in the porous cathode and further block
oxygen intake.® Consequently, discharge ends quickly when the
pores are clogged. The insulating lithium oxides would also lead
to a sudden drop of output potential, an increase of charge
voltage, and thus loss of round-trip efficiency.*® An effective
route to solve this problem is developing highly efficient bi-
functional electrocatalysts to decrease the overpotentials for the
discharge process (oxygen reduction reaction, ORR), and
enhance the charge reaction (oxygen evolution reaction, OER)
by reducing the voltage required to dissociate the reaction
products.>®

Recently, numerous cathode electrocatalysts have been
explored to enhance the LOB performance, including precious
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metals”® and alloys,”* functional doped-carbon materials,**
metal nitrides™" and metal oxides." ™ Among them, the
transition metal oxides have attracted extensive attention as
alternative electrocatalysts, due to their salient advantages of
high catalytic activity, low cost, excellent reliability and envi-
ronmental friendliness. Typical transition metal oxides such as
C030,4,"” MnCo,04,"® MnO,* and CuO* have been reported as
effective electrocatalysts for LOBs. For example, typical spinel
cobaltite oxides have been investigated as electrocatalysts for
the ORR or OER processes.”" In an oxygen-atom ligand field,
Co*" is a high spin ion and substitutionally labile, whereas Co>*
with a higher oxidation state is low spin and substitutionally
inert.>»* The ORR is postulated to take place at active sites
associated with the cations at the oxide surface in a higher
oxidation state. Dai et al. reported a hybrid material of Co;0,
nanocrystals grown on reduced graphene oxide as a high-
performance bi-functional electrocatalyst for the ORR and OER
processes.* Furthermore, through substitution of the Ni atom
in the spinel lattice, ORR and OER catalytic performance of the
resulting NiCo,0, composite was further improved. This
structure with two solid-state redox couples (i.e., Co**/Co®" and
Ni**/Ni*") enables it to exhibit a remarkable catalytic activity.?2°
Very recently, Chen et al. pointed out that the incorporation of
Ni cations into the octahedral sites of the spinel crystal struc-
ture can improve electrical conductivity and create new active
sites with much lower activation energy.>® These studies inspire
us to investigate the electrocatalytic activity of those rarely
reported ternary spinel oxides, especially CoFe,0, and NiFe,O,,
toward ORR and OER for LOBs.

For further improving the electrocatalyst activities for ORR/
OER in LOBs, metal oxides are usually anchored on supporting

J. Mater. Chem. A


http://dx.doi.org/10.1039/c4ta00960f
http://pubs.rsc.org/en/journals/journal/TA

Published on 28 April 2014. Downloaded by Fujian Institute of Research on the Structure of Matter, CAS on 04/06/2014 03:49:45.

Journal of Materials Chemistry A

carbon-based materials including carbon black, carbon
nanotubes and graphene.>*'®?*” This strategy is expected to
offer many advantages, such as (i) the highly conductive
carbon affords facile and fast pathways to electrons; (ii) pres-
ervation of the initial structure with a high specific surface
area directly increases sites for the electrochemical reaction
and further increases the capacity of electrochemical storage.
Here, ternary spinel MFe,O, (M = Co, Ni) nanoparticles coated
on multi-walled carbon nanotubes (MFe,O,/CNTs) were
prepared via a simple hydrothermal method. The electro-
chemical performance of LOBs with the MFe,0,/CNT (M = Co,
Ni) composites as electrocatalysts for cathodes was investi-
gated in detail.

2. Experimental
2.1 Synthesis of MFe,0,/CNT (M = Co, Ni) composites

The CNTs were purchased from Shenzhen Nanotech Port
(Shenzhen, China) and used as received. According to our
previous work,?® 0.075 mmol phenylphosphonic acid and ferric
nitrate nonahydrate were dissolved in 10 mL deionized water
and sonicated for 10 min to form a homogeneous solution. 3 mg
purified CNTs were added and the mixtures were sonicated for
6 h. Then, 0.0375 mmol cobalt(u) acetate tetrahydrate was
added to the above solution and sonicated for another 0.5 h.
Finally, 200 mg urea was added before the mixture was trans-
ferred to a 25 ml Teflon-lined stainless-steel autoclave and kept
at 180 °C for 48 h. The NiFe,0,/CNT composite was synthesized
by replacing Co®" with the same mol Ni**.

2.2 Sample characterization

The structure and morphology of the MFe,0,/CNT (M = Co, Ni)
composites were characterized by X-ray diffraction (XRD,
RIGAKU SCXmini), transmission electron microscopy (TEM,
Tecnai G2 F20), energy dispersive X-ray spectroscopy (EDS), and
X-ray photoelectron spectroscopy (XPS, VG Scientific ESCALAB
MK 1I).

2.3 Electrochemical measurements

According to our previous report,* the electrochemical behav-
iors were measured in a Swagelok cell with a 0.5 cm? hole placed
on the cathode side to enable oxygen flow inside. All the
batteries were assembled in a dry argon-filled glove box.
Working electrodes were prepared by mixing 60 wt% carbon
active material (ketjen black, KB), 30 wt% electrocatalysts of
MFe,0,/CNTs (M = Co, Ni), and 10 wt% polyvinylidene
difluoride (PVDF). The loading ratio of the active material is
about 1.6-2.0 mg cm™ > per electrode. The capacity of LOBs is
calculated based on the weight of KB. And then a commercially
available electrolyte solution of 1 M LITFSI (lithium bis(tri-
fluoromethanesulfonyl) imide) in TEGDME (tetraethylene
glycol dimethyl ether) was impregnated into a glass fiber
membrane and sandwiched between a lithium metal anode and
an air cathode. The batteries were cycled by LAND 2001A at
room temperature with a lower voltage limit of 2.0 V and an
upper limit of 4.3 V versus Li*/Li under different conditions after
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a 2-3 h rest period. The cyclic voltammetry (CV) test was per-
formed on a CHI660D electrochemical workstation at a rate of
0.20 mV s '. Electrochemical impedance spectra (EIS) were
recorded by applying an AC voltage of 5 mV over the frequency
range from 1 mHz to 100 kHz.

3. Results and discussion

Fig. 1 shows the XRD pattern of as-synthesized MFe,0,/CNT
(M = Co, Ni) composites recorded in the range of 26 from 10° to
80°. As illustrated for CoFe,0,/CNTs, their diffraction peaks
were well indexed to the (111), (220), (311), (222), (400), (422)
and (440) planes of cubic CoFe,O, with a spinel structure
(JCPDS no. 22-1086). An additional peak around 26° resulted
from the CNTs. The peaks are relatively broad in the XRD
pattern, corresponding to the small grain size of the primary
CoFe,0, particles. This result is consistent with the following
TEM observation. Thus the number of catalytic active sites
would be increased, thereby improving the electrochemical
activity of the air cathodes. Meanwhile, the NiFe,0,/CNTs show
a similar XRD pattern (JCPDS no. 86-2267), also indicating a
spinel structure.?®

The TEM and HR-TEM images are shown in Fig. 2a—c. It can
be found that most CNTs in the sample were well coated with
small CoFe,0, particles. Clear lattice fringes for CoFe,O, are
observed in Fig. 2c, suggesting the crystalline nature of the
particles. The regular interplanar spacing of ~0.25 nm is
ascribed to the (311) planes of CoFe,O,. The corresponding
SAED pattern (shown in Fig. 2d) demonstrates the crystalline
nature of CoFe,0, particles. The diffraction rings are related to
the (111), (220), (311), (400) and (440) planes of the spinel
CoFe,0,. In order to further confirm the presence of CoFe,0,,
element mapping was used to observe the distribution of
CoFe,0,. As presented in Fig. 2e-i, the color points are due to
the presence of the elements. It can be seen that Co, Fe and O in
the sample are homogeneously distributed in the composite,
indicating the CoFe,O, particles are homogenously coated on
the surface of the CNTs. Similarly, the morphology of NiFe,0,/
CNTs shown in Fig. 3 revealed that the NiFe,O, particles are
well coated on the CNT surface. The uniform structure is
beneficial to the fast migration of electrons between CNTs and
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Fig. 1 XRD pattern of the MFe,O4/CNT (M = Co, Ni) composites.
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Fig. 2 (a)-(d) TEM, HR-TEM images and the corresponding SAED
pattern of the CoFe,O4/CNTs; STEM image (c) and carbon (f), cobalt
(g), iron (h) and oxygen (i) element mapping images of CoFe,O4/CNTs.

Fig. 3 (a)-(c) TEM, HR-TEM images and the corresponding selected
area electron diffraction (SAED) pattern of the NiFe,O4/CNTs; STEM
image (d) and carbon (e), nickel (f), iron (g) and oxygen (h) element
mapping images of NiFe,O4/CNTs.

MFe,0, (M = Co, Ni) particles, thereby improving electro-
catalytic activity. Meanwhile, Fig. S11 shows the SEM and
magnified SEM images of as-synthesized MFe,0,/CNTs (M =
Co, Ni) materials. These two materials show homogeneous
agglomerated and cross-linked morphology with a larger
diameter in the range of 50-100 nm. Thus, the uniform coating
layer of MFe,O, (M = Co, Ni) materials can be observed. In
addition, the EDS and XPS results shown in Fig. S2-S4+ provide
another proof of the elements of Co and Fe present in the
composite of CoFe,0,/CNTs, and the elements of Ni and Fe
present in the composite of NiFe,0,/CNTs. To further confirm
the composition of MFe,O, (M = Co, Ni) particles, Raman
spectroscopy, as an alternative characterization method, was
used to detect these two composites (Fig. S5t). Fig. S51 shows
Raman spectra of the MFe,0,/CNTs (M = Co, Ni) between 100
and 1000 cm™' using 543 nm excitation. According to the
previous reports,**** MFe,0, (M = Co, Ni) crystallizes in a spinel
structure of space group Fd-3m and group theoretical calcula-
tions results in five Raman active bands, namely, A,z + Eg + 3T,.
Furthermore, shoulder-like features at the lower wavenumber
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side of all the Raman active bands can be found, which revealed
the spinel structure of MFe,O, (M = Co, Ni). These Raman
spectra of spinel MFe,O, (M = Co, Ni) had been extensively
reviewed by V. G. Sathe et al. and S. V. Narasimhan et al.>**"
Meanwhile, the Raman spectra in this current work are in good
agreement with those reported earlier.

To explore the application of the MFe,0,/CNTs (M = Co, Ni)
as electrocatalysts in cathodes for LOBs, the cyclic voltammetry
(CV) curves and discharge-charge (D-C) voltage profiles are
shown in Fig. 4. Compared with the MFe,0,/CNT (M = Co, Ni)
cathodes, a featureless CV curve of a pure KB cathode is
observed in its OER process (shown in Fig. 4a). In the ORR scan,
the KB cathode exhibits a slightly lower ORR onset potential in
the first cycle and lower peak currents than both MFe,0,/CNT
(M = Co, Ni) cathodes in the following cycles (shown in Fig. 4c
and e). Accordingly, Fig. 4b shows that the discharge capacity of
the KB cathode decreases from 3860 mA h g~ " at the 1st cycle to
only 965 mA h g " at the 3rd cycle combined with a low charge
capacity of 400 mA h ¢~ ', indicating that the D-C process for the
KB cathode without MFe,0,/CNT (M = Co, Ni) electrocatalysts
is almost irreversible. From Fig. 4c and e, the cathodes with
MFe,0,/CNT (M = Co, Ni) electrocatalysts both exhibit obvious
redox peaks, revealing that these two cathodes could enable the
reaction “2Li" + 2e” + O, < Li,0,” to remain reversible during
the ORR and OER processes. Compared with the NiFe,0,/CNT
cathode shown in Fig. 4e, a higher ORR onset potential marked
with a red box in Fig. 4c is observed for the CoFe,O,/CNT
cathode. Meanwhile, the currents in the OER process which
range from 3.0 to 3.5 V for the CoFe,0,/CNT cathode are larger
than those of the NiFe,0,/CNT cathode. This result is attributed
to the improved OER kinetics that facilitates more efficient
decomposition of Li,O,. The initial three D-C curves for both
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Fig. 4 Cyclic voltammetry curves and the first three discharge—
charge curves between 2.0 and 4.3 V (versus Li/Li*) of Li insertion/
extraction into/from electrodes: (a and b) pure KB, (c and d) CoFe,O4/
CNTs and (e and f) NiFe,O4/CNTs.
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MFe,0,/CNT (M = Co, Ni) cathodes are depicted in Fig. 4d and
f. The charge potential for the CoFe,O,/CNT cathode is ~3.85 V,
lower than ~4.05 V of the NiFe,0,/CNT cathode. In addition,
the remaining capacities for the CoFe,O,/CNT cathode are
larger than that of the NiFe,O,/CNT cathode. Herein, the
CoFe,0,/CNT cathode shows slightly more excellent perfor-
mance than the NiFe,0,/CNT cathode. This phenomenon may
be due to the high spin for Co®" in an oxygen-atom ligand field
associated with an easily forming stable ion pair with super-
oxide.”?** In brief, these findings indicate the effective catalytic
activity of both MFe,0,/CNT (M = Co, Ni) composites in cath-
odes for LOBs.

To further get insights into the D-C process of LOBs with
MFe,0,/CNT (M = Co, Ni) cathodes, the products after
discharge and the subsequent charge process were analyzed by
using SEM and XPS. For the pristine CoFe,0,/CNT cathode
shown in Fig. 5a, the SEM analysis presents many CoFe,O,/CNT
composites and KB nanospheres (the related SEM result is
shown in Fig. S61). Then the discharged products were depos-
ited on the electrode (Fig. 5b) after the discharge process.
Combined with the XPS results shown in Fig. 5d, the observed
close-packed layer is believed to be Li,O, intermingled with
some Li,CO;. After charge, the Li,O, products disappear and a
relatively clean electrode is observed (Fig. 5c). However, some
residual coating layer still remains, revealing minor un-
decomposition of Li,CO;.***® Fig. 5d shows the absence of the
Li,CO; characteristic signal at 55.5 eV in the charge electrode,
implying that the product was residual Li,COs. The polarization
resulted from residual Li,CO; will increase their D-C over
potentials, further leading to fading in their cycle perfor-
mance.**** As expected, similar SEM and XPS results for
NiFe,0,/CNT electrodes can be obtained and is shown in Fig. 6.
In addition, combined with the above discussion, the additional
full XPS spectra and the C1s XPS spectra for both MFe,O,/CNT
(M = Co, Ni) cathodes after discharge and the subsequent

—u—after discharge
—e+—after charge
o

Binding Energy /eV

Fig. 5 SEM images of (a) the pristine CoFe,O4/CNT cathode, (b) the
CoFe,O4/CNT cathode after discharge, (c) the CoFe,O4/CNT cathode
after recharge, and (d) the corresponding XPS spectra for the
CoFe,O4/CNT cathode after discharge and recharge.
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Fig. 6 SEM images of (a) the pristine NiFe,O4/CNT cathode, (b) the
NiFe,O4/CNT cathode after discharge, (c) the NiFe,O4/CNT cathode
after recharge, and (d) the corresponding XPS spectra for the NiFe,O4/
CNT cathode after discharge and recharge.

charge process are shown in Fig. S7 and 8. As revealed in
Fig. S87 for the C1s XPS spectra, the signal for C1s at ~292 eV
for Li,CO; can be found in both cathodes after discharge and
recharge.

It is well-known that the rate performance is an important
evaluation index for the electrocatalysts in LOBs. Fig. 7 shows
the discharge voltage and specific capacity decrease with
increased current density for both MFe,0,/CNT (M = Co, Ni)
cathodes. This phenomenon should be caused by significant
chemical polarization at higher current densities.*® Although
both MFe,0,/CNT (M = Co, Ni) cathodes exhibit similar
discharge capacities, the CoFe,0,/CNTs exhibit higher
discharge potentials at different current densities than the
NiFe,0,/CNTs (see the inset table shown in Fig. 7).

As shown in Fig. 8, the cycle stability of both MFe,0,/CNT
(M = Co, Ni) cathodes is investigated with a restriction of the
capacity to 800 mA h g~ " at a current density of 200 mA g~ *. The
CoFe,0,/CNT cathode exhibits good capacity retention for 14

33l Current density (mA/g) 20 80 140 200
’ Voltage CoFe,0,/CNTs | 2,77 | 2.74 | 2.72 | 2.67
3.0 _I plateau NiFe,0,/CNTs | 2.74 | 2.71 | 2.70 |2.62
S
= a7t
8
s
S 241
5 —— CoFe,0,/CNTs
Q. 211 __NiFe,0,/CNTs ) i
Veol AN L
18L 4”140 mAlg 80 ‘mAIg \
) | 200 mA/g .20 mAlg
0 1000 2000 3000 4000 5000 6000
Capacity (mAh/g)

Fig. 7 The discharge curves at different current densities for both
MFe,O4/CNT (M = Co, Ni) cathodes. The inset table shows the
comparison between discharge voltage plateaus of CoFe,O4/CNT and
NiFe,O4/CNT cathodes.
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Fig. 8 Cycling performance of (a) the CoFe,O4/CNT cathode and (b)
the NiFe,O4/CNT cathode at 200 mA g~* with a restricting capacity of
800 mAhg™

cycles. Although a decrease in the cutoff voltage is observed
during cycling, the cutoff voltage of 2.4 V at the 13th cycle still
remains acceptable. However, there is a significant drop in the
cutoff voltage even from the 12th cycle for the NiFe,O,/CNT
cathode. Furthermore, the charge potential for the CoFe,O,/
CNT cathode is lower than that of the NiFe,O,/CNT cathode.
These findings indicate slightly better catalytic activity for
CoFe,0,/CNTs than that of NiFe,O,/CNTs. This result is
consistent with the above conclusion.

As noted above, some residual products such as Li,CO;
may still remain on the electrode after the D-C process,
resulting in capacity fading. For comparison, the restricting
capacity for the CoFe,0,/CNT cathode was further reduced to
430 mA h g~ ' at a current density of 200 mA g~ *. As shown in
Fig. 9, the CoFe,0,/CNT cathode shows that the cutoff
voltage does not change significantly after 30 cycles, being
similar to those reported by Liu et al.*®* However, a significant
drop in the cutoff voltage can be observed for the cathode after
the 35th cycle. To further evaluate the CNT effect on the LOB
performance, Fig. S91 compares the D-C characteristics of
pure CoFe,O, and CoFe,O,/CNT electrodes in LOBs at
different current densities. It can be seen that the discharge

48F
a4l —
— —
S aof i
s 6L\ = 1o
€ 32} 2 — 15"
2 28 N —2°
25"
o 24f o
20

0 100 200 300 400 500
Capacity (mAhl/g)

Fig.9 Cycling performance of the CoFe,O4/CNT cathode at 200 mA
g~ ! with a restricting capacity of 430 mA h g%
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voltage and specific capacity for both pure CoFe,O, and
CoFe,0,/CNT electrodes decrease with increased current
density. Meanwhile, it is noticeable that the catalyst with the
CNT support exhibits better capacity retention than
pure CoFe,O,. As shown in Table S1,i the CoFe,0,/CNT
electrode delivered a specific capacity of 3670 mA h g™* at
200 mA g~ !, being much larger than 3045 mA h g~* for pure
CoFe,0, without the CNT support. These results indicate
that the presence of CNTs can slightly improve the charge
transfer resistance of the electrode and may result in a low
electrode interface polarization, which is considered to be
responsible for the deterioration of the electrochemical
performance.

Electrochemical impedance spectra (EIS) was used to
further get insights into the deterioration mechanism of
LOBs. Fig. 10 presents an EIS profile for LOBs after 35 cycles
and the corresponding equivalent circuit.*”** In the circuit,
the high frequency intercept of the semicircle on the real axis
was reflected by an ohmic resistance (R,), which includes ionic
resistance from the separator paper and electrical resistance
between the electrode and the current collector. The
depressed semicircle at middle frequency was contributed by
a parallel combination of charge-transfer resistance (R,),
corresponding to the kinetic reaction at the air electrode
surface. The linear spike at low frequency could be described
by a finite length Warburg element Ry. The fitting results
indicate that the R, value of 25 Q for the pristine electrode is
smaller than 193 Q after cycling, indicating the possible
decomposition of the electrolyte by reaction with Li,O, or KB
especially at its defects as well as corrosion of CNTs.?*3%33¢
Besides, the R, value of 190 Q for the pristine electrode is
obviously smaller than 650 Q after cycling, suggesting that the
capacity fading may be mainly from accumulation of the
reaction products (such as Li,CO;).>**¢ Certainly, obtaining
good electrochemical performance for LOBs is also dependent
on other critical technological strategies such as fabricating
cathodes with effective microstructures. At least, it can be
concluded from this work that the spinel MFe,0,/CNT (M =
Co, Ni) composites are promising electrocatalysts for
achieving high-performance LOBs.

500 T
R !
! !
400 - ! i
! i
! i
300 |- .
o
=
= 200}
N
100} —o-after test
-o— before test
0 1 1 1
0 200 400 600 800 1000

Z'/0
Fig. 10 The EIS profiles of the CoFe,O4/CNT cathode before and after

long restricting cycling. The inset shows the corresponding equivalent
circuit.
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4. Conclusion

In conclusion, this work reports a fundamental study on
developing ternary spinel MFe,0,/CNT (M = Co, Ni) electro-
catalysts that are prepared via a simple hydrothermal method.
The electrochemical performance of LOBs, including round trip
efficiency, can be much improved by using these two electro-
catalysts. The good performance can be attributed to the
excellent catalytic activity of highly dispersed MFe,0, (M = Co,
Ni) nanoparticles and facile electron transport by supporting
CNTs. The present investigation proves that the ternary spinel
MFe,0,/CNTs (M = Co, Ni) are promising cathode electro-
catalysts for LOBs.
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