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Manganites of transition and/or post-transition metals, AMn,0O,4 (Where A was Co, Ni or Zn), were
synthesized by a simple and easily scalable co-precipitation route and were evaluated as anode
materials for Li-ion batteries. The obtained powders were characterized by SEM, TEM, and XRD
techniques. Battery cycling showed that ZnMn,0, exhibited the best performance (discharge capacity,
cycling, and rate capability) compared to the two other manganites and their corresponding simple
oxides. Further studies on the effect of different sintering temperatures (from 400 to 1000 °C) on
particle size were performed, and it is found that the size of the particles had a significant effect on the
performance of the batteries. The optimum particle size for ZnMn,O, is found to be 75-150 nm. In
addition, the use of water-soluble and environmentally friendly binders, such as lithium and sodium
salts of carboxymethlycellulose, greatly improved the performance of the batteries compared to the
conventional binder, PVDF. Finally, ZnMn,0, powder sintered at 800 °C (<150 nm) and the use of the
in-house synthesized lithium salt of carboxymethlycellulose (LiCMC) binder gave the best battery
performance: a capacity of 690 mA h g~' (3450 mA h mL~") at C/10, along with good rate capability

and excellent capacity retention (88%).

Introduction

Li-ion batteries are the state-of-the-art in battery technology due
to their ability to deliver high energy and long cycle life, and
therefore they are successfully used in consumer electronic
products and strongly considered for a wide variety of mobile
(e.g. electric vehicle) and stationary (e.g. smart grid) applications.
Most commercial batteries use graphitic carbon as the anode
material’ due to its low cost, long cycle life, and very stable
capacity. However, the reversible electrochemical intercalation
of lithium ions in its structure leads to a first-stage graphite
intercalation compound with a composition of one lithium for
six carbons, “LiCs”, which results in capacities limited to only
372 mA h g ! and 830 mA h mL'. Alternative anode materials
are hence currently being investigated with the focus on those
based on mechanisms other than intercalation. One of the most
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common mechanisms is metals or metalloids that can electro-
chemically and reversibly alloy with lithium, such as tin (SnLig4 4,
993 mA h g "), silicon (SiLi4 4, 4200 mA h g '), antimony (SbLi3,
660 mA h g"), and aluminium (LiAl, 994 mA h g")." Tin and
silicon are the most attractive as they provide much higher
gravimetric capacities, 3 to 10 times greater than graphite, and
are also denser than carbon, thus providing very high volumetric
capacities, 7300 mA h mL~" and 8320 mA h mL"', respectively.
However, tin and silicon anodes suffer from large structural
volume changes during charge/discharge cycling of the battery
reaching 300-400% for silicon™”* and 260% for tin,* which gives
rise to mechanical stresses that lead to cracks, eventual disinte-
gration of the electrode and a failure of the battery.’ Still, certain
strategies can be used to overcome the problem, such as altering
the composition of the alloy with foreign atom(s) at low and high
concentrations, or structuring the alloy into morphologies that
lead to better accommodation of volume changes, or the use of
organic binders other than the conventional polyvinylidene
fluoride (PVDEF).*°

Except for TiO,, in its metastable brookite structure, most
metal oxides (MOs) cannot intercalate lithium ions (0.76 10%) into
their lattice structure due to the lack of free interstices with the
right geometry (octahedral and preferably tetrahedral) and size.!!
They rather undergo an electrochemical reaction where the metal
cation is reduced and embedded into an inactive Li>»O matrix and
subsequently alloys with lithium such as in the case of SnO,
(777 mA h g') and Sb,O5 (552 mA h g7!). For other MOs, where
M is a transition metal (TM) such as Cr, Mn, Fe, Co, Ni, and Cu,
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the formation of an alloy with lithium is not possible; therefore,
they interact with lithium in a third mechanism giving capacities
experimentally ranging from 700 to 900 mA h g=',»!2 which
translates to volumetric capacities ranging from 3500 to 4500 mA
h mL~!' (assuming an average density of ~5 g mL™")."® These
simple transition metal oxides (TMOs) are poor electronic
conductors with band gaps ranging from 3 to 4 eV and also
have no suitable free sites for the insertion of lithium ions; for
instance CoO and NiO have an interstice-free rock-salt structure.
Poizot et al. have shown that these TMOs undergo a reversible
conversion reaction where the TMO is reduced into TM nano-
particles (1-2 nm) embedded into a matrix of Li,O upon
discharge [e.g. NiO + 2Li* + 2e~ <> Ni + Li,O]." The formation
of TM nanoparticles during the first discharge reaction over-
comes the insulating nature of the TMOs. However, unlike in the
case of the MOs (e.g. SnO, and Sb,03), the Li,O matrix that is
formed during the first discharge is in this case completely active
(i.e. decomposable), and the TM nanoparticles are oxidizable
back into TMO nanoparticles. As explained by Poizot et al., it is
believed that the size confinement of the TM nanoparticles
enhances their electrochemical activity towards the decomposi-
tion of the Li,O matrix'>—a phenomenon similar to LiF in metal
fluorides as explained by Maier in terms of a nanoeffect resulting
from increased surface energies of confined space.'® This oxida-
tion reaction does not occur at a microscopic scale; particles of
TMs must be nanonometric and in close contact with Li,O for
this solid-state oxidation reaction to occur.! Like the TMOs,
ZnO has an interstice-free wiirtzite structure that does not allow
any lithium insertion, but as a post-transition metal oxide, ZnO
behaves differently. It first goes through the same conversion
reaction as observed for TMOs; however, it further reacts with
lithium by forming a ZnLi alloy."'*"

Manganese oxide,'®* iron oxide, cobalt oxide,"* nickel
oxide,'>?* copper oxide'>* and zinc oxide* have been widely inves-
tigated. All these MOs exhibit a large difference between the reduction
and the oxidation potentials which can easily be calculated from
thermodynamic data as demonstrated by Li er a/? In addition,
during experimental cycling a large overpotential is observed for both
reactions due to slow kinetics associated with solid-state reactions;
thus a large potential window is required in order to obtain an
optimum capacity. Due to these kinetic limitations, only those that
show an electromotive force (EMF) above 1 V vs. Li/Li* will be
reduced before the electrodeposition of lithium metal.?* However, in
order to limit the oxidation potential and keep a convenient battery
output voltage (i.e. over 2 V), the EMF should not be above 1.6-1.7V
vs. Li/Li*. This limits the number of materials that can be used to
MnO (1.032 V), FeO (1.61 V) and ZnO (1.252 V) and excludes TiO,
(0.608 V for rutile and 0.625 V for anatase), SiO, (0.694 V) and AL,O3
(0.18 V); the voltages are given versus Li/Li*.?® In terms of capacity
values and capacity retention, the best materials were found to be
Co0 and Co;30, with reversible capacities of about 700 mA h g~' and
900 mA h g!, respectively.! The drawback of cobalt is its high
oxidation potential ranging from 2.2 to 2.4 V.22 This means that the
output cell voltage is going to be low, as shown by Badway et al. with
a Co0304/LiCoO, cell having an output voltage of only 2 V.*” In
addition, cobalt and nickel are expensive and toxic.’ Iron is attractive
because of:(i) its low cost, (ii) its environmental friendliness, and (iii)
its experimental oxidation potential of 1.8 V, which is much lower
than CoO, Co30,4 or NiO. Fe;0, and Fe,O; showed capacities of

20-22

745mAh g 'and 930 mA h g ', respectively.*?! Alternatives such as
manganese oxides or zinc oxide are even more appealing when
considering the low observed oxidation potential of these metal
nanoparticles: 1.2 V and 1.5 V, respectively. These values will
potentially increase the battery output voltage. In addition, their price
is also much lower compared to nickel and cobalt. Zhong et al.
reported reversible capacities for a MnO/carbon composite of
650 mA h g~'.*® As previously mentioned nanoparticles of zinc can
further react with lithium and form a ZnLi alloy.'**® Unfortunately,
due to the 163% volume expansion associated with the alloying
process, a large irreversible capacity is observed for the first few cycles,
and the reversible capacities ranging from 350 mA h g' to
500 mA h g~! have been reported with a very low capacity retention
upon cycling.»*

Interestingly enough, combination of two TMOs, or a TMO
and a post-transition metal oxide, in spinel-like structures, such as
ZnFe,0,4, have shown good capacity (615 mA h g') on cycling.*®
Even though iron shows a higher oxidation potential than
manganese and zinc, the AFe,Oy4 series (A = Co, Ni, and Zn)
exhibit interesting capacity values for Li-ion battery applications:
700 mA h g' for CoFe,04, 600 mA h g! for NiFe,O4, and
615 mA h g~! for ZnFe,04.3' Another series, AC0,04 (A = Zn or
Cu), provided even higher capacity values: 800-900 mA h g~! for
ZnCo0,04*** and 745 mA h g~! for CuCo,04 (after 50 cycles).** In
addition, the ACo,0, series show good capacity retention;
however, as previously mentioned, the oxidation potential of Co is
high and the voltage range to obtain the maximum capacity is
large.3 A similar series, manganites of TMs, have been briefly
investigated by Pasero et al* The off-stoichiometric
C09.4Mn, 0, provided a stable capacity of about 400 mA h g~'.*°
The most interesting manganite is ZnMn,O,, and due to the low
price, abundance, and environmental friendliness of these two
metals, it has been investigated once as anode material for Li-ion
batteries. It was synthesized by a hydrothermal method, and it
showed an adequate voltage range and capacity values of 626 mA
h g7!' over 50 cycles.>**” Two other groups also reported the
synthesis of ZnMn,Oy: (i) Hem et al. via a slow coprecipitation
method at 25 °C*® and (ii) Selim et al via a simple solid-state
reaction.® However, none of these two groups showed applica-
tions for Li-ion batteries. In addition, there has been no report on
the performance of the CoMn,0O4 and NiMn,O, as anode mate-
rial for Li-ion batteries, to the best of our knowledge.

In this paper, we report the synthesis of three manganites,
CoMn,0y4, NiMn,0,, and ZnMn,0y, via a simple co-precipita-
tion method. We also report their electrochemical and battery
performance and compare them with that of their corresponding
simple MOs. An extensive study was performed on the best per-
forming manganite, ZnMn,O,, for which we investigated the
effect of the following parameters: (i) the sintering temperature,
(ii) the type of binder, (iii) the cycling temperature, and (iv) the
type of electrolyte. Finally the performance of ZnMn,0,4 was
tested in a full cell battery using a LiNig sMn; 50,4 cathode (4.7 V).

Experimental
Materials

Manganese(i1) acetate tetrahydrate (99+%), cobalt(i) acetate
tetrahydrate (ACS, 98+%) or nickel(i1) acetate tetrahydrate

J. Mater. Chem.
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(98%), oxalic acid (98%), N-methyl-2-pyrrolidone (NMP,
anhydrous, 99.5%),  poly3.,4-ethylendioxythiophene-poly-
styrenesulfonate (PEDOT/PSS or Baytron, 1.5 wt% aqueous
solution), lithium hexafluorophosphate (LiPFgs,  99.99%),
ethylene carbonate (EC, anhydrous, 99%), dimethyl carbonate
anhydrous (DMC, =99%)), diethyl carbonate (DEC, anhydrous,
=99%), and propylene carbonate (PC, anhydrous, 99.7%) were
all purchased from Sigma-Aldrich. Zinc (1) acetate dihydrate
(ACS, 98.0-101.0%) was purchased from Alfa Aesar. Cobalt (1)
oxide was purchased from Aldrich and used as received. Carbon
graphite E-KS4 and Super S carbon were obtained from Lonza
G + T (Switzerland) and Timcal (Switzerland), respectively.
Polyvinylidene fluoride (PVDF, Kynarflex2800) was purchased
from Kynar and used as a 3 wt% solution in NMP. Sodium
carboxymethyl cellulose (NaCMC, viscosity 42.0 mPa-s) was
bought from Calbiochem and used as a 5 wt% solution dissolved
in double distilled H,O. Lithium carboxymethylcellulose
(LiCMC) was made in house as reported in ref. 40. LICMC was
used as a 2.5 wt% solution dissolved in double distilled H,O.
Xanthan gum (XG) was obtained from Jungbunzlauer and used
as a 1 wt% solution in double distilled H,O. Finally, 30 pm thick
microporous polypropylene separators #3501 were purchased
from Celgard.

Synthesis

ZnMn,O,4 was synthesized through a co-precipitation route
using oxalic acid. Zinc (1) acetate and manganese (11) acetate
were dissolved in deionized water (0.4 M) and added dropwise to
an oxalic acid solution (0.4 M), heated at 75°C,ina 1.5 : 1 oxalic
acid : metal molar ratio. The precipitate was then filtered, dried
and calcined at 400 °C, 600 °C, 800 °C, or 1000 °C. CoMn,O,
and NiMn,O,4 powders were prepared using the same method
using cobalt (11) acetate or nickel (11) acetate; their precipitates
were calcined at 800 °C and 400 °C, respectively. NiO, ZnO and
Mn,0; were also prepared using the same method; NiO was
calcined at 400 °C, and ZnO and Mn,O5 were calcined at 600 °C.

Characterization

Powder X-ray diffraction was carried out using a Bruker AXS
D8 diffractometer with a Cu Ka source (or a Co Ka. source
when specified) with a divergence angle of 0.3°, a step size of
0.027°, and 1 s per step. The patterns were analyzed by the
Rietveld refinement method*' using the software TOPAS 4
from Bruker AXS.** The crystallite sizes were determined using
the fundamental parameter approach method developed by
Cheary et al®® The materials were further characterized by
scanning electron microscopy (SEM) using a JEOL 840A and
by transmission electron microscopy (TEM) using a Philips
CM 20 microscope operating at 200 kV. The thermogravimetric
analysis (TGA) was performed on the zinc-manganese oxalate
precipitate using platinum pans in order to characterize the
thermal decomposition of oxalates using a Hi-Res TGA
2950 TA instrument. The powder was heated at 10 °C min~' up
to 900 °C in air.

The electrochemical performance was studied using 2325-type
coin cells assembled in an argon-filled dry box. The active
material was mixed in a slurry containing 80 wt% of active

material, 5 wt% of graphite E-KS4 (KG, Lonza G + T, Swit-
zerland), 5 wt% Super S carbon (Timcal graphite and Carbon,
Switzerland) and 10 wt% of binder. Five different binders were
investigated: PVDF, NaCMC, LiCMC, XG, and Baytron. The
slurry was cast onto a copper foil current collector that was
cleaned using a 2.5% HCI solution in water. The cast was
prepared using an automated doctor blade spreader and dried
overnight in a convection oven at 85 °C and then in a vacuum
oven for 18 h at 80 °C. Individual electrodes (J12.5 mm) were
punched out, dried at 80 °C under vacuum overnight, pressed
under a pressure of 0.5 metric ton, and were used as positive
electrodes. A lithium disk (& 16.5 mm) was used as a negative
electrode (counter electrode and reference electrode). 70 uL of
a solution of 1 M LiPF¢ in EC : DMC (1 : 1 by vol.) was used as
electrolyte and spread over a double layer of the polypropylene
separators. The cells were galvanostatically cycled between
10 mV and 3 V at rates ranging from C/10 to 3C using an Arbin
battery cycler. Cyclic voltammetry was carried using either
a Biologic SP-150 or VMP3 potentiostat and swept at 0.1 mV s~!
between 10 mV and 3 V versus Li/Li*.

Results and discussion
Thermogravimetric analysis

A TGA analysis has been performed during the decomposition
process of zinc and manganese oxalates. Fig. 1 shows the
thermal decomposition of this oxalate mixture in air. A first
weight loss of 18.6 wt% was observed at 120 °C; it corresponds
to the loss of the hydration water of the metal oxalates (two
H,O per metal oxalate).** The second and the third weight
losses of 33.4 wt% and 5.8 wt%, respectively, correspond to the
thermal decomposition of the oxalates. The third weight loss
corresponds to the loss of a CO fragment. When considering
both weight losses (step 2 and 3) of 39.2 wt%, it matches well
the oxalates decomposition and the formation of ZnMn,04. A
total weight loss of 57.76 wt% was observed during the entire
thermal decomposition.
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Fig.1 TGA graph of the thermal decomposition of zinc and manganese
oxalates in air.
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X-Ray diffraction

XRD patterns of the three synthesized TM manganites,
CoMn,0,, NiMn,0,4 and ZnMn,0,, along with those of ZnO,
Mn,03;, NiO and CoO were obtained at different sintering
temperatures and are shown in Fig. 2 (in the ESI, S1f for NiO
and CoO).

Fig. 2a shows the XRD patterns of ZnMn,O, calcined at 400
°C, 600 °C, 800 °C, and 1000 °C. Indexing the patterns showed
that a ZnMn,O4 [4,/amd tetragonal spinel structure was
obtained for all sintering temperatures; the lattice parameters (a
and ¢) have been determined by Rietveld refinement** and have
been found to vary with the sintering temperature. As shown in
Table 1, the a parameter decreased from 5.7294(9) A at 400 °C to
5.7172(1) A at 1000 °C, while the ¢ parameter increased from
9.171(2) A at 400 °C to 9.2497(1) A at 1000 °C. These values
correspond to an increase of the cell volume from 300.9 A® at
400 °C to 302.4 A% at 1000 °C. In the obtained spinel structure,
Zn atoms occupy the 4a tetrahedral sites and Mn atoms occupy
the 84 octahedral sites.®® However, the cell parameter values
showed that an important structural change occurred when the
calcination temperature was increased from 400 °C to 800 °C:
a decrease of the @ parameter and an increase the ¢ parameter (see
Table 1). The Rietveld refinement showed that this is due to the
deficiency of electron density on the 4a tetrahedral sites, either by
a mixed occupancy of Zn and Mn atoms or by the presence of
vacancies on the 4a sites (see Table 2). At 400 °C, a mixed
occupancy of 73(8)% for Zn and 27(8)% for Mn or the presence

36000

Counts

of 7(7)% vacancies on the 4a site has been calculated by Rietveld
refinement. In both cases, by increasing the sintering tempera-
ture, the calculated Zn occupancy of the 4a tetrahedral site
increases up to 98-99% at 1000 °C. Even though at 400 °C only
the ZnMn,O, crystalline structure has been detected (by XRD),
the decomposition of the oxalates is not totally completed, as
shown by the TGA measurements, which explains the structural
change that occurred from 400 °C to 600 °C and 800 °C. Over
600 °C only minor change has been observed and, as shown by
TGA, over 700 °C no more weight loss has been observed, which
matches well with the absence of a crystalline change between
800 °C and 1000 °C. Irani et al. conducted a study on the effect of
the temperature on the cell parameters of ZnMn,Oy via in situ
XRD measurements and pointed out a structural distortion due
to the Mn*" ions located in octahedral sites.*> However in our
case the X-ray patterns were measured at room temperature and
the powder was slowly cooled down from its calcinations
temperature to room temperature so no such distortion was
observed.

As shown in Table 1, as expected, the crystallite sizes increased
with the augmentation of the sintering temperature: from 11.4(2)
nm at 400 °C to 324(14) at 1000 °C. In addition of being very fast,
simple, and easy to scale up, the co-precipitation method pre-
sented here has the advantage of providing a spinel ZnMn,Oy,
structure without evidence of detectable crystalline impurities (by
XRD) at a sintering temperature as low as 400 °C; for a solid-
state synthesis, a sintering temperature of 800 °C is needed to
obtain only the spinel ZnMn,Oy crystalline structure.®®
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(e) ZnO sintered at 600 °C.
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Table 1 XRD parameters of the prepared manganites

Sintering i B B Crystallite
Manganite temperature/°C Space group a parameter/A ¢ parameter/A Cell volume/A3 size/nm
ZnMn,04 400 14/amd 5.7294(9) 9.171(2) 300.9 11.4(2)

600 5.7191(2) 9.2402(3) 302.2 33(1)

800 5.7174(1) 9.2509(1) 302.5 130(3)

1000 5.7172(1) 9.2497(1) 302.4 324(14)
CoMn,04 800 14\/amd 5.7243(4) 9.2888(8) 304.4 65(27)
NiMn,04 400 Fd-3m 8.3689(3) — 586.2 11(1)

X-Ray diffractograms of CoMn,0,4 and NiMn,0,4 powders
calcined at 800 °C and 400 °C, respectively, are shown in Fig. 2b
and 2c. NiMn,0, does not show a spinel structure but an inverse
spinel structure; it exhibits a Fd3m cubic structure where,
according to Bodak et al., a mixed occupancy of the 4b tetra-
hedral sites and 8¢ octahedral sites occurs: 78.75% of Mn** on the
4b sites and 39.37% Ni** on the 8¢ sites.* Using the Rietveld
refinement,* a cell parameter ¢ = 8.3689(3) A and crystallite
sizes of 11(1) nm were obtained. No crystalline impurity has been
detected by XRD. As shown in Fig. 2¢c, CoMn,0,4 exhibits the
typical /4,/amd tetragonal spinel structure similar to ZnMn,Oy,
where, according to Hem et al., Co®* ions occupy 84% of the 4a
tetrahedral sites and Mn** occupy 92% of the 8d octahedral
sites.*” Using the Rietveld refinement method*' and the funda-
mental parameter approach method,*® crystallite sizes of 65(27)
nm and cell parameters of a = 5.7243(4) Aand ¢ = 9.2888(8) A
were obtained, which correspond to a cell volume of 304.4 A3 In
addition to CoMn,0y, a 17 wt% of Co304 has been observed as
impurities in the powder. The larger cell volume, compared to
ZnMn,Qy, is most probably due to the mixed occupation of
tetrahedral and octahedral sites. Only X-ray patterns of
NiMn,O4 and CoMn,0O, sintered at 400 °C and 800 °C,
respectively, have been presented since these powders provided
the best capacity values when compared to other sintering
temperatures.

Fig. 2d and e shows the X-ray patterns of the zinc oxide and
manganese oxide powders sintered at 600 °C; the patterns
confirm that ZnO hexagonal P6smc structure and a Mn,O5 Ia3
cubic structure were obtained. The Rietveld refinement provided
cell parameters for ZnO of a = 3.2510(7) Aandc= 5.2090(1) A.
A cell parameter of ¢ = 9.412(5) A was calculated for Mn,Os.
Crystallite sizes of 66.9(5) nm and 49.4(8) nm were obtained for
ZnO and Mn,03, respectively. Only X-ray patterns of ZnO and
Mn,03 sintered at 600 °C are presented here since these powders
have been used to compare the battery performance with

Table 2 Occupancy of the 4a tetrahedral site of ZnMn,O, sintered at
different temperatures

Zn/Mn mixed

occupancy Zn/vacancies occupancy
Sintering
temperature/°C Zn Mn Zn Vacancies
400 0.73(8) 0.27(8) 0.930(7) 0.070(7)
600 0.87(5) 0.12(5) 0.959(4) 0.041(4)
800 1.00(3) 0.00(3) 0.970(3) 0.030(3)
1000 0.98(5) 0.02(5) 0.984(5) 0.016(5)

ZnMn,0y sintered at 600 °C. X-ray patterns of NiO sintered at
600 °C and commercial CoO are available in the ESI, S17. No
crystalline impurity has been detected by XRD in any of the
above cases.

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM)

The SEM micrographs of ZnMn,0,4 powders sintered at 400 °C,
600 °C, 800 °C, and 1000 °C are shown in Fig. 3. The ZnMn,O,
powder sintered at 400 °C shows micrometric aggregates with
sizes ranging from 1 to 5 um. As expected, when the powder was
sintered at 600 °C, larger aggregates were obtained with an
average size of about 2 to 10 um. At 800 °C, the morphology
drastically changed and porous-cracked flakes of about 10 um
wide were obtained, whereas at 1000 °C the particles forming the
porous-cracked flakes fused.

The TEM micrographs of ZnMn,O, powders sintered at
400 °C, 600 °C and 800 °C, and close up SEM micrograph of
ZnMn,Oy sintered at 1000 °C, are shown in Fig. 4. At 400 °C,
particle sizes ranging from 5 to 10 nm are observed, at 600 °C
particles of about 30-40 nm are obtained, at 800 °C particle sizes
going from 75 to 150 nm are achieved, and at 1000 °C particles
ranging from 500 nm to 1 pum are observed. The particle size
increased with the augmentation of the sintering temperature,
which is in agreement with the crystallite sizes obtained from the
Rietveld refinement of the XRD patterns.

Fig.3 SEM micrographs of ZnMn,0y, sintered at (a) 400 °C, (b) 600 °C,
(c) 800 °C, and (d) 1000 °C.

This journal is © The Royal Society of Chemistry 2011
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Fig.4 TEM micrographs of ZnMn,0Oy sintered at (a) 400 °C, (b) 600 °C,
and (c) 800 °C; SEM micrograph of ZnMn,0y, sintered at (d) 1000 °C.

TEM micrographs of NiMn,O, calcined at 400 °C and
CoMn»0y calcined at 800 °C are shown in Fig. 5. For NiMn,Oy,
10 nm particles were obtained, which is in agreement with the
crystallite size and the fact that low calcination temperatures
usually provide smaller particles; whereas for CoMn,Oy,
calcined at 800 °C for 2 h, particles with 200-500 nm in size were
obtained.

Cyclic voltammetry

Cyclic voltammetry measurements were performed in order to
determine the experimental MO reduction potential (first cycle and
subsequent cycles) and the oxidation potential of the metal nano-
particles. Fig. 6a and b shows the first and the second cycles of half-
cells made using Mn,O3 and ZnO as active materials, respectively.
The chosen sintering temperature was 600 °C for both oxides. These
batteries were cycled at 0.1 mV s~! between 10 mV and 3 V versus Li/
Li*. Both cyclic voltammograms show a different reduction peak
position between the first and the second cycles. For Mn,O3, the
first reduction process at 1 V corresponds to the reduction of Mn**
to Mn?*; this process occurs only during the first cycle. A second

(b)

== J=

Fig. 5 TEM micrographs of (a) NiMn,O, sintered at 400 °C and (b)
CoMn,0y sintered at 800 °C.

reduction process happens at a very low potential that corresponds
to the reduction of Mn** to nanodomains of Mn° embedded in
a Li,O matrix. During the anodic sweep, the oxidation of Mn° to
nanodomains of MnO occurs at 1.5 V, along with the decomposi-
tion of the Li,O matrix. The anodic potential sweep is stopped at
3V, which does not allow for the oxidation of Mn?** to Mn>**. As
expected, there is a large difference between the oxidation and the
reduction potentials due to the high overpotential characteristic of
conversion reactions. The second cycle does not show any reduction
of Mn** to Mn** but shows the reduction of Mn** to Mn° that
happensat(0.2 V, which isexplained by the fact that smaller particles
show smaller overpotentials. Comparatively, the oxidation reaction
does not change significantly during the first and the second
oxidations. As shown in Fig. 6b, in the case of ZnO, the reduction
process of the first cycle occurred between 0.25 and 0 V. This process
corresponds to the reduction of Zn** to nanodomains of Zn°
embedded in a Li,O matrix, followed by the alloying reaction of Zn
with Li to form ZnLi. During the anodic sweep, the first oxidation
process between 0.25 and 0.75 V corresponds to the dealloying
reaction to the ZnLi, as demonstrated by Wang et al.?® The second
process at about 1.5 V corresponds to the oxidation of Zn° to Zn**
and the decomposition of the Li,O matrix. During the second
cathodic sweep, the reduction of the nanoparticles of ZnO occurred
at a higher potential (between 1 V and 0.5 V) followed by the
alloying reaction of Zn with Li. Both metals showed an oxidation
reaction at about 1.5 V, which is pretty low for transition metals.
For comparison, CVs showing the oxidation and reduction
potentials associated with CoO and NiO electrodes are obtained
and available in ESI, S2t. In these two cases, a higher reduction
potential for the first cycle was also observed. In addition much
higher oxidation potentials were obtained for Ni® and Co®, which

23 ——Cycle 1
= = Cycle5

00—
0.0 0.5 1.0 1.5 2.0 25 3.0
(b) 100 Zn0 ——Cycle 1
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= -200
-300 +
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Fig. 6 Cyclic voltammograms of half-cells measured between 0.01 V and

3Vat0.1 mV s of (a) Mn,O3 and (b) ZnO, both sintered at 600 °C. Li
metal was used as counter and reference electrode.
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will decrease the output cell voltage of a full battery; oxidation
potentials of about 2 V and 2.25 V were measured for Co® and Ni°,
respectively.

Fig. 7 shows the cyclic voltammogram of ZnMn,Oy sintered at
600 °C showing features similar to those of Mn,0O; and ZnO.
During the first reduction, a peak can be observed at 1.1 V
corresponding to the reduction of Mn** to Mn** followed by the
reduction of Mn** and Zn*" to nanodomains of Mn° and Zn°,
respectively, which occurs below 0.5 V. The first and subsequent
oxidations peaks of Mn° and Zn° to Mn** and Zn** occur at
1.25 V and 1.6 V, respectively. The second and the subsequent
reductions are shifted to 0.5 V. The cyclic voltammograms of
CoMn,0O,4 and NiMn,O, sintered at 800 °C and 400 °C,
respectively, are shown in ESI, S3+.

Battery cycling

Cycling performance of ZnO and Mn,O3, vs. ZnMn,Oy. Fig. 8
shows the discharge capacities at C/10 of half-cells made of ZnO,
Mn,03, or ZnMn,Oy active materials sintered at 600 °C; lithium
metal was used as counter and reference electrode. Conventional
binder, PVDF, cannot be used with this type of materials as it
was shown that its elongation of up to 10% cannot accommodate
volume changes during battery cycling and also the lack of strong
interactions with the active materials compared to the more
appropriate cellulose-based binders. In this work we have used
the commercial NaCMC as a binder. Eqn (1) to (5) show the
conversion reactions of Mn,Osz, ZnO, and ZnMn,O, with
lithium. As shown by eqn (1) and (2), the theoretical first
discharge capacity of Mn,Oj3 is 1019 mA h g, and a maximum
reversible capacity of 679 mA h g~'of Mn,Oj3 is expected, due to
the oxidation of Mn° to Mn?" only. Experimentally, a first
discharge capacity of 1117 mA h g~' was obtained and a second
discharge capacity of 605 mA h g~' was measured, which agrees
well with the theoretical values. However, the capacity rapidly
decreased below 300 mA h g ! after only 15 cycles. As shown by
eqn (3), the reversible conversion reaction of ZnO to a ZnLi alloy
can provide a theoretical capacity of 998 mA h g~'. Unfortu-
nately, experimentally ZnO did not show better capacity
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Fig.7 Cyclic voltammograms of half-cells recorded between 0.01 V and
3Vat0.1 mV s of ZnMn,O, sintered at 600 °C. Li metal was used as
counter and reference electrode.
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Fig. 8 Discharge capacities of ZnO, Mn,0;, and ZnMn,O, electrodes
prepared from powders sintered at 600 °C.

retention than Mn,0Os, with a first discharge capacity of 995 mA
h g7', which declined to 60 mA h g ' after 12 cycles. It is
important to point out that a volume change of 163% is associ-
ated with the formation of the alloy ZnLi, which explains the
rapid fade of the capacity.”® However, the manganite spinel
ZnMn,0, also sintered at 600 °C showed better performance
compared to its simple MOs. The conversion reactions of
ZnMn,0, are shown by eqn (4) and (5). The first discharge
corresponds to the reduction of Zn** and Mn** to nanodomains
of Zn° (then ZnLi) and Mn° embedded in a matrix of Li,O; this
reaction is associated with a theoretical capacity of 1008 mA h
g~ '. The reversible reaction shown by eqn (5) corresponds to the
decomposition of the ZnLi alloy, followed by the oxidation of
Zn’ and Mn° to Zn** and Mn?** along with the reduction of Li,O.
A reversible theoretical capacity of 784 mA h g! is associated
with this reaction. An overlay of the charge/discharge profiles of
Zn0O, Mn,0O3, and ZnMn,Oy is shown in ESI, S4F

MII203 + 6Li* + 6e- — 2Mn + 3L120
1019 mA h g7'/4585 mA h mL~" (first discharge) (D

Mn + Li,O < MnO + 2Li* + 2e~
679 mA h g7'/3055 mA h mL™" (reversible reaction) )

ZnO + 3Li" + 3¢~ < ZnLi + Li,O
988 mA h g /5619 mA h mL~' (reversible reaction) 3)

ZnMn,Oy4 + 9Li* + 9¢= — ZnLi + 2Mn + 4Li,0
1008 mA h g'/5221 mA h mL! (first discharge) (€))

ZnLi + 2Mn + 3Li,0O < ZnO + 2MnO + 7Li* + 7e~
784 mA h g~'/4061 mA h mL~! (reversible reaction) (5)

This journal is © The Royal Society of Chemistry 2011

J. Mater. Chem.


http://dx.doi.org/10.1039/c0jm04465b

Downloaded by CISTI Archive Access on 31 May 2011
Published on 26 May 2011 on http://pubs.rsc.org | doi:10.1039/C0JM04465B

View Online

As shown by Fig. 8, a first discharge capacity of 1030 mA h g!
and a second discharge capacity of 675 mA h g~! were obtained
experimentally. An irreversible capacity of 340 mA h g' was
measured between the first charge and the first discharge, which
corresponds to three Li* per ZnMn,0,4 formula; this corresponds
to an extra Li* than the theoretical prediction. The enhanced
performance of ZnMn,O, could be explained by the fact that
a homogeneous mixing of the Zn and Mn atoms at the atomic
scale is obtained, which limits the effect of the volume change
associated with the formation of the ZnLi alloy. However, after
25 cycles, a capacity of only 4990 mA h g~' (2450 mA h mL") was
retained, which is lower than previously reported by Xiao et al.,
with 626 mA h g=! (3130 mA h mL") over 50 cycles.?37

Effect of the sintering temperature of ZnMn,Qy. In order to
improve the reversible capacity of half-cells made of ZnMn,0Oy,
the effect of the sintering temperature has been investigated.
Fig. 9 shows the discharge capacities obtained at C/10 for half-
cells made of ZnMn,Oy sintered at 400 °C, 600 °C, 800 °C, and
1000 °C with NaCMC as a binder. ZnMn-O, sintered at 400 °C
shows a rapid decay of the capacity; after 70 cycles a capacity of
only 255 mA h g! (1275 mA h mL~') was obtained. As previ-
ously discussed, the same capacity fade was observed with the
powder sintered at 600 °C, which showed a capacity of 337 mA h
g ' (1685 mA h mL") after 70 cycles. However, when the powder
was sintered at 800 °C, a very stable capacity was obtained over
70 cycles reaching 620 mA h g=' (3100 mA h mL™"), which is
quite similar to the 626 mA h g~! obtained by Xiao er al. after
50 cycles.’37 Sintering the powder at higher temperature
(1000 °C) did not improve the performance of the half-cell;
a capacity of only 260 mA h g~! (1300 mA h mL~') was obtained
after 70 cycles.

The sintering temperature affects the morphology and the size
of the particles, as previously discussed in the XRD and TEM/
SEM sections. The relation between the particle size and the
performance of half-cells made of ZnMn,Oy, is in agreement with
what was reported by Poizot et al. for Cu,O." They showed that
even though the oxide crystallites are broken during the first
cycle and re-oxidized to much smaller ones, there is an advantage
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Fig. 9 Discharge capacities of ZnMn,O, electrodes prepared from
powders sintered at 400 °C, 600 °C, 800 °C, and 1000 °C.

of starting with initially larger particles.'> The TEM micrographs
showed that the powder calcined at 800 °C had particle sizes
ranging from 75 to 150 nm. However, as explained by Poizot
et al., if the particles are too big, a lower stable capacity is
obtained. We verified this by cycling half-cells made of 200-300
nm ZnMn,O, particles calcined at 800 °C for 16 h (see in ESI,
S5t) and 500-1000 nm ZnMn,Oy particles calcined at 1000 °C
for 2 h; in both cases, a stable capacity of 310 and 260 mA h g~!
were obtained, respectively, after 70 cycles.

In Fig. 10 the capacity values of ZnMn,O, half-cells obtained
at cycle 70 are plotted as a function of the particle size that has
been estimated by TEM (or SEM for 1000 °C), and the crystallite
size calculated from the XRD patterns. The particle and crys-
tallite sizes increase with the augmentation of the calcinations
temperature and the calcinations time: 400 °C for 2 h, 600 °C for
2 h, 800 °C for 2 h, 800 °C for 16 h, and 1000 °C for 2 h.
According to Fig. 10, an optimum particle size of about 75—
150 nm is needed in order to obtain the best performance for
ZnMn,0, prepared using the co-precipitation method presented
here.

Effect of the metal (A) in AMn,O,4 manganites: ZnMn,O,,
CoMn,0y, and NiMn,0O,. Although manganites NiMn,O, and
CoMn,0, are expected to require a high voltage range in order to
maximize the capacity, they have been synthesized for the sake of
comparing the behavior of the various members of the AMn,O,4
series and also because of the fact that they have not been
previously studied. CoMn,O, and NiMn,O, were readily
synthesized, as evidenced by the XRD measurements. The
synthesis of CuMn,0,4, however, was unsuccessful in our
synthetic conditions. CoMn,Qy sintered at 800 °C and NiMn,Oy4
sintered at 400 °C showed the best cycling data of all the sintering
temperatures; for this reason they were chosen for comparison
with  ZnMn,0O,;. CoMn,O, has a theoretical first
discharge capacity of 921 mA h g~! and a reversible capacity of
691 mA h g~'; whereas for NiMn,QOy, they are 922 mA h g~! and
692 mA h g', respectively. The lower theoretical capacity values
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Fig. 10 Plot of the discharge capacity of ZnMn,0, half-cells at cycle 70,
as a function of the particle size (obtained by TEM or SEM) and the
crystallite size (obtained by XRD) for different calcination temperatures:
400 °C (2 h), 600 °C (2 h), 800 °C (2 h), 800 °C (16 h), and 1000 °C (2 h).
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compared to ZnMn,0y are explained by the fact that neither Co
nor Ni forms an alloy with Li. The equations of the conversion
reactions of CoMn,0O4 and NiMn,Oy, are available in ESI, S6+.

Fig. 11 shows the charge and discharge profile of ZnMn,Oy,
CoMn,0y,, and NiMn,O, electrodes for the first two cycles only,
while the cycling performance over several cycles is shown in
Fig. 12. In the case of ZnMn,O, and CoMn,0y4, the main
cathodic reactions with lithium occurred at about 0.4 V and are
shown by a plateau. In the case of ZnMn,0,, the oxidation
reactions are shown by a sloping voltage between 0.9 and 1.7 V
and an irreversible capacity of 375 mA h g~! was observed during
the first cycle. The second cycle exhibits a sloping voltage
between 0.8 V and 0.5 V. In the case of CoMn,Oy, the oxidation
process is shown by a sloping voltage that ranges from 0.3 to
2.1 V. In addition, a larger irreversible capacity of 470 mA h g~'
was observed (also observed via cyclic voltammetry, see ESI,
S3t). Like ZnMn,Oy4, the CoMn,0, potential profile of the
second cycle varies from the first one. In addition, the subsequent
reversible discharge capacities of CoMn,Oy4 are also lower than
that of ZnMn,O4. As shown in Fig. 12, after 50 cycles, CoMn,0y,
exhibits a capacity of 330 mA h g~'. NiMn,Q, is different from
the two previous manganites by the fact that (i) it does not have
a spinel crystalline structure and (ii) it exhibits a different first
charge/discharge profile. The first discharge showed a shoulder at
about 0.9 V, which could correspond to the formation of an SEI
layer that did not appear at this position for the previous spinels.
A plateau then appeared at about 0.7 V, corresponding to the
reduction of Ni** to Ni’. During the charge, the oxidation
process is shown by a sloping voltage that ranges from 0.3to 2 V.
An irreversible capacity of 210 mA h g~' was observed for
NiMn,Oy. This value almost corresponds to the predicted irre-
versible capacity due to the oxidation of Mn° to Mn** and not
Mn**, in other words, two lithium (230 mA h g=') per NiMn,0O4
formula. In addition, the capacity retention between the second
and the fourth discharges is very good, but unfortunately it
drastically drops after 10 cycles, as seen in Fig. 12. After 20
cycles, the capacity was below 250 mA h g~'. This dramatic
capacity fade could be explained by the adverse reaction of Ni
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Fig. 11 Charge/discharge profile of ZnMn,O4, CoMn,04, and

NiMn,0y electrodes prepared from powders sintered at 800 °C, 800 °C,
and 400 °C, respectively; only the first two cycles are shown.
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Fig. 12 Discharge capacities of ZnMn,04, CoMn,04, and NiMn,Oy4

electrodes prepared from powders sintered at 800 °C, 800 °C, and 400 °C,
respectively.

nanoparticles with the electrolyte which leads to a thick organic
SEI that does not allow lithium ions to travel through. According
to the CV (not shown), the Ni reduction and oxidation peaks are
drastically reduced in intensity after the 10th cycle.

Effect of the binder on the cycling performance of ZnMn,O4
sintered at 800 °C. Since the ZnMn,O,4 powder sintered at 800 °C
showed the best performance, only this material was used for the
rest of the study. As previously mentioned, five different binders
were investigated; the conventional one, PVDF dissolved in
NMP, and four other water-soluble binders: NaCMC, LiCMC,
XG, and Baytron. During the charge and discharge process,
ZnMn,0,4 undergoes volume changes mostly due to the forma-
tion of the ZnLi alloy. It is presumed that the binder used will
affect the performance of the material. The electrochemical
performance of ZnMn,O, electrodes using these five binders is
shown in Fig. 13. Since binders maintain the physical structure of
the electrode, they are an important part of the electrode
formulation. PVDF has been successfully used in commercial
Li-ion batteries for decades since it exhibits excellent properties
with materials that do not exhibit large volume change upon
cycling. In addition, it is stable in a large electrochemical window
at room temperature. However, it has several shortcomings. At
elevated temperature, PVDF has been reported to react with
anode materials to form fluorinated species via an exothermic
reaction, which causes a risk for the onset of thermal runaway.**-*°
To avoid this risk, research has been focused on finding alter-
native non-fluorinated binders.’’* Another disadvantage of
using PVDF is its price, which is about 20 US$ kg='.5¢ As
previously stated, PVDF is soluble in non-environmentally
friendly solvents that are used to cast the electrodes, such as
NMP. According to its material safety data sheet, NMP is known
to be a mutagen, tumorigen and reproductive effector; its LDsq
on rabbit skin is 8 mg kg~'. Moreover, as mentioned by Lux ef al.
it is not easy to dispose PVDF at the end of the battery life.*®
Water soluble binders have already been investigated with some
anode materials such as silicon and tin where more flexible and
compatible binders are needed. Upon cycling, these active
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Fig. 13 Discharge capacities of ZnMn,O, electrodes prepared from
powders sintered at 800 °C and made using five different binders: PVDF,
NaCMC, LiCMC, XG, and Baytron.

materials suffer from a large volume change between the charge
and the discharge states (250-300%).! PVDF is not able to
accommodate this large volume change. Binders such as styrene-
butadiene rubber (SBR), NaCMC, and combinations of both
were studied with silicon and provided great improvement of the
capacity retention.’”®® NaCMC has the advantage of being
water soluble because of the carboxymethyl groups attached to
cellulose. In addition, as stated by Lux et al., the use of NaCMC
as binder will make the recycling of Li-ion battery anodes much
easier because the calcination of NaCMC at 700 °C yields
Na,COs, a naturally occurring mineral deposit.>*? In addi-
tion, its price is quite low, about 6 US$ kg '.5¢ We already
reported on the use of water soluble binders such as LiCMC,
Baytron, NaCMC and XG with carbon MCMB.* They
provided interesting performance. XG is more cost effective than
PVDF, about 13 US$ kg~!, whereas Baytron has the advantage
of being electronically conductive (10 to 500 mS cm™') but more
expensive. 5364

As shown in Fig. 13, the worst performance is obtained with
PVDF as a binder. A first discharge slightly less than 1000 mA h
g ! was obtained, decreasing to 580 mA h g~' on the second cycle
and further to 300 mA h g' after 40 cycles but remained stable
thereafter. Like NaCMC and LiCMC, XG is a cellulose-based
binder; even though it provided very good performance with
carbon MCMB,* it did not perform as expected with ZnMn,O,.
After 30 cycles the capacity stabilized at 350 mA h g~!, which
represents about 45% of the theoretical reversible capacity of
ZnMn,0,. Baytron, which is not particularly known for being an
appropriate binder for materials that suffer from a large volume
change upon cycling, provided better capacities than PVDF and
XG. A first discharge capacity of 1110 mA h g~! and then a stable
discharge capacity of 510 mA h g~" after 70 cycles were obtained,
which corresponds to 65% of the reversible theoretical capacity.
The two best binders were NaCMC and LiCMC; they both
showed a higher first discharge capacity of 1190 mA h g~' and
1145 mA h g, respectively. After 70 cycles, 615 mA h g=' or 78%
of the reversible theoretical capacity was obtained when NaCMC
was used as a binder. Interestingly enough, LiCMC provided

higher capacity values of 690 mA h g' after 70 cycles, which
represents 88% of the reversible theoretical capacity.

Using ZnMn»O, sintered at 800 °C and LiCMC as a binder,
we studied the rate capability of the half-cell made of this anode
material. Prior to the study, the battery was cycled 40 times at
C/10 in order to reach a stable capacity. It was then followed by
increments consisting of five cycles at C/5, C/2, C, 2C, 3C, and
then five additional cycles were performed at C/10. As shown by
Fig. 14, the capacity after 40 cycles at C/10 is over 550 mA h g!
and is almost unchanged at C/5. Capacities obtained for higher
rates are 450 mA h g! for C/2, 340 mA h g~ for C, 230 mA h g!
for 2C, and 150 mA h g~! for 3C rate. The capacity fully recovers
to 600 mA h g~! when the rate is switched to C/10, which makes
this material very attractive for high rate cycling applications,
such as plug-in hybrid electric vehicles.

Effect of the cycling temperature on the cycling performance of
ZnMn, Oy sintered at 800 °C. Half-cells made using LiCMC as
a binder with ZnMn,O, particles sintered at 800 °C for 2 h have
also been cycled at 60 °C. Fig. 15 shows a comparison of the
cycling data at room temperature and 60 °C. Both batteries
showed a similar first discharge and first irreversible capacity,
1145mAh g (5725 mA hmL™") and 400 mA h g~', respectively.
Up to 10 cycles, both batteries showed similar performance, but
upon cycling, the reversible capacity of the battery cycling at
60 °C increased more rapidly than the one cycled at room
temperature. In addition, the difference between the charge and
the discharge capacity is enhanced when the battery is cycled at
60 °C. This behavior is due to the growth of a polymeric organic
layer at the surface of TMOs electrode. It happens at room
temperature but is enhanced with the increase of the cycling
temperature, as already observed by Poizot ez al.* This polymeric
organic layer is primarily made of decomposition products from
the electrolyte solution (EC and DMC in this case). An inter-
esting feature of this polymeric organic layer is that it can
reversibly store lithium, which is the reason why the capacity of
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Fig. 14 Evaluation of the discharge rate capability of ZnMn,0, elec-
trodes prepared from powders sintered at 800 °C and made using LICMC
as binder.
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Fig. 15 Charge and discharge capacities of ZnMn,O, electrodes

prepared from powders sintered at 800 °C and made using LiCMC as
binder. The half-cells were cycled at room temperature and at 60 °C.

the batteries increases with cycling.! The battery eventually rea-
ches a maximum and the capacity starts fading.

Effect of the electrolyte on the cycling performance of
ZnMn, Oy sintered at 800 °C. Fig. 16 shows the cycling perfor-
mance of half-cells made using (i) ZnMn,Oy, particles sintered at
800 °C for 2 h as an active material, (i) LICMC as a binder, and
(iii) three different electrolytes: 1 M LiPF¢ with either the
conventional EC : DMC (1 : 1 vol.), or EC : DEC (3 : 7 by vol.),
or PC. The advantage of using a EC : DEC mixture is that it is
usually more appropriate for high voltage cathode materials such
as LiMn; sNig 504.9° PC on the other hand has the advantage of
providing a better ionic conductivity but is also known for not
forming a stable SEI and for exfoliating graphite.®® Therefore,
PC is suitable and potentially beneficial for use in half-cell. For
the 20 first cycles, all batteries exhibit almost the same reversible
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Fig. 16 Discharge capacities of ZnMn,O, electrodes prepared from
powders sintered at 800 °C and made using LICMC as binder. The half-
cells were cycled at room temperature using the same lithium salt, | M
LiPF¢ in three different electrolytes: EC : DMC (1 : 1 by vol.), EC : DEC
(3:7 by vol.), and PC.
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Fig. 17 Charge and discharge capacity of a ZnMn,04/LiMn, 5sNij 504

full cell. Inset: voltage—capacity curve of ZnMn,0O4/LiMn; sNij 5O, full
cell.

capacity; however, the capacity of the half-cell made using
EC : DEC increases faster than the one made using EC : DMC.
As previously explained, this capacity increase is due to the
formation of an organic polymeric layer that reversibly stores
lithium. After 100 cycles, a capacity of about 800 mA h g!
(4000 mA h mL") is obtained with EC : DEC, which represents
102% of the theoretical reversible capacity of ZnMn,Oy. It is
likely that the use of EC : DEC makes this layer grow faster than
EC : DMC. On the other hand, when PC is used, the half-cell
does not exhibit this capacity increase with cycling. This could be
attributed to the fact that PC does not form this polymeric
organic layer or that the layer formed with PC is inactive to
lithium storage. PC provides a stable capacity of 675 mA h g!
(3375 mA h g'), which corresponds to 86% of the theoretical
reversible capacity of ZnMn,O4. A study of the electrode
surfaces is currently under investigation.

A full Li-ion cell made of ZnMn,O4/LiMn, 5Nijs04. To the
best of our knowledge, it is the first time that Li-ion batteries are
assembled using ZnMn,O, as an anode material, LiMn; sNij sO4
as a cathode material,® and 1 M LiPF¢ in EC : DEC (3:7 by
vol.) as the electrolyte. The battery performance is shown in
Fig. 17. A Li-ion battery of this type is very challenging to
assemble in terms of charge balance due to large discrepancies in
the theoretical capacity of the two materials (5 : 1) and also due
to the expected irreversible capacity during the first cycle.
Therefore, in this case it was found that about 30% excess of
cathode material was needed to obtain a well balanced
ZnMn,04/LiMn; sNig 504 cell. The cells were cycled between
1.5 V and 4.7 V at C/10 and the capacities were reported versus
the limiting electrode (cathode). The initial capacity at a cycling
rate of C/10is 108 mA h g~!, decreasing after 20 cycles to 68 mA
h g7'. During the first charge there is a plateau at 4.1 V; however,
during the subsequent discharge and charge, the charge vs.
voltage curve exhibits a sloping voltage between 3.5 V and 3 V
and 3.5 and 4.1 V, respectively. Unfortunately, after 20 cycles,
the battery exhibits a capacity of only 75 mA h g~

This journal is © The Royal Society of Chemistry 2011
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Conclusions

In this paper, we presented a simple co-precipitation method to
synthesize manganites of TMs, AMn,O4 (A = Co, Ni, Zn) and
their performance in lithium batteries. ZnMn,O, showed
significant improvement in the capacity retention over the simple
MOs ZnO and Mn,0;, while CoMn,O, and NiMn,0O, gave
either low or rapidly fading capacities. ZnMn,O, sintered at
800 °C for 2 h has been found to be the most promising
manganite. A study of ZnMn,O,4 composites with different types
of binders showed that LiICMC gave the best battery performance
in terms of accommodating volume changes during cycling, by
providing the highest discharge capacity (690 mA h g=! or 3450
mA h mL ") and its retention (88%) over cycling. ZnMn,Oy, also
showed excellent rate capabilities with a recoverable capacity of
610 mA h g ! at C/10 and 170 mA h g~! at 3C. When cycled at
60 °C, a capacity increase was observed due to the growth of an
organic polymeric layer on the anode; the effect of this layer was
even more pronounced when EC : DEC (3 : 7 by vol.) was used as
solvent whereas a lower but more stable capacity was obtained
with PC. Finally, a ZnMn,O4/EC : DEC (3:7 by vol)—1 M
LiPF¢/LiMn; 5sNip 504 full cell was made and gave an initial
capacity of 108 mA h g~' with an average output voltage of 3.5 V.
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