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ABSTRACT: We report in this work a copper-doped Lij gsNij 46Cug ;Mn 40, spinel-
structured compound prepared by an easy, two-steps coprecipitation and solid state
process and used in a lithium-ion battery in combination with a CuO-based anode. We
show that the spinel-type cathode adopts unique morphology, characterized by well-
developed, crystalline and aggregated microparticles, that considerably reduces the
occurrence of side reactions. This cathode material can operate in a lithium cell at
voltages as high as 5.3 V without sign of electrolyte decomposition, delivering a
capacity of about 100 mA h g~ with high retention and high Coulombic efficiency
over prolonged cycling. The combination of the LiygsNij 46Cug 1 Mn, 46O, cathode with
a conversion-type, CuO—MCMB anode results in a new type of lithium ion battery
characterized by a voltage value of 3.4 V, a stable capacity of 100 mA h g™' and a high

Coulombic efficiency (exceeding 95%). Expected low cost, safety, and environmental compatibility are additional advantages of

the lithium-ion cell reported here.
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1. INTRODUCTION

The emerging hybrid and electric automotive market, as well as
the development of alternative energy plants, call for new
energy storage systems with high performance in terms of
efficiency, cost, power, and safety.l_3 Lithium ion batteries,
namely the power sources of choice for consumer electronics,
appeared as the most suitable candidates to meet the goal.
Substantial progress of the present technology, however, is
needed to upgrade lithium batteries to the level requested for
proper vehicle operation. It is now well ascertained that a
significant breakthrough in this field may be achieved only by
the development of electrode materials assuring performance
higher than those of the state-of-art.

Viable cathodes alternatives to conventional LiCoO, are
lithium manganese oxide spinel, LiMn,O, and its doped
compounds, e.g,, LiMn, M,O, with M = Nj, Cu, Fe, and Cr,
since they are characterized by higher working voltage, lower
cost, and improved environmental sustainability.*”® The
influence of metal doping on the electrochemical performances
of spinel electrodes in lithium cells, both in terms of delivered
capacity and cycling stability, has been in fact well-known: a
classical example is the nickel-doped LiNi;sMn, ;O, spinel that
cycles in lithium cells with a high 4.8 V voltage, combined with
a good capacity in the range of 120 mAh g~'.77!!

Few examples of multiple doping of lithium manganese oxide
electrodes are available in the literature. A first example is a
nickel-substituted LiNi,Cuys_.Mn, O, (0 < x < 5) compound
reported in 1999 by Ein-Eli et al.'> More recently, Liu and
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Manthiram"? investigated an iron-doped LiNij 4,Fej0sMn; sO,.
Moreover, Wang at al.'* reported a ruthenium-doped
LiNij4RuyosMn,; sO, phase. All these materials provided good
performance when tested as electrodes in lithium cells,
delivering capacity values of the order of 100 mAh g~', high
rates, and good cycle life. However, to our knowledge, a
copper-doped material safely operating at voltages higher than
5V has not been reported so far. Previous similar compounds
were in fact prepared with particle size reduced to the nano
dimension, a morphology that, if from one side enhances the
rate of the electrode, from the other increases its reactivity
toward the electrolyte, with resulting limitation in the operating
voltage.

A remaining issue for this high voltage spinel is in its poor
compatibility with the electrolyte, especially at the end of the
charging process. It is therefore of particular importance to
develop materials with optimized morphology in terms of
particle size and of tap density, such as to achieve the best
condition for controlling the electrode stability."> Moving from
nano- to macrometric particle size may greatly reduce the
reactivity of the electrode. Following this approach, we report
in this work the synthesis and characterization of a copper-
doped, micrometric particle size LijgsNig4sCugMn 400,
spinel. We show that this material can reversibly cycle in a
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lithium cell with a charge voltage cutoff higher than 5 V, with a
good capacity and, particularly, with no sign of degradation of
the electrolyte. Furthermore, we show that this improved spinel
may be successfully used as cathode in a new configuration,
lithium-ion battery using a CuO—MCMB composite anode.
The battery operates for over 50 cycles at an average voltage of
3.4 V and a stable capacity of 100 mAh g™".

2. RESULTS AND DISCUSSION

2.1. Li0.85Ni0.46cuO.1Mn1.4904 E|eCtrOde. Figure 1 ShOWS
the X-ray diffraction (XRD) pattern of the synthesized sample,
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Figure 1. XRD pattern of the LijgNig,sCu o ;Mn; 40, phase (red
curve) and characteristic signals of the Fd3m LiNiysMn, s O, phase.

described by the molecular formula LijgNij46Cug Mn, 490,
This phase displays a crystalline, cubic, face-centered spinel
structure with Fd3m space group. All the characteristic signals
of the spinel phase (JCPDS: no. 802162) are detected in the
XRD pattern, with no signs of impurities.

By Rietveld refinement of diffraction data, we determined
that the LijgsNig4CugMn; 40, phase is characterized by a
cell parameter of about 8.167 A, a value slightly different
compared with that of the conventional LiNi,sMn, O,
reference phase (8.1667 A) and by crystalline domains
dimensions equal to 1950 (+50) A.

The graphical representation of the cubic spinel structure
adopted by our material, elaborated using the cell parameter
determined by the XRD data analysis, and its morphology,
studied by scanning electron microscopy (SEM), are reported
in Figure 2. The sample consists of highly crystalline,
polyhedrally shaped particles organized in uniform aggregates.
The particle size ranges from the micrometric (~$S ym) to the
submicrometric (~1 ym) scale, with morphology matching the
expected one for spinels annealed at temperature higher than
800 °C,"*'” as in fact is the synthesis condition for our sample
(see the Experimental Section).

Figure 3A shows the potendionamic cycling with galvano-
static acceleration (PCGA) curves performed in a three-
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Figure 3. Potential vs Li*/Li in function of Li-intercalation degree “x”
(A) and incremental capacity versus potential curve during lithium
intercalation/deintercalation process. (B) Profiles of the PCGA test of
the Ligg5Nig 44Cug ;Mn, 490, electrode in three electrode configuration
lithium cell. (inset) Evolution upon cycling of the equivalents x of Li*
exchanged during discharge.

electrode lithium cell, within 3—5.3 V limits, in terms of
potential evolution of the lithiation—delithiation processes
versus Li-intercalation degree (x) upon cycling. We see that the
lithium ions intercalated into the electrode spinel structure
correspond to 0.68 equivalents during the first discharge and to
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Figure 2. Spinel structure and SEM images of the LigsNig46Cug;Mn, 490, material.
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Figure 4. Charge—discharge voltage profiles and specific capacity vs cycle number plot of the Li/1 M LiPF4 PC/Lig gsNij 44Cug ;Mn; 40, cell at C/3

rate (A and B) and at different C-rates (C and D).

0.67 in the following ones; see the red dots in the inset figure
(reporting the intercalation degree x versus cycles).

Figure 3B, which shows the incremental charge versus
potential profile of the PCGA test performed using the
Lij gsNig 46Cug Mn 45O, electrode, demonstrates quite remark-
able response. The electrochemical process evolves in charge
(delithiation) with four oxidation peaks, at 4.02, 4.28, 4.69, and
4.79 V, respectively. The high voltage peaks at 4.69 and 4.79 V
can be attributed to the Ni**/ Ni** and the Ni*/ Ni>* redox
couples, respectively, while the signal at 4.02 V is associated to
the Mn**/ Mn* redox process.®'>'”'® The peak centered at
4.28 V may be most likely assigned to the Cu®*/ Cu*" redox
couple, as reported by Chemelewsky and Manthiram."
However it cannot be excluded that this peak is due to the
shift to higher potential, induced by the presence of Cu dopant,
of the ~4 V signal attributed to lithium extraction from the
tetrahedral 8a sites, as reported by Fey et al."® and Ein-Eli et
al*® The occurrence of Ni**/ Ni** redox reaction at potential
values higher than those typically expected, ie. 4.69—4.79 V
instead of 4.6—4.7 V,* can be explained taking into account the
contribution of the Cu®*/ Cu®" substituent couple,"”> whose
signal is at 4.95 V wvs Li*/Li in LiCuy3Mn, O, The
corresponding peaks, displayed in the reverse discharge
(lithiation) curve can be clearly identified at 4.01, 4.27, 4.67,
and 4.76 V vs Li*/Li, respectively. The mirror image of the
PCGA anodic and cathodic profiles registered in this PCGA
test evidences the fast kinetics of the electrochemical process,
which cycles with a full reversibility and with an overpotential
as low as about 0.01 V. The low irreversibility detected in the
high voltage region of the first cycle can be associated with side
reactions at the electrode interface resulting from the formation
of the solid electrolyte interface (SEI).*!
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Figure 4A shows the response of the
Lij gsNig 46Cug ;Mn, 45O, electrode in a lithium half-cell in
terms of charge discharge voltage profiles in the 3.0-5.3 V
voltage range and at a current of 48.6 mA g™, corresponding to
a C/3 rate. Four plateau regions, confirming the peak sequence
shown by the PCGA curves (compare Figures 3 and 4A) are
displayed. The figure evidence that the presence of Cu dopant
accounts for a very low polarization of the electrochemical
process, resulting in high Coulombic efficiency upon cycling. In
addition, the particular morphology of the cathode, charac-
terized by aggregates of well-crystallized particles with
submicrometric dimensions, reduces the electrolyte decom-
position kinetics, with consequent very high stability even at
voltages as high as 5.3. Moreover it is reported in the
literature'® that the octahedral morphology, coupled with
abundance of {111} crystallographic planes on the surface,
plays a key role in improving the cycling behavior of the
electrode, both in terms of stability and rate capability. The
electrode cycles with a remarkable capacity stability of about
100 mAh g~ for over 100 cycles and with a charge—discharge
efficiency extending up to 98%. To be noticed that the
electrode can be cycled up top 5.3 V without any apparent
decomposition of the electrolyte. The slight irreversibility
detectable in the first cycle may in fact be attributed to the
formation of a passivation (SEI) film on the electrode surface.”!

The delivered capacity corresponds to 69% of the maximum
theoretical value, calculated as 146 mAh g™' by considering the
exchange of 1 lithium equivalent per mole. This apparently low
practical capacity value can be mainly attributed to two factors:
(i) the micrometric aggregated morphology, required to
increase the electrode stability that, however, may affect the
capacity, in particular at high crates and (ii) the lithium
content that is lower than one. On the other hand, accepting a
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capacity at the still considerable value of 100 mAh g™' for
assuring high voltage stability appears to be a satisfactory
compromise.

Figures 4C and D show the electrode cycling response at
different rates, i.e. 1C, C/3, C/5, C/10, and C/20. The related
voltage profiles reveal that the electrode polarization follows the
expected trend by decreasing as the C-rate decreases. The
capacity varies from about 110 mAh g™', ie. 75% of the
theoretical value, at C/20 to about 75 mAh g™, i.e. 53% of the
theoretical value, at 1 C.

Figure SA reports the evolution of the electrochemical
impedance Nyquist plots of the LijgsNij4sCug Mn; 400,
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Figure S. Nyquist plots of the Li/l1 M LiPFs PC/
Lig gsNig 46Cug ;Mn; 450, cell registered at increasing cycle number
(A) and corresponding parameters determined by the refinement of
the EIS data (B).

electrode upon cycling in lithium half-cell in the set 3.0—-5.3
V voltage range. All the spectra, registered at the fully
intercalated state of the electrode (3 V vs Li*/Li), display
high-to-medium frequency semicircles that can be interpreted
as representatives of interfacial phenomena, such as passivation
film formation and charge transfer.”” Figure SB, reporting the
evolution of the overall interphase resistance upon cycling,
evidences a fluctuating trend varying from about 56 € at OCV
(open circuit voltage before cycling) to about 82 Q at the end
of the first cycle, to then decrease and reincrease between 56
and 76 €, in turn reflecting the periodic solid electrolyte
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interphase (SEI) film formation—dissolution phenomena
usually experienced with the progress of the charge/discharge
cycles.”

2.2. CuO—MCMB/LiggsNig 46CUg1Mn4 400, Lithium-lon
Battery. The unique characteristics of the
Lip gsNig 46Cug ;Mn, 49O, electrode, including the stability of
the electrode/electrolyte interphase upon cycling (see Figure S)
and the suitability to operate at high voltages with good
electrochemical performances (see Figures 3 and 4), pose it as a
very promising cathode material for advanced lithium ion
batteries. To confirm this expectance, a full battery combining
Lij gsNig 46Cug ;Mn; 4O, with a CuO—MCMB composite
anode was assembled and tested. The selected anode operates
with very good electrochemical performance as demonstrated
in a previous work.>® It is therefore expected that its
combination with LijgsNig4Cug Mn,; 490, can indeed give
rise to a quite valid lithium ion battery operating on the basis of
the process:

CuO + Lig¢Nig 46Cug ;Mn, 400,

= Li,CuO + Li(yg5_,)Nig4sCug 1 Mny 450, (1)

Figure 6A shows the electrochemical profiles of the two
single electrodes separately, suggesting that their combination
may result in a full battery operating in the 3.4 V range. This is
in fact the case; see Figure 6B which illustrates the multistep
voltage profiles at a C/3 rate (with electrochemical activation of
the anode, see the Experimental Section) ranging between 2.3
and 4.2 V and centered at about 3.4 V. A decay of the average
discharge voltage is observed in the full lithium ion cell cycling
response. This decay may be ascribed to the restoring of the
cell-balance upon cycling, which is deeply influenced by the
very high specific capacity of the CuO—MCMB anode here
adopted. Moreover, it cannot be excluded that the evolution
over time of the solid electrolyte interphase affects the electrode
kinetics, and, therefore, the operating voltages of the cell.

The battery delivers a specific capacity of about 100 mAh g~*
(referred to the cathode mass) with a Coulombic efficiency of
about 76% at the first charge—discharge cycle increasing to 95%
during the following cycles. Again, we can safely attribute the
initial irreversibility to film formation at the cathode side.

Finally, Figure 6C confirms the good performance of the
battery that is cycling with good capacity retention and with an
efficiency approaching 100%.

3. CONCLUSION

In this paper we discuss and evaluate a copper-doped, high-
voltage LijgsNig46Cug Mn; 4O, spinel electrode prepared
easily by two steps: a coprecipitation, solid-state process. We
show that the electrode is characterized by a favorable
morphology based on micrometric particle size. The unique
morphology we adopted is characterized by well-developed,
crystalline, and aggregated microparticles, that considerably
reduces the occurrence of side reactions. We show in fact that
our electrode can operate at voltages as high as 5.3 V without
sign of electrolyte decomposition. We demonstrate that this
electrode, when cycled in lithium battery, can deliver a capacity
of about 100 mAh g™/, i.e. a value comparable with those of the
literature counterparts, with a high capacity retention and high
coulombic efficiency over prolonged cycling. By combining the
Lig gsNig 46Cug ;Mn; 40O, cathode with a conversion-type,
CuO—MCMB anode, a full lithium jon battery exhibiting
good performances in terms of voltage (3.4 V), coulombic
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Figure 6. Typical charge—discharge voltage profiles of the
Lig gsNig 46Cug ;Mn, 450, cathode and of the CuO—MCMB anode
(A), response of the CuO-MCMB/1 M LiPF¢; PC/
Lig gsNig 46Cug ;Mn; 450, lithium ion cell in terms of voltage profiles
(B), and capacity versus cycle number at C/3 rate (C).

efficiency (about 95%), and capacity stability for SO cycles, is
obtained. Certainly, further study is required to properly
improve the cell configuration, the cycling conditions, including
the high temperature setup, and the cell balance. However, to
the best of our knowledge, such a copper-based battery system
is here originally reported. This battery employs sustainable,
eco-compatible, low-cost, and easily prepared electrode
materials, an additional bonus that makes it particularly suitable
for practical exploitation.
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4. EXPERIMENTAL SECTION

Synthesis. The Lij gsNig46Cu ¢;Mn, 40, sample was prepared by a
two-step synthetic route consisting in a coprecipitation followed by a
solid state reaction.”® NiSO,-6H,0 (Sigma Aldrich, ACS reagent
99%), CuSO,-SH,O (Sigma Aldrich, ACS reagent >98%), and
MnSO,-1H,0 (Sigma Aldrich, ACS reagent >98%) were used as
starting materials in the coprecipitation reaction. An aqueous solution
of NaOH with a concentration of 4.8 mol/L was continuously added
to a 2.4 mol/L aqueous solution of the starting materials in the
stoichiometric ratio NiSO,-6H,0:CuSO,-5H,0:MnSO,-1H,0 =
0.225:0.05:0.725. An aqueous solution of NH,OH was used as
chelating agent and added to the solution.

Upon NaOH,, dropwise addition, the pH, temperature and
stirring speed of the starting materials solution were carefully
controlled and set to 11, 25 °C, and 300 rpm, respectively.

The [Nig,,5CugosMng7,5](OH), precursor powder, obtained
through the filtration of the solution, was washed with distilled
water several times and then dried at 100 °C overnight.

The [Nig,,sCugosMng7,5](OH), powder was then mixed with
LiOH-1H,0 (Sigma Aldrich, ACS reagent >98%) in the molar ratio
[Nig,,5CugosMng 7,5 ] (OH),:LIOH = 1:2.2 for the synthesis of
LiggsNig4Cu ¢;Mn,; 450, The hydroxide powder was grinded and
then annealed in air at 850 °C for 20 h. The composition of the
synthesized oxide was determined by inductively coupled plasma—
atomic emission spectroscopy (ICP-AES) by using a Vista MPX Rad—
VARIAN instrument.

Structural and Morphological Characterization. XRD meas-
urements were performed using a Rigaku D-Max diffractometer
equipped with a Cu Ka radiation source. The sample morphology was
investigated by scanning electron microscopy using a Phenom-FEI
instrument.

Electrochemical Characterization. The Liy¢sNij4sCu
01Mn, 46O, electrode was prepared by mixing the active material,
polivinylidene fluoride PVAF 6020 (Solef Solvay) binder and Super P
carbon (MMM Belgium) in the weight ratio (%) 80:10:10, using N-
methyl-2-pyrrolidone as solvent.

The obtained slurry was cast as thin film on aluminum foils by
doctor-blade deposition. The loading of the electrodes was of about
3.5 mg/cm?

Swagelok t-type lithium half cells were assembled using a lithium
metal foil counter electrode and a Whatman separator soaked in 1 M
LiPF, propylene carbonate (PC) electrolyte solution. The lithium half
cells were cycled at different C-rates in the 3—5.3 V vs Li*/Li voltage
range.

The lithium ion full cell was set together by coupling the CuO—
MCMB composite film anode>* with the film cathode in a 1 M LiPF,,
PC electrolyte solution. Prior to the cell testing, the CuO—MCMB
electrode was electrochemically activated by 2 cycles in a lithium metal
cell in the 0.02—3 V vs Li*/Li voltage range, in order to place it in its
steady state working condition.

The specific capacity of the anode was balanced by selecting 1:1
weight ratio versus the cathode with active material loading of 4 mg/
cm?® The lithium ion cell was cycled at C/3 rate, referred to the
cathode active material mass, in the 1.5—5 V vs Li*/Li voltage range.

All the galvanostatic cycling tests of the lithium and lithium ion cells
were performed using a Maccor 4000 series Battery Test System. A
Bistat Bilogic Science Instrument was used for potentiodynamic
cycling with galvanostatic acceleration (PCGA) tests on lithium metal
half cells with three-electrode configuration, i.e. by using a lithium
metal reference electrode. electrochemical impedance spectroscopy
(EIS) tests were run on a Li/1 M LiPF,, PC/LiygsNig 46Cug1Mn; 490,
cell with a Bistat Bilogic Science Instrument, applying a 20 mV
amplitude signal in the 1 MHz to 10 Hz frequency range. All the cells
were assembled under inert conditions in an argon-filled glovebox, and
all the electrochemical tests were performed at room temperature.
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