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Abstract Lithium manganese oxide (LMO), mechano-
chemically modified by ball-milling, is a potentially useful
active material for high-power-density cathodes of lithium
ion batteries. The present work investigates the electrochem-
ical characteristic of a cathode prepared from a controlled
mixture of nano- and micrometric LMO particles processed
in this approach. The nanoparticles in the mixture support
surface-localized insertion/extraction of Li and thus increase
the cathode charge/discharge rates. The LMO micro-
particles promote cathode cyclability by stabilizing the
coexisting nanoparticles against segregation and strong elec-
trolyte reactions. The underlying mechanisms of these
effects are studied here using voltammetry, galvanostatic
cycling, Ragone plot construction, and electrochemical im-
pedance spectroscopy. The relative timescales of charge
transfer and diffusion of Li+ within the LMO lattice are
determined, and the criteria for material utilization during
rapid charge–discharge are examined.

Keywords Ball-milling . Lithium ion battery . Lithium
manganese oxide . Nanomaterial . Ragone plot

Introduction

Lithium ion batteries designed for pulse-power applications
require that the electrode materials be capable of supporting

fast intercalation/de-intercalation of Li+. A widely practiced
approach to achieving this goal is to use nano-sized particles
of active materials, where the lithium insertion/extraction
steps are accelerated by reducing the diffusion length of Li+

within the host lattice [1]. Because intercalation/de-interca-
lation occurs primarily as “surface” (rather than bulk) reac-
tions in such cases, the Li-host nanoparticles experience
reduced volumetric stress of lattice deformation; this serves
to increase both the cycle-life and the coulombic efficiency
of the battery. However, while the increased specific area
improves the rate capability and cyclability of electrode
particles, this also makes the electrode more susceptible to
segregation and/or modification by Faradaic reactions of
electrolytes/impurities [2].

A viable option for boosting the power density, without
sacrificing the electrochemical stability of an electrode, is to
incorporate strategically designed mixtures of nanometric
and micrometric active particles in the electrode film [3].
The micro-particles in such a mixture “protect” the nano-
particles from electrolyte induced degradation, while the
smaller particles promote fast charge/discharge. Mechano-
chemical processing via ball-milling of micrometric par-
ticles offers a broadly reported effective method to achiev-
ing such controlled size distributions of active particles [4].
Mechanical pulverization by ball-milling allows for particle
size reduction of commercially obtained or chemically syn-
thesized micro-structured materials. Ball-milling can also
support mechano-chemically induced reactions on continu-
ously renewed surfaces, leading to material modification at
the nanoscale. These mechano-chemical reactions, dictated
by a combination of milling variables, control particle size
distributions, as well as the processes of alloying and new
phase formation [5, 6].

Focusing particularly on the considerations for fast
charge/discharge Li ion batteries, the present work
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investigates certain electrochemical attributes of the ball-
milled form of a cathode material, lithium manganese oxide
(LMO, LiMn2O4). LMO has an adequate charge capacity
and coulombic efficiency, as well as good rate capability
and environmental compatibility [7–9]. Ball-milling has
been shown to further improve several aspects of this mate-
rial’s cathode performance [4, 10]. Various structural prop-
erties and the main charge–discharge characteristics of ball-
milled (BM)–LMO cathodes have been studied by other
authors [5, 6, 11–13]. In a recent work, we have examined
certain kinetic aspects of accelerated charge–discharge of
LMO cathodes fabricated from BM particles [10]. In the
present investigation, we extend our previously reported
experimental strategy to study the relative times of the
kinetically controlled and diffusion limited steps of Li inter-
calation/de-intercalation in BM–LMO. Using Ragone plots
of energy–power correlation, we also examine here how the
amount (effective thickness) of the utilized active material
changes with variations in the charge/discharge rates (C-
rates) and active particle sizes.

The cathode films are electrochemically characterized in
half-cells using Li anodes in electrolytes of LiBF4 (known
for suppressing Mn dissolution [14]) in a mixture of ethyl-
ene carbonate (EC) and diethyl carbonate (DEC). The syn-
ergistic effects of different particle sizes in the BM material
are probed with slow-scan cyclic voltammetry (SSCV),
galvanosatic charge–discharge, and electrochemical imped-
ance spectroscopy (EIS). The criteria for material utilization
during fast charge/discharge are examined using Ragone
plots of energy and power densities. EIS results are analyzed
using the complex non-linear least square (CNLS) method
to determine the voltage-dependent kinetic parameters of Li
transport in the LMO cathodes. The relative timescales of
charge transfer and Li+ diffusion are determined from these
EIS data.

Experimental

Cathode fabrication and test cell assembly

A slurry initially consisting of 10 g of LMO powder (Sigma
Aldrich), 15 ml of 2-propanol (reagent-grade), and cerium-
stabilized zirconium oxide beads of 1.2–1.4 mm diameter
(Union Process) was ball-milled for 13.5 h at various rates
to obtain a bimodal distribution of particles with 300 nm and
1.3 μm average diameters. Milling was performed using a
vertical shaft-driven model HD-01 Attritor, and the resulting
slurry was dried for 12 h in a vacuum oven at 80 C. Particle
size distributions were monitored using aMalvernMastersizer
2,000 analyzer. The cathode composite paste contained
80:13:7 weight percents of LiMn2O4/acetylene black/
polyvinylidene fluoride in a base of N-methylpyrrolidone.

Alumina substrates were coated with Au (~1 μm thickness,
served as a current collector) in a Denton cold sputter coater. A
“doctor’s blade” was used to coat the Au film with the LMO
composite paste [2]. The resulting electrodes were dried in a
vacuum oven for 24 h at 100 °C. The final electrodes typically
contained about 0.7 mg cm−2 of active material. Micrographs
of electrode samples were taken using a JEOL-JSM 6300
scanning electron microscope (SEM). The cathode film thick-
nesses were ~15 μm, as determined using SEM.

Electrochemical characterization

All electrochemical measurements used a three-electrode
configuration with Li foils for the counter and reference
electrodes and a working electrode of LMO. The Li salt
was dried for 12 h at 70 °C in a vacuum oven, and the
electrolyte, 1 M LiBF4 in 1:1 (by volume) of EC/DEC was
prepared with Fisher reagent-grade chemicals. The mixed
electrolyte was dehydrated in a flask with dried 4 A molec-
ular sieves (alumina–silicate, Fisher) for at least 12 h before
use. The electrochemical test cell was assembled in a Terra
Universal glove box with a Nitro Watch™ purging system,
and the atmosphere inside the glove box was prepared by
pumping dry air, followed by dry Ar, through a series of
desiccator tubes containing activated molecular sieves
and silica gel [15]. The experimental electrolyte was
purged with ultra-high purity Ar for 30 min before electrode
insertion.

Electrochemical measurements were carried out with
freshly prepared electrodes and using a PAR-VersaSTAT3
potentiostat/galvanostat (for SSCV) or a 1287A Potentiostat
(for galvanostatic and EIS experiments). Ragone plots were
constructed using galvanostatic data recorded at a fixed 1-C
rate of charge and variable rates of discharge. Each fresh
cathode was discharged to 3.4 V to ensure a staring state of
charge (SoC) of zero, and then galvanostatic charge/dis-
charge measurements were performed at different rates be-
tween 3.4 and 4.2 V. In some of these experiments, the
upper voltage limit was extended to 4.3 V to check the
cut-off voltage necessary for complete cathode-charging.
For EIS measurements, the cathode was subjected to inter-
mittent galvanostatic charging (3.4–4.2 V) at a rate of (1/3)-
C, and Nyquist spectra were recorded at several intermediate
open circuit potentials (OCPs) after the electrode current
completely dropped to zero. EIS was performed using a
15 mV rms AC perturbation voltage of frequencies ranging
from 0.01 Hz to 100 kHz. The EIS data were validated by
comparing the input and output frequency spectra and
CNLS-analyzed using ZsimpWin™ to obtain electrode
equivalent circuit (EEC) models. The calculated value of
each EEC element had an uncertainty of <5% and, for
reporting, was normalized with respect to the cathode’s
active material mass.
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Results and discussion

Mechano-chemical processing of LMO powder

The distribution of particle sizes, monitored in terms of aver-
age particle diameters (d) at different stages of milling, are
shown in Fig. 1. The initial size distribution was broad and
centered at ~6 μm. Successively recorded size distributions
show that, in 1.5 h, the peak of particle sizes narrowed to
around 1.5 μm. After 4 h of milling, the particles had reached
an average size of about 1.3 μm. Subsequent milling during
the next 9.5 h was done at a nearly doubled speed of shaft
rotation, which eventually resulted in a bimodal distribution
centered at ~1.3 μm and ~300 nm. The shifting of size
distributions after sonication indicated some degree of initial
agglomeration, which was not present in the final dried pow-
der. Sequentially taken SEM images, shown in Fig. 2, indi-
cated how the particle morphologies evolved from relatively
large and irregular to smaller, more uniform structures.

Cyclic voltammetry and Faradaic reactions of surface films

If an intercalation material is subjected to rigorous ball-
milling, it is necessary to ensure that the intrinsic ability of

the sample for hosting Li+ ions remains unaffected by the
mechano-chemical processing conditions applied. This can
be accomplished in a relatively straightforward way by using
SSCV, where the cathode is charged and discharged under
voltage control to probe its expected characteristic features. A
primary signature of Li+ insertion in LMO is that the reaction
is a two-step Faradaic process [16]. The presence of these two
reaction steps generally indicates adequate structural integrity
of the host lattice and can be observed as clearly distinguish-
able current peaks in SSCV [17]. Slow potential scans used in
such experiments allow for the time necessary to support
solid-state diffusion of Li+ and minimizes the double-layer
currents. Figure 3a shows the results of SSCV experiments,
obtained by applying two consecutive voltage cycles at a rate
(v) of 25 μVs−1 to a cathode prepared from the BM–LMO
particles shown in Fig. 2f.

The left vertical axis in Fig. 3a represents the cell current
(i) plotted against the applied cell voltage (E) and normal-
ized with respect to the cathode’s active material mass. The
intercalation/de-intercalation reactions that lead to this cur-
rent have the following general form [18].

h�d þ Liþd
� ��! � Liþ þ h0

� �þ e� ð1Þ
where [h0]is the empty host lattice site and e− denotes
electrons; +δ is the partial charge on the intercalated Li+

Fig. 1 Evolution of average particle diameters (d) of LMO powder,
sequentially obtained at various stages of ball-milling using different
shaft speeds (RPM). a All-micrometric, AR–LMO. b–c LMO at dif-
ferent stages of milling; (d) final dried particle size distribution. The
dashed and solid lines correspond to LMO particles before and after
sonication of the samples, respectively

Fig. 2 a–f SEM images of LMO powder samples considered in the
corresponding panels of Fig. 1
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and −δ is the opposite charge associated with the intercala-
tion site. The left-hand side of Eq. 1 corresponds to a fully
charged LMO cathode and, on the right-hand side, [h0]≡2(λ
−MnO2). The two current peaks, marked as P1a and P2a in
the anodic cycle of Fig. 3a show the expected two-step
process of Li+ extraction from LMO [17, 19]. The cathodic
counterparts of these current features are labeled as P1c and
P2c, respectively.

At voltages below the location of P1, reaction (1) occurs
within a single cubic phase of LMO, where the SoC (x) is
less than 0.5. At higher voltages, where 0.5<x<1, the LMO
lattice acquires a two-phase structure and gives rise to the
second current peak P2. In the forward (charge) direction of
reaction (1), the LMO particles have more Li in their cores
than in their surface regions, and the situation is reversed
during the discharge step. These mutually disparate concen-
tration profiles of Li+ developed within the LMO particles
during charge and discharge of the cathode causes a hyster-
esis between the forward and backward activations of reac-
tion (1) [20]. As a result, the cathodic current peaks in
Fig. 3a are somewhat shifted toward lower voltages with
respect to their corresponding anodic peaks. These are sig-
nature features of Li intercalation/de-intercalation in LMO,
and the detection of these features in Fig. 3a confirms that

the LMO after milling retains its usual intercalation
characteristics.

A relatively small anodic current peak, labeled Pra, is
observed in the first-cycle voltammogram of Fig. 1a. Based
on earlier reported observations [21–23], this peak can be
associated with Faradic reactions of the native cathode surface
films (CSFs) [2, 10]. This current most likely comes from
irreversible anodic oxidation of Li–EC complexes contained
in the surface films formed on LMO. This CSF reaction
disappears after the first anodic scan and remains absent in
all successive cathodic and anodic voltage cycles. Due to this
reason, the total anodic current drops from cycle 1 to cycle 2.
As shown previously, the CSF reaction current (ir) can be
estimated by writing ir≈(cycle 1)−i (cycle 2). The Faradaic
resistance, Rr, of the CSF reaction can be determined from ir
by using the definition, Rr0(dir/dE)

−1. Voltage-dependent val-
ues of [log (Rr)], obtained in this approach using the data of
Fig. 3a, are shown in Fig. 3b (symbols) where the dashed line
indicates the overall data-trend.

The plot of Rr in Fig. 3b shows two noticeable dips at the
voltages corresponding to the two steps of Li de-intercalation
from LMO. This suggests that CSF oxidation occurs at its
highest rate during Li extraction from the cathode and hence,
most likely involves the release of Li+ ions. Themechanism of
this CSF reaction has been proposed previously, suggesting
that the CSF, composed primarily of a Li–EC complex, oxi-
dizes with simultaneous releases of C3H4O3 and Li+ in the
electrolyte [15]. The values of Rr measured here for the BM–
LMO sample is about an order of magnitude larger than those
measured previously under similar conditions using a cathode
of micron-sized LMO particles [2].

Galvanostatic charge/discharge of cathodes

The cyclability and rate capability of the BM–LMO material
were compared with those of all-micrometric LMO through a
series of galvanostatic charge/discharge experiments performed
at different rates between 0.3-C and 10-C. Illustrative results of
these measurements are presented in Fig. 4, where panels a and
b show capacity vs. voltage plots of AR–LMO and BM–LMO
for three successive cycles, maintained at a 0.3-C rate of
electrode cycling, respectively. In Fig. 4c, the BM sample is
charged/discharged at 10-C. In all three panels, the plots
corresponding to cycles 1, 2, and 3 are labeled accordingly.

The right-most data point on each plot in Fig. 4 represents
the maximum experimentally available capacity, Cm, for the
given sample under the corresponding experimental conditions.
For porous cathode films, Cm0f0CTh, where CTh is the theoret-
ical charge capacity of LMO; CTh0(F/M)0148 mAh g−1;
F and M are the Faraday constant and the molar mass of
LMO, respectively. The fraction f0 is defined as [24]:

f0 ¼ nhð1� fÞLMðm0Þ�1 ¼ CmðCThÞ�1 < 1; ð2Þ

Fig. 3 a Current (i) and intercalation capacitance (Cint) of a BM–LMO
cathode, recorded during the first two SSCV cycles performed at a scan
rate of 25 μVs−1 using an electrolyte of 1 M LiBF4 in 1:1 (volume) EC/
DEC. The current feature Pra arises from electro-oxidation of cathode
surface films. P1a and P2a represent signature features of phase transi-
tion in the host lattice during anodic de-intercalation of Li+. P1c and P2c

are the corresponding cathodic current peaks of Li+ intercalation. b
Faradaic reaction resistance Rr of the surface film of LMO
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where nh is the density of empty host sites [h0] available in the
cathode film to support reaction (1); ϕ and L are the porosity
factor and thickness of the cathode film, respectively; m0 is the
area-normalized mass of LMO in the cathode.

According to Fig. 4a, b, at the relatively slow 0.3-C rate of
cycling the AR–LMO cathode exhibits a higher value of Cm.
This is expected because mechano-chemical effects tend to
partially oxidizeMn and decrease the Li-content of BM–LMO
[25]. Thus, the term nh in Eq. 2 acquires a comparatively
lower value for the BM sample, which acts to limit the
maximum available capacity of the sample [11]. Despite its
initially constrained values, the capacity of the cathode in
Fig. 4b fades at a relatively lower rate. In particular, the first-
cycle capacity loss, which is associated mostly with CSF
reactions, is comparatively less drastic for BM–LMO. This is
consistent with the rather large values of Rr observed in Fig. 3b
for BM–LMO. At increased cycling rates, the charge capacity
of the AR–LMO cathode was found to drop noticeably, where-
as that of the BM–LMO cathode decreased by lesser amounts
under the same conditions. Sample results for the latter case are
presented in Fig. 4c, showing that, even after a >30-fold
increase in the C-rate, the capacity of the BM–LMO cathode
remains nearly unchanged with respect to its values observed
in Fig. 4b. Because the voltage range (3.4–4.2 V) used in
Fig. 4b was slightly smaller than that (3.4–4.3 V) in Fig. 4c,
the capacities measured in the latter case typically exhibited a
small increase (3–5%) in their values. Nevertheless, the general
level of capacity retention for BM–LMO remained essentially
unchanged between 0.3-C and 10-C.

The electrochemical performance of BM–LMO observed
under the conditions of rapid charge/discharge is rooted in
the fast transport of Li+ within the nano-metric constituent
of this material. To illustrate this point, we note that the net
rate of reaction (1) is dictated by the timescale of slow (solid
state) diffusion of Li+ in the LMO matrix. The characteristic

diffusion time, tðoÞd , of Li in an active particle has the form
[10, 26]:

tðoÞd ¼ ðldÞ2ðeDÞ�1; ð3Þ
where ld is the Li+ diffusion length, which corresponds to

the dimension of the active particle. D
�

is the chemical
diffusion coefficient of Li+ in LMO. According to Eq. 3,
the diffusion time of Li+ is considerably reduced as the
LMO particle size is reduced from micro- to nano-scale

[23]. Furthermore, the value of D
�

for a nanoparticle host
is larger than that for a micro-particle, because the diffusion
channels are restricted in the former case [1]. These attrib-
utes of the nanosized active particles enhance the cathode’s
charge/discharge rate capability.

Galvanostatic charge/discharge characteristics of the
BM–LMO and AR–LMO cathode samples were also tested
under the conditions of extended cycling, using 50 repeated
cycles at a rate of 3-C (detailed results not included here).
Cumulatively, the BM–LMO exhibited a 90% capacity re-
tention over 50 cycles in comparison with a 76% retention
for the all-micrometric sample. However, the coulombic
efficiencies, calculated as [Cm (discharge)/Cm (charge)]
from the 3-C galvanostatic data, were quite comparable
between the two samples, with a consistently fixed value
of 99.2% over 50 cycles.

The Li-host nanoparticles experience reduced volumetric
stress of lattice deformation, because intercalation/de-inter-
calation occurs primarily as surface-localized reactions. This
serves to improve both the cycle-life and the coulombic
efficiency of the electrode. The larger LMO particles includ-
ed in the cathode film support chemical and structural sta-
bilities of the film by restricting electrolyte reactions and
segregation of smaller particles in the mixture [10]. Thus,
the bimodal particle-size distribution of the BM–LMO
found in Fig. 1f plays a major role in improving the rate
capability and cyclability for this sample.

Correlation between energy and power densities

The gravimetric specific energy, εs, of a battery electrode is
obtained as a product of the open circuit voltage and the
specific charge capacity of the cell. The average specific
power, Ps, delivered by the battery while charging, or
extracted from the battery while discharging the cell is given
by the ratio, εs/Texp. Here, Texp denotes the total charge or

Fig. 4 Charge/discharge plots for LMO cathodes prepared with a all-
micrometric and b, c BM materials. The three upper and lower sets of
plots represent charge and discharge steps of the first three galvano-
static cycles of fresh samples, respectively. The cycle numbers and C-
rates are indicated
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discharge time experimentally set by the C-rate, which, in
the galvanostatic mode, is done by selecting a predeter-
mined value of the electrode-area normalized discharge
current, ig. The energy available from the cell at a given
C-rate depends on the relative values of Texp and the net
diffusion time of Li in the capacity-limiting electrode. Thus,
the usable charge capacity of the electrode is given as
Cm(used)0[(igTexp)/m0].

The diffusion time defined in Eq. 3 is based on the consid-
erations of a single active particle. To estimate the overall time
scale of Li diffusion in the context of material utilization of a
full electrode, it is appropriate to generalize the single-particle
diffusion length to the following form [24]:

Leff ¼ nhVMð1� fÞL ¼ m0VMCmðFÞ�1; ð4Þ
Where Leff is the effective length that has to be travelled by
intercalating ions within the cathode to fully utilize the avail-
able host sites; VM is the molar volume of the active material.
The condition for full utilization of the energy stored in the
electrode can be written as:

Texp > td ¼ Leffð Þ2
eD ; ð5Þ

Where τd is the minimum diffusion time necessary for Li
transport to completely charge or discharge the whole elec-
trode. This condition places a restriction on the lower limit of
Texp and hence on the upper limit of Ps that is available from an
electrode specified by a given pair of Cm and εs. This correla-
tion betweenPs and εs can be examinedwith Ragone plots [27].

Figure 5 shows Ragone plots, recorded using the same
electrolyte composition, for two electrodes prepared with (a)
AR–LMO and (b) BM–LMO particles. In each case, the
experimental cathode was subjected to repeated galvano-
static discharge cycles at variable rates between 1-C and
30-C following a fixed 1-C rate charging. The specific
energies were determined by numerically integrating E vs.
C plots of the discharge cycles. The diagonal lines indicate
the discharge times (Texp) associated with selected data
points. At low values of Ps, variations in εs for both the
BM- and the AR-LMO samples are relatively insensitive
with respect to increasing the power output. In this region, εs
for AR–LMO is somewhat larger than that of BM–LMO,
because, as already noted in Fig. 4a, b, the specific capacity
for the former is comparatively larger under the condition of
slow discharge. However, under the conditions of fast dis-
charge (log Ps>3 W kg−1), the BM–LMO cathode exhibits
its noteworthy electrochemical performance by providing
relatively high energy densities available for utilization.
While a large absolute capacity of the electrode in a Li ion
battery is essential for high-energy-density applications, the
rate capability serves as a critical electrochemical character-
istic of cathodes for high-power-density applications. The

Ragone plots in Fig. 5 illustrate the usefulness of the BM
approach to electrode fabrication in such cases.

At Texp <5 min, plot (a) in Fig. 5 begins to curve down
noticeably, indicating that the condition specified in Eq. 5 is
no longer met for this case at such fast rates of power
consumption. On the other hand, plot (b) for the BM–
LMO stays reasonably flat at even lower values of Texp,
demonstrating that Eq. 5 continues to hold for this sample
during increased power delivery by the half-cell. As shown

elsewhere [10], D
�

for the BM–LMO is considerably larger
than that of the all-micrometric LMO. This promotes fast
charge/discharge of BM–LMO, while maintaining the con-
dition of active material utilization according to Eq. 5.

The relatively smaller volume-specific surface areas of
micrometric LMO particles can cause a drop in the surface
voltage as concentration polarization builds up during rapid
charge/discharge. This also contributes to the lowering of εs
in the high-power regime of plot (a) in Fig. 5. The nano-
particle constituents of BM–LMO, which determine the
shape of plot (b) are mostly free of such concentration
polarization effects. The Ragone plot for the BM–LMO
eventually begins to drop in εs when Texp is lowered below
1 min. This suggests that τd for the BM sample should be on
the order of this time scale. More details of this specific
point are addressed later in the present report using EIS
results.

Nyquist spectra and impedance parameters

Figure 6 shows Nyquist impedance spectra for a BM–LMO
cathode, collected using EIS at various open circuit poten-
tials in the main potential region of intercalation/de-interca-
lation during the first two cycles of charge and discharge. Z′
and Z′′ denote the real and imaginary parts of the cathode
impedance, respectively. The perturbation frequencies de-
crease from left to right along the Z′ axis. Compared with

Fig. 5 Ragone plots of specific energy (εs) vs. specific power (Ps),
recorded for a all-micrometric and b BM–LMO cathodes using galva-
nostatic charge (1-C rate) and discharge (variable rates between 1 C
and 50 C) experiments performed in LMO|Li cells
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earlier reported results for all-micrometric LMO [2], the
overall impedance of BM–LMO obtained here is substan-
tially reduced, and indicates more efficient Li+ transport in
the latter case. Because the EIS measurements correspond to
equilibrium conditions, the data collected during the charge
and discharge cycles are mutually similar. The results are
also similar between the first and second cycles due to the
robust cyclability of BM–LMO. Voltage-sensitive variations
in the Warburg impedance of Li diffusion are noticeable in
the low-frequency (10−0.01 Hz) spectra. At the outer edges
of the intercalation voltage region, these diffusion features
are at their maximum values and are minimized during
intercalation. The high-frequency arcs are due to the CSF.

The lines in Fig. 6 are CNLS calculated fits to the data,
which lead to the EEC model shown in Fig. 7a. This EEC
has been extensively used to describe surface reactions of
various metal oxide cathodes for Li ion batteries [28–30].
The uncompensated electrolyte resistance Ru is essentially
voltage-independent in the present experiments with an
average value of 12.1 Ω g. Qf and Rf denote the constant
phase element (CPE) and the net resistance of the CSF,
respectively. Cdl is the double-layer capacitance of the cath-
ode. W is the Warburg element for Li+ diffusion in the
cathode, and Rct is the charge transfer resistance for reaction
(1); Cint is the intercalation capacitance of LMO.

The impedance of the Warburg element has the form:

Zw ¼ σ 1� jð Þw�1=2, where ω is the angular frequency of AC

perturbation, j ¼ ffiffiffiffiffiffiffi�1p
, and σ is a frequency-independent

diffusion parameter [10, 22, 28]: σ ¼ ½VM=ðF
ffiffiffiffiffiffi
2eD

p
Þ�jdE=dxj.

In the context of material utilization of electrodes [31], x≈(C/

Cm), so that σ ¼ ðVMCThÞ½F
ffiffiffiffiffiffi
2eD

p
ðdC=dEÞ��1 , where C is

the charge capacity of the cathode [2, 10]. Using the defini-
tion, Cint0m0(dC/dE), one can express σ as:

σ ¼ VMm0Cm

FCint

ffiffiffiffiffiffi
2eD

p ; ð6Þ

where Cint is in its gravimetric unit. The voltage dependence of
σ, plotted in Fig. 7b, is reversible with respect to charge/
discharge as well as with respect to repeated cycling of the
cathode. In addition, σ displays two dips at 3.95 and 4.15 V,
corresponding to the current peaks seen in Fig. 4. Similar results
for σ have been previously reported for LMO cathodes [32].

The Cdl vs. E plot in Fig. 8a shows a broad minimum
between 4.0 and 4.1 V, which probably corresponds to the
effective potential of zero charge of the carbon-containing
part of the electrode. If the charge transfer step of reaction
(1) is kinetically controlled, Rct should have its minimum
values converged around x00.5 (expected at intermediate
voltages) and should acquire larger values at x≈0 and 1, at
the lower and upper voltage limits of the intercalation re-
gion, respectively [10]. The plot of Rct in Fig. 8a appears to
include the lower- and mid-sections of such a plot. Accord-
ing to Fig. 4, the maximum SoC for the BM–LMO sample
does not reach a value of 1, and hence, the expected increase
of Rct in the higher voltage region (at x>0.5) is not observed
here. Nevertheless, the data plotted in Fig. 8 for the separate
charge and discharge cycles are concurrent and demonstrate
the highly reversible nature of electrode cycling.

Fig. 6 Nyquist impedance
plots for BM–LMO recorded at
different OCPs. The cell
voltage was changed
galvanostatically at a rate of
1/3-C, and the electrode was
allowed to equilibrate at the
resulting OCP prior to EIS
measurements. The symbols
and the lines denote
experimental data and CNLS
fits to the data, respectively
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Figure 9a shows the results for Cint obtained from EIS
measurements at intermediate OCPs during the first and
second galvanostatic charge/discharge cycles of a BM–
LMO cathode. The symbols are data points, and the solid
line shows the general trend of the data indicating two
distinctly separated peaks. The voltages matching these
peaks correspond to those of the current peaks observed in
Fig. 3a and are associated with the two-step intercalation/de-

intercalation of Li in LMO. For comparison with these EIS
results, in Fig. 9b, we plot Cint obtained from the
second SSCV cycle (where ir00) of Fig. 3a. These
latter data (symbols) represent the cycle-averaged quan-
tity, Cint0[(ia/v)+(|ic|/v)]/2, where ia and ic are the an-
odic and cathodic currents of SSCV for the charge and
discharge cycles, respectively; v0(dE/dt). The dashed
line in Fig. 9b represents the general inclination of Cint

determined from SSCV, which agrees well with the
corresponding EIS results in Fig. 9a.

Voltage-dependent values of D
�

for Li+ in BM–LMO
were determined by using the formulation of Eq. 6 and
combining the data for σ and Cint from Figs. 7b and 9a,
respectively. In the context of EIS-based measurements of

D
�
, it is customary to take the SoC of the electrode as the

ratio (C/CTh) [31–34]. We use this convention to determine

D
�

from σ, which maintains an internally consistent frame-
work for comparing the present results with those previous-
ly reported using the same approach for similar systems [10,

32]. The values of D
�

obtained in this way are presented in
Fig. 9c, where the different symbols represent the first two
charge and discharge cycles of a fresh cathode. The general

trend of D
�
, indicated by the solid line, is similar to that

previously observed for BM–LMO in LiClO4/EC/DEC

electrolytes [10]. The two minima observed in the plot of

D
�

appear at the voltages corresponding to the two phases of
Li intercalation/de-intercalation that have already been

Fig. 7 a Electrode equivalent circuit model of the BM–LMO cathodes
used in this work. b Diffusion impedance parameter σ (denoted by
symbols) of BM–LMO, recorded during the first two charge and
discharge cycles. The line shows the general trend of the data

Fig. 8 a Double-layer capacitance (Cdl) and (b) charge transfer resis-
tance (Rct) of a BM–LMO cathode measured during the first two
charge/discharge cycles. The line shows the general trend of the data
denoted by the symbols

Fig. 9 Intercalation capacitance (a and b) and chemical diffusion
coefficient (c) of a BM–LMO cathode measured in the voltage region
of Li intercalation/de-intercalation. EIS results for the first two galva-
nostatic charge/discharge cycles are shown in a and c. b Shows SSCV
results, averaged from the positive and negative voltage scans in
Fig. 3a
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observed in the results of Figs. 4a and 9a, b. The values of

D
�
in Fig. 9c are more than an order of magnitude larger than

those previously reported for micrometric AR–LMO par-

ticles [2]. These enhanced values of D
�

for the BM–LMO
can be attributed to the largely surface-confined nature of
reaction (1) in the nanometric particles [1].

Figure 10 shows the voltage-dependent impedance
parameters measured for the CSF formed on BM–LMO
during the first two charge/discharge steps of a fresh cath-
ode. The lines through the symbols indicate the data-trends.
The strong convergence of the different symbols shows
once again the reversible nature of the EIS measurements.
The CSF resistance Rf plotted in Fig. 10a represents a
parallel combination of the Faradaic resistance Rr, and a
nonfaradaic resistance Rf0 of the surface complex. The ob-
served values of Rf are controlled primarily by those of Rf0,
because Rf in Fig. 10a is significantly smaller than Rr plotted
in Fig. 3b. Rf0 represents, in essence, an ohmic element,
because its value is determined primarily by the thickness/
porosity rather than the activity of the Li+-conducting CSF
film [10]. However, the CSF thickness and hence Rf0

depends on the voltage-dependent reaction resistance Rr. A
considerable dip occurs in the plot of Rf in the voltage
region of reaction (1), where the lowest values of Rr also
occur in Fig. 3. This shows how the CSF acquires its weakest
structural configuration when its Faradaic oxidation occurs at
a high rate.

The impedance (ZQ) of Qf has the form ZQ0[Y0(jω)
n]−1,

where Y0 and n are the characteristic CPE parameters, with
0≤n≤1. If the electrode surface becomes spatially more
inhomogeneous, then n decreases and Y0 increases [35].
As the intercalation voltage region is approached from lower
voltages, Li transport through the CSF increases, which,
apparently increases the spatial in-homogeneity of the CSF
in this region. This is indicated by the increasing values of
Y0, coupled with a correspondingly decreasing n along the
positive voltage axis in Fig. 10a. In addition, adsorption of
BF4

− anions from the electrolyte onto preferential sites of
the CSF can reduce the spatial homogeneity of the latter [2].
Since this anion adsorption is expected to increase along the
direction of anodic potentials, such an effect may also con-
tribute to the observed voltage dependencies of the CPE
variables.

The CSF parameters from Fig. 10a–c are combined in
Fig. 10d, where the site-averaged structural relaxation time
τf of the CSF is plotted by using the empirical definition
[32], τf0(RfY0)

1/n. With increasing voltages in the intercala-
tion region, τf closely follows the trend of Y0. This implies
that the CSF’s electrical response becomes similar to that of
a weakly charge-leaking capacitance when large numbers of
Li+ ions are transported through the CSF. Nevertheless, the
values of τf fall mostly in the millisecond regime, represent-
ing a surface process significantly faster than Li extraction/
insertion (Texp) in the cathode. Therefore, the CSF does not
have major effects on the cathode’s intrinsic charge/dis-
charge attributes.

Relaxation times for lithium intercalation/de-intercalation

The lithium intercalation/de-intercalation reaction, which
involves diffusion of Li+ in the host material, followed by
charge transfer according to Eq. 1, is rate-limited by the

Fig. 10 Impedance parameters of the surface film formed on a BM–
LMO cathode. The symbols correspond to the first two charge and
discharge cycles, and the lines show the overall shapes of the plots. The
parameters in a–c are obtained directly from CNLS analysis of exper-
imental Nyquist spectra. In (d), τf is evaluated by combining the data
from a–c

Fig. 11 a Charge transfer and b diffusion times for Li intercalation/de-
intercalation measured with EIS at various open circuit voltages of
AR–LMO (shaded bars) and BM–LMO (open bars) cathodes. The
results shown here correspond to the first discharge cycle of a freshly
prepared cathode
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diffusion step—that is, by τd defined in Eq. 5. The relative
timescales of these charge transfer and diffusion steps of Li
transport in the cathode film can be estimated from the EIS
measured kinetic parameters of the system. The relaxation
time (τct) of charge transfer in intercalation/de-intercalation
can be obtained as τct 0 RctCint. This empirical definition of
τct includes the time associated with the formation of the
intercalation capacitance. Similarly, according to Eqs. 4 and

5, td ¼ ½VMm0CmðF
ffiffiffiffieD

p
Þ�1�2 . By combining this expres-

sion with the formula for D in Eq. 6,

td ¼ 2ðm0σCintÞ2; ð7Þ
which appears as the diffusion time considered in the Lorenz
Möckel treatment of slow interfacial reactions [36].

Experimental values of τct for BM–LMO were obtained
by combining Rct and Cint from Figs. 8b and 9a, respective-
ly. The corresponding charge transfer relaxation times for Li
transport were also calculated for a cathode of all-
micrometric AR–LMO by using EIS data collected in an
electrolyte of the same composition. These results for the
AR sample (shaded bars) are plotted with those for the BM
sample (open bars) in Fig. 11a. The general voltage-
dependent trends for the two sets of these data are mutually
comparable, but the overall values of τct for the BM–LMO
sample are noticeably smaller than those of the AR–LMO
sample. This is a result of the large specific area and the
dense packing of LMO nanoparticles that are responsible for
the facile kinetic of reaction (1) in the BM cathode.

To obtain τd for the BM–LMO cathode (open bars in
Fig. 11b), σ from Fig. 7b and Cint from Fig. 9a were
combined in Eq. 7. The values of σ and Cint for the AR–
LMO have been measured previously [2] and were used
here in Eq. 7 to obtain τd for the all-micrometric LMO
sample. The considerably larger values of τd found in the
latter case are indicated by the shaded bars in Fig. 11b. A
comparison of Fig. 11a, b indicates how the diffusion step of
Li intercalation/de-intercalation is rate determining for reac-
tion (1). The diffusion impedance, as measured in terms of σ
in Fig. 7b, decreases in the intercalation voltage region [37],
and thus, the voltage-dependent inclination of τd is almost
opposite that of τct.

As indicated in Eq. 5, full extraction of the energy stored
in the Li|LMO half cell remains incomplete if Texp drops
below a threshold value, defined as τd. According to
Fig. 11b, this latter time for the AR–LMO cathode is about
17 min through most of the intercalation region. The
Ragone plot (a) in Fig. 5 also starts to rapidly drop along
the specific energy axis, as the discharge duration of the
cathode becomes smaller than this value (located between
the diagonal lines for 5 and 30 min discharge steps). Simi-
larly, the τd of ~30 s (open bars corresponding to 3.8, 4.1,
and 4.2 V) for the BM–LMO corresponds well with the

critical discharge time observed in Fig. 5 (between the
1 min and 10 s marking lines), where εs begins to decrease
with increasing power densities on Ragone plot (b). These
observed correlations between the galvanostatic Ragone
plots and the EIS-measured diffusion times illustrate further
how the considerations of material utilization, as noted in
Eq. 5, govern the power delivery characteristics of the LMO
cathodes.

Conclusions

Mechano-chemical modification by ball-milling is a conve-
nient and relatively simple method of converting micromet-
ric materials for Li ion battery electrodes to controlled
mixtures of micro- and nanoparticles. The synergistic
actions of this mixture can enhance both the rate capability
and the cyclability of the processed material. The present
study explores the electrochemical considerations of mate-
rial utilization for supporting fast charge/discharge of LMO
cathodes prepared in this approach. To do this, a phenome-
nological framework, adapted from earlier treatments of the
problem [19, 24], is extended here to combine the results of
EIS and galvanostatic measurements. The relative time-
scales for diffusion and charge transfer by Li+ in the LMO
lattice are determined, and the effects of mechanical milling
on these time parameters are examined. The results demon-
strate how the nanoparticles in the BM material play a
critical role in supporting fast charge/discharge.
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