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Abstract

The voltammetric behavior of Li* intercalation/deintercalation in/from LiMn,Oy, thin films and single particles is simulated,
supporting very recent experimental results. Experiments and calculations both show that particle size and geometry are crucial
for the electrochemical response. A remarkable outcome of this research is that higher potential sweep rates, of the order of
several millivolts per second, may be used to characterize nanoparticles by voltammetry sweeps, as compared with macroscopic
systems. This is in line with previous conclusions drawn for related single particle systems using kinetic Monte Carlo simulations.
The impact of electrode kinetics and finite space diffusion on the reversibility of the process and the finiteness of the diffusion in
ion Li / LiMn,Oy, (de)intercalation is also discussed in terms of preexisting modeling.

Introduction

Lithium-ion batteries are widely used in small electronic
devices and in the automotive industry. Proper design of
the materials is a crucial stage for the operation of these
types of batteries. In this sense, mathematical models play
an important role. To simulate numerical cyclic voltamm-
etry profiles for (de)intercalation of Li* in LiMn,O,4 and
LiCoO, cathodes, Vassiliev et al. [1] have designed a self-
consistent mathematical model, not only suitable for repro-
ducing experimental data, but for predicting kinetic, ther-
modynamic and transport parameters. This model was
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compared and fitted with multi-particle (bulk) experiments
using LiMn,0,4 and LiCoO, cathodes in organic solvents
and is used here, in the present work, to analyze the be-
havior of nanosystems. Planar and spherical geometries are
approximations generally used to mimic lithium manga-
nese oxide (LMO) thin films, porous electrodes and single
particles [2, 3], which are the most common types of elec-
trode material configuration [4—11]. LMO nanorods, which
can be compared with a cylindrical geometry, have also
been used [12, 13]. Furthermore, LiMn,O,4 has the poten-
tial to be recycled in a simple way, and reused in layered
form as cathode material for Sodium ion batteries [14].
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Very recently, Tao et al. [15] have performed for the first
time experimental voltammograms for LiMn,O4 (LMO)
nanometric-sized individual particles of known geometry
and nanostructure, using scanning electrochemical cell mi-
croscopy (SECCM). They found that structural and geometric
properties of the particles impact on the electrochemical re-
sponse, allowing characterization by sweep rates 2—4 orders of
magnitude higher than those used with multi-particle systems
(1 Vs vs 0.1-10 mV.s™"). Voltammograms were obtained
for different individual LiMn,QO, particles, of about 200 nm in
diameter, supported on glassy carbon (GC), in aqueous media.
Another recent work is that of Miirter et al. [ 16], who analyzed
the electrochemistry of LMO nanofilms with thicknesses
ranging from 55 nm to 515 nm, composed of nanocrystals in
organic solvents, and showed how film thickness determines
the behavior of voltammograms. These are valuable steps for
the rational design of electrode materials for Li-ion batteries.

Nanosize effects in lithium ion insertion/deinsertion are
also expected for other systems. For example, we found in
kinetic Monte Carlo (kMC) simulations of graphite nanopar-
ticles that well resolved voltammetric features were obtained
at sweep rates several orders of magnitude higher than those
used in multi-particle experimental systems [17, 18]. The
model proposed in these articles was suitable for describing
other relevant characteristics of Li-ion/graphite system like the
criticality of phase transition [19-22], the intercalation in the
equilibrium [23, 24] and the influence on kinetics on Li inter-
calation [25].

Concerning the theory of voltammetry under different re-
gimes, it is also worth mentioning the contributions of Aoki
et al. [26, 27], which provide a theoretical framework for
analyzing the voltammetric profiles for finite diffusion space
films. This model describes kinetic and finite diffusion effects
in terms of two dimensionless parameters, namely A and w.
Calculated voltammograms were used to build different do-
mains in a log(A) vs log (w) representation, where different
regions were identified in terms of the reversibility, A, and
the extent of the diffusion phenomena, w. This representation
allows a straightforward prediction of the behavior of different
systems in terms of experimentally measurable parameters. In
this respect, Hjelm et al. [2] have used the same semi-infinite
diffusion domains from Aoki et al. to predict the kinetic pa-
rameters for LMO, using convolution voltammetry. Recently,
the coupling of electrochemistry with transport in other elec-
trochemical techniques, such as AC voltammetry has also
been demonstrated [28].

The purpose of this work is to use numerical simula-
tions to obtain theoretical voltammograms for LiMn,0y,
single particles and thin films of nanometric size in con-
nection with the experimental works of Tao et al. [15]
and Miirter et al. [16], and analyze the relevance of the
nanometric size of the particles for the voltammetric re-
sponse of the system. The results will be also discussed
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in the framework of the theoretical predictions of Aoki
et al. [27].

In the present article we will show that electrode structure
and geometry at the nanometric level may have an influence
on the charging/discharging process of the material. Higher
charging/discharging rates and a high grade of reversibility are
expected for nanometric sized particles, since diffusion con-
trol is minimized.

While section 2 presents the mathematical model used for
simulating numerical voltammograms, section 3 shows the
results and discussion and section 4 summarizes the most
relevant conclusions of the present work.

Mathematical model

The theoretical model for simulating cyclic voltammograms
used here was adopted from Vassiliev etal. [1], and consists in
the numerical resolution of Fick’s diffusion equation, equation
(1), using the Crank-Nicolson method [1, 3, 29].

a0 o0 z o6
at_D(aﬂera)c) (m

Here 0 is the Li* occupation fraction inside the electrode, x
is the distance measured from the electrode center (x =0) to-
wards the surface of the particle (x=/4), D is the diffusion
coefficient and z is a number given by the geometry of the
diffusion problem: z=0 planar, z=1 cylindrical and z=2
spherical, according to the formalisms developed in references
[30, 31].

The model assumes a Frumkin-based intercalation iso-
therm [32] with several interaction terms, and considers the
equilibrium potential of the two phases participating indepen-
dently [1]. The equilibrium potential E(#)*? is given by:

RT 1-6
o _
E0) = 7 ln< 7 >

LB+ 5 [01050) + 20507 + 0507
)

where R is the gas constant, 7'is the absolute temperature, F
is the Faraday constant, £, is the standard redox potential
(the equilibrium potential of a phase having = 0.5 measured
versus a metallic Li reference electrode) and g, g,, g3 are
dimensionless interaction parameters. The term inside the
keys is denoted with Ey(). This is a simplification of the
problem, which involves an order-disorder transition [33,
34]. In particular, the first term of equation 2 describes the
configurational entropy of an ideal solid solution, which is
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not a completely correct description at close to # = 0.5 due to
ordering of the lattice sites. However, we adopted the approx-
imation to consistently compare with the results of Vassiliev
et al. and to reduce the computational complexity of the mod-
el. We did not use the classical Frumkin isotherm because that
kind of approximation (with only a single “global” interac-
tion) was found by Vassiliev et al. [1] as too simple to repro-
duce the energetics of Li-ion intercalation in LMO. Equation
(2) provides a greater flexibility and involves a Taylor expan-
sion, around 6 = 0.5, of the free energy of insertion up to third
order.

For the voltammetric current obtained at a given applied
potential, the Butler-Volmer equation is used:

pP-NLi
M,

I(E) = SFEZE g

{ e[ E O] gy 2F(E ElOD) )

(3)

where p is the phase density, n;; the number of intercalating
Li*, M, the molecular mass, k, the heterogeneous rate con-
stant, « the transfer coefficient and E the electrode potential.
S, the electrode surface area, is given by

jm

S = p_d’ (4)

m being the mass of the intercalating electrode material and
d being the cross-section in the direction of Li* diffusion, such
that d=2A. For a spherical geometry it is more usual to talk
about particle size (diameter) d, and for planar geometry of
layer thickness %, but in both cases the diffusion length is
defined by /. Finally, j is a number that depends on the type
of geometry, j =2 (planar), j = 4 (cylindrical), j = 6 (spherical).
In the present work we have considered planar and spherical
geometries.

The boundary conditions at the center of the particle (x = 0)
and at the surface (x =#4) are:

(),

(&), " o ©
M

I

The initial condition imposed at #= 0 is a homogeneous Li"
occupation for all x:

6(x,0) = O(E;) (7)

where 0(E)) is the equilibrium electrode occupation calcu-
lated with equation (2) at the initial potential £;.

Results and discussion

Global picture. Reversibility and finiteness of
diffusion length

Before starting with the description of the present numerical
simulations, we will briefly analyze particle size and sweep
rate effects in the light of the work of Aoki et al. [27]. These
authors implemented a theoretical model to study voltamme-
try for finite diffusion space films. This kind of study should
be applicable to intercalation systems, since, in principle, the
phenomena are comparable. As discussed by Conway [35],
concerning thermodynamics, the insertion of Li ions into
layer-lattice host materials share a number of common fea-
tures with the behavior of two-dimensional underpotential de-
position (upd). The main difference between insertion and upd
systems is given by the fact that ion diffusion plays an impor-
tant role in the former, and this is a key feature in the modeling
of reference [27].

As pointed out in the introduction, Aoki et al. [27] made a
useful classification of the voltammetric behavior of a simple
electrochemical reaction in a finite diffusion space using two
dimensionless parameters. Using the present notation, these
two parameters are:

A = ky(RT /nFDv)"/? (8)
w = nFvh® /RTD (9)

Concerning the reaction rate, the cases identified were
those of reversible (1), quasi-reversible (2) and the totally
irreversible waves (3), and concerning the diffusional behav-
ior, the cases arising where those of semi-infinite diffusion
(A), finite diffusion case (B) and surface waves (C). We have
kept the original notation of Aoki et al. [27] for the different
regimes, and the different situations are illustrated in Fig. 1.

It can be easily verified that equation (4) of Aoki et al. [27]
is equivalent to equation (3) of the present work provided g, =
2>=g3=0. Thus, it is interesting to use the kinetic parameter
A and the finite space diffusion parameter w, introduced in
that work, to analyze the degree of reversibility and finiteness
of the diffusion space for the experimental conditions used in
reference [15]. This kind of plot is useful, since from the
knowledge of the diffusional and kinetic parameters, one can
predict the type of behavior expected.

Li-ion intercalation/deintercalation into/from LiMn,0, oc-
curs in two steps, observed as two voltage plateaus in constant
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Fig. 1 Degree of reversibility, A and finiteness of the diffusion w, for Li
ion/ LMO (de)intercalation, using the parameters k;and D from reference
[1] for peak 1 (LMO «> stage II transition) in red dotted line and peak 2
(stage Il — stage I transition) in blue solid line. @) For v=1 mV.s,
10 mV.s" and 100 mV.s™', varying the diffusion length from 25 nm to

current experiments and evident in two well defined peaks in
cyclic voltammograms [2, 36]. If we consider the first inter-
calation step from 4.3 V vs. Li, the host lattice is initially
empty of Li. Sweeping the potential negatively, half of the
tetrahedral 8a sites of the crystal structure of the LiMn,Oy,
spinel (Fd3m space group) are occupied by Li ions to form
the so-called stage II (first CV peak in the reductive sweep).
The second step, at lower electrode potentials, consists in the
filling of the other half of the 8a sites, to form stage I (second
reductive CV peak). We denote the more positive one as peak
1 and the more negative one as peak 2. Peak 1 corresponds to
the formation of the so-called stage II and peak 2 to the tran-
sition stage Il < stage I [1]. Following the work of Aoki et al.
[27], in the log(A) — log (w) diagrams we consider the varia-
tion of 4 for constant v values (Fig. 1a) and the variation of the
sweep rate v for constant / values (Fig. 1b). The /# and v
intervals are given at the top of the respective plots. The lines
drawn there correspond to peak 1 (red dotted line) and to peak
2 (blue solid line). Since values of rate constants &, and diffu-
sion coefficients D must be assumed, we have adopted the
values proposed by Vassiliev et al. [1].

From Figure 1a we conclude that for v=1mV. s ' peaks 1
and 2 are in the surface waves and reversible region (C1) for
the smallest sizes considered. For larger sizes there is a change
to C2 and then to B2. Finally, for the largest particles, the lines
are in the A2 domain. For v=10mV.s ', peaks 1 and 2 are in
the C2 region for the smallest sizes. For medium sizes, there is
a change to the B2 domain and then for the largest particles
peak 2 falls into the A2 domain and peak 1 in the A3 one. For
arelatively large sweep rate, v= 100 mV. s ' both peaks move
from B3 to A3 as particle size increases.

For a constant particle size and different sweep rates, a
straight line with slope of —1/2 should follow in the
log(A)vs log(w) domain, as presented in Figure 1b. For 2=
134 nm, the system crosses through different domains as
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1.0 um. b) For constant /2 = 134 nm and i = 1 pum, varying the sweep rate
from 0.5 mV.s ' to 500 mV.s ', Black arrows show the direction of
increasing size (Figure a) and increasing sweep rate (Figure b). The
respective ranges of size and sweep rate are also indicated at the top of
the figure

sweep rate rises: C1, C2, B2, B3 and A3. For A=1 um, peak
2 changes from B2, for the smallest size, to A2 and to A3 atv
rises; for the peak 1 there is only a change from A2 to A3 with
v. Thus, only changes from the quasi-reversible to the irrevers-
ible regime are observed.

From the previous discussion, we find that the intercalation
process should be strongly sensitive to the size of the lithiated
particle. This fact must be taken into account for the formula-
tion of proper models that allow understanding and predicting
the system behavior for better material design.

Size effect on cyclic voltammetry

Now, we continue with the most relevant results from the
present work. In this section, we will address the cyclic volt-
ammetry of single LiMn,O, particles and thin film crystals
with numerical simulations, comparing our results with exper-
imental data from Miirter et al. [16] and Tao et al. [15]. We
have adopted the parameter values for LMO used by Vassiliev
etal. [1], detailed in Table 1, which were fitted to experimental
measurements with composite electrodes. In the following set
of calculations, m, S and d were adapted to model single par-
ticles and thin films of different sizes. With this purpose, we
have used different film thicknesses, comparable to those of
Reference [16], and selected different particle volumes from
the supplementary information of Tao et al. [15].

Figure 2 shows voltammograms for the case of planar dif-
fusion, aimed to simulate thin film electrodes at different po-
tential sweep rates. With visualization purposes, the simula-
tions are separated in partial panels for 2 = 134 nm (a, b and c),
h=300nm (d, e and f) and =1 pum (g and h), and the current
was normalized to the sweep rate. Sweep rates were selected
such that a wide range of voltammetric responses can be ob-
served, ranging from well-resolved current peaks to those
where the voltammetric peaks merge.



J Solid State Electrochem

Table 1 Parameters used for the present studies, extracted from
reference [1]

Parameters Peak 1 (stage II) Peak 2 (stage I)
p [g.em ] 4281 4281

nr; 0.5 0.5

M [g.mol ™ 180.8 180.8
Eip[V] 4.1336 3.9919

2 -0.81 1.13

& 1.57 -0.45

& 9.58 234

D [ents '] 1.69x 107" 248x 107"
k, [em.s '] 3.07x1077 531x1077
a 0.502 0.506

In the following discussion, we will denote the pair of
peaks at the most positive potentials with “1” and the pair of
peaks at the most negative potentials with “2”. Each pair is in
turn separated into its oxidative (O) and the reductive (R)

counterparts. So, the voltammetric peaks are denoted with
01, R1, O2 and R2, as illustrated in Figure 2a.

For a given particle size (same column in Figure 2) it is
found that, as sweep rate increases, the peak potentials of O1
and O2 shift to higher values and the peak potentials for R1
and R2 shift to lower values. Concomitantly, it is found that all
current peaks become flatter and broader as sweep rate in-
creases. This effect is much more emphasized in the case of
the larger particle sizes. Relatively high sweep rates, up to
20 mV. sﬁl, can be used for the smallest size (4= 134 nm),
without losing the resolution of the anodic peaks into two
components. On the opposite range of particle sizes, for 4 =
1 pum, we observe that 1 mV. s ' is high enough to merge the
two anodic peaks together. A comparison of the smallest
(nanometric) thickness 4 = 134 nm (Figure 2a) with the largest
(micrometric) size 7= 1 um (Figure 2g) shows that the peak
potential shifts are noticeably higher for the micrometric scale,
at the same sweep rate. While for the nanometric size all
voltammograms look quite similar in Figure 2a, for the
micrometric scale the voltammograms in Figure 2g become
remarkably broad and flat as sweep rate increases.
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Fig. 2 Voltammograms for different sweep rates for planar geometry
with #=134 nm (a, b and ¢), h=300 nm (d, e and f) and h=1 pm (g
and h). The current is normalized to the sweep rate. The sweep rates are
indicated in each figure. The same set of sweep rates is placed in the same

EIV

column and shows the same background color (light blue, yellow or gray)
to guide the eye. The voltammetric peaks are denoted with O1, R1, O2
and R2, as illustrated in Figure 2a

@ Springer



J Solid State Electrochem

To perform a quantitative analysis with the data of
Figure 2, let us denote with E,, the peak potential of the
anodic peaks and with £, the peak potential of the cathodic
peaks. The |E,, — E,,| differences for peaks 1 and 2 are pre-
sented in Figure 3« as a function of sweep rate, for =134 nm
(blue squares) and /2 = 1 pum (red circles). The behavior of |E,,,
— E,,| vs sweep rate indicates that the thinner films are closer
to equilibrium, for a given sweep rate. For thicker films, lower
sweep rates are needed to decrease the |E,, — E,,| peak poten-
tial difference.

To compare directly with experimental results, we address
the voltammograms of Figure 4 from Miirter et al. [16], who
performed voltammetric experiments for the present system.
In this respect, we have simulated the voltammograms for /2 =
300 nm (Figure 2d—f). In both cases, experiment and theory,
the peak potential differences O1-R1 and O2-R2 are negligi-
ble at slow sweep rates (Figure 2d), denoting a quasi-
equilibrium state. These results suggest that the reversibility
of the process is controlled by the diffusion length /. Then, for
faster sweep rates (Figure 2¢ and f), the peaks became broader
and less defined.

The behavior of LMO spherical particles has been simulat-
ed in references [1-3, 29]. However, none of these theoretical
works has systematically investigated the effect of nano-size
on voltammetric measurements. We show here, in Figure 4aq,
current responses normalized by the volume, for spherical
particles with different 4 (particle size diameter d =2h). All
profiles were taken at the same sweep rate, v=1 mV. s As
emphasized with black arrows, O1 and O2 shift towards pos-
itive potentials as particle size increases, while R1 and R2 shift
to more negative potentials. As in the case of films, it appears
that as s becomes larger, the system moves away from equi-
librium. This effect is clearly observed in Figure 4b, where
|E,o — E,| is represented for several particle sizes, according

0.10 : 1 | | |
& 134 nm &
0.08 P — -
—0.06 + Peakzm |
g _ '/A / ,/""'J
W 504 |
[ 3 =
002 & o Peak T
.‘/ - e ease Pea—l(.? ------- '-‘
0.00 ..T ...... T .............. | | l
000 005 010 015 020 025
v/ mV.s'1

Fig. 3 Data analysis for the voltammograms of Figure 2. Peak potential
difference for k=134 nmand h=1 pum
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to the data of Figure 3a. It is remarkable how |E,, —
E,,[increases with 4, moving the system away from equilibri-
um, so that for larger particles, lower sweep rates are needed to
decrease the peak potential difference. It is also observed, in
Figure 4a, how the peaks become flatter and broader as sys-
tem size increases, since diffusion becomes more important.
This indicates that for nanometric particles, where diffusion
plays a negligible role, very fast cyclic voltammograms can be
run, as done by Tao et al. [15] with LiMn,O4.

The previous analysis shows that the key factor is the dif-
fusion length /4. However, here we are only taking into ac-
count the geometric and kinetic factors of isolated particles. In
experimental systems, for isolated or composite electrodes,
other effects must be considered, such as the preparation
methods of the materials, particle agglomeration, the type of
electrolyte or the diffusion times that the Li ions require to
reach the particles [6, 36, 37].

While several articles have dealt with the effect of LMO
morphology on the electrochemical response of multiparticle
systems [6, 38], the results of Tao et al. [15] have shown the
sensitivity of the current response to the shape of a single
particle. By changing z in equation (1) and ; in equation (4),
it is possible to simulate different particle shapes. With this
purpose, we have considered the same 4 =134 nm and the
same volume V=1.01x10""*cm? for spherical, cylindrical
and planar shapes of the electrode. Voltammetric results for
the same v=2 mV. s ' are depicted in Figure 4c. It can be
appreciated that each particle geometry has its characteristic
current response, as Tao et al. have highlighted. Moreover, the
results suggest that cylindrical and spherical geometries result
in voltammograms closer to equilibrium, as compared with
the planar geometry, since the peak potential differences O1-
R1 and O2-R2 seem to be larger for the planar geometry as
compared with the other two. It is worth noting this trend,
going from spherical to cylindrical to planar, suggesting a
systematic change with dimensionality of the host.

It is interesting to highlight the fact that the present results
allow some conclusions to be drawn in line with those obtain-
ed from kMC simulations [17]: voltammetric peaks can be
resolved at higher sweep rates with nanoparticles than those
used with microparticles and the reductive peaks merge to-
gether at lower sweep rates than their oxidative counterpart.

The reason why the reductive peaks merge together at low-
er sweep rates as compared with their oxidative counterparts
lies on the different diffusion coefficients for the processes
taking place in voltammetric peaks, and can be understood
as follows. A smaller diffusion coefficient produces a longer
“tail” in the peak (slower drop of the current). Thus, in the
sequence of peaks, the greater overlap between them will take
place when the process with the slowest diffusion coefficient
takes place first. In the present case, diffusion is slower for the
more positive peak (peak 1): D =1.69x 10 "' em®s™!, as
shown in Table 1. For peak 2, D =2.48 x 107" em?s L.
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Fig. 4 ) Simulated
voltammograms for Li-ion
insertion in LMO spherical
particles of different sizes. The
current is normalized by the
volume of the sphere. The sweep
rate was v=1mV. s '. The radii
were: 25 nm, 50 nm, 125 nm,
250 nm, 500 nm, 750 nm and
1000 nm (1 wm). b) Potential
difference between anodic and
cathodic peaks for LMO spherical
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Thus, the largest overlap between voltammetric peaks should
be observed in the reductive scan, as it is the case.

These results show the need to continue electrochemical
studies with controlled geometry and particle sizes to properly
understand Li-ion intercalation into nano-sized materials.

Conclusions

Numerical simulations of voltammograms for Li-ion insertion
in nanometric and micrometric systems were performed here,
and the results were contrasted. Planar and spherical diffusion
geometries were considered and the theoretical results were
compared with suitable experimental data.

The present theoretical approximations show how particle
size and geometry are crucial for electrochemical intercalation
of Li* in electrode materials. Nanosized particles present better
resolved voltammograms at higher sweep rates, as compared
with microsized ones. The key factor for further control of the
reversibility (and thus, a closer approach to equilibrium) of the
system appears to be diffusion length. Thus, from this view-
point, nanosized materials present better characteristics for ap-
plication as electrodes for lithium-ion batteries. The application
of the framework of Aoki et al. to LiMn,0,, indicates how the
behavior of the system is sensitive to system size and electro-
chemical parameters. In this way, it appears as mandatory to

T T
3.9 4.0 43

construct a similar domain plot with a model considering inter-
actions between inserted particles and the particle shape.

Although the decrease of particle size appears as appealing
from the view point of the present simulations, there are a few
questions concerning particle size that must be highlighted.
The increase in the surface/volume ratio by decreasing particle
size may lead to increasing electrolyte decomposition and
passive growth formation, on the basis of surface catalytic
activity [39]. This is specially a problem in the case of anode
materials and could represent a problem for industry because
it means a loss of electrolyte upon cell functioning. Besides,
the crystallinity of the nano-sized particles is highly dependent
on the synthesis method. If crystallinity is poor, reversibility
complications arise [13].

Finally, it is emphasized that the control of shape and size
in the synthesis of the particles for battery electrodes is an
important factor, crucial for the performance of storage de-
vices. Complementary efforts between experimental and the-
oretical studies are needed to improve the properties of
batteries.
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