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h i g h l i g h t s
� Surface layer formation on magnetite nanocrystals was investigated.
� Surface layer formation decreases the amount of active material.
� The decrease in active material is proportional to crystal surface area.
� The surface layer forms through a nucleation and growth process.
� Optimal crystal size balances active material loss and mass transport resistance.
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a b s t r a c t

Magnetite is a known lithium intercalation material, and the loss of active, nanocrystalline magnetite can
be inferred from the open-circuit potential relaxation. Specifically, for current interruption after rela-
tively small amounts of lithium insertion, the potential first increases and then decreases, and the
decrease is hypothesized to be due to a formation of a surface layer, which increases the solid-state
lithium concentration in the remaining active material. Comparisons of simulation to experiment sug-
gest that the reactions with the electrolyte result in the formation of a thin layer of electrochemically
inactive material, which is best described by a nucleation and growth mechanism. Simulations are
consistent with experimental results observed for 6, 8 and 32-nm crystals. Furthermore, simulations
capture the experimental differences in lithiation behavior between the first and second cycles.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nanostructuring of lithium-insertionmaterials may improve the
performance of lithium-ion batteries by increasing the surface area
to volume ratio and by lowering the solid-state diffusion re-
sistances in the electrodes [1e9]. Increasing the surface area to
volume ratio is beneficial because it provides more sites for the
electrochemical reactions, thereby decreasing surface over-
potential for a given nominal current density. However, extensive
nanostructuring may have negative effects because it increases the
amount of active material that can be exposed to side reactions and
surface layer formation [10e12]. For instance, during the first cy-
cle(s) of a lithium-ion battery, reactions between the electrolyte
and the electrodes may result in the formation of thin layers of
material on the electrode surfaces, commonly referred to as the
solid electrolyte interphase (SEI) for graphite anodes and the
cathode electrolyte interphase for cathodes [13e15]. The formation
of these layers typically involves the transformation of active ma-
terial into a surface layer, thereby reducing theoretical capacity
[13].

Herein, we compare simulations to experiments and hypothe-
size that the complex potential transients upon current interrup-
tion seen after a relatively small amount of lithium is inserted into
magnetite (x ¼ 0.5, 1.0, and 1.5 in LixFe3O4) is related to the
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formation of a thin layer of inactive material. In short, for small
crystal sizes (6 and 8 nm) the potential initially increases due to
relaxation of the concentration profile of reduced lithium, and then
at longer times, decreases. Previous simulations capture the initial
rise in potential caused by rearrangement of solid-state lithium
[16,17], but the fall in potential during relaxation cannot be
explained. We hypothesize that it is caused by transformation of
the active material (Fe3O4) into inactive material. The trans-
formation is confined to the crystal surface and occurs through a (as
of yet unidentified) reaction, which increases the concentration of
intercalated lithium in the remaining active material. The coupling
of these effects - concentration profile relaxation by mass transport
(rise) and increase of intercalated lithium (fall) e gives better
experimental agreement. This paper uses the previously described
mass-transfer model and incorporates a mechanism for surface
layer formation. The formation of the surface layer appears to occur
via nucleation and growth, which is qualitatively consistent with
literature [18]. The Avrami model describes the formation of the
surface layer [19e21].

2. Experimental

Experiments were conducted using electrodes comprised of
nanocrystalline magnetite. Small crystals, 6 and 8 nm average
diameter, were synthesized using a co-precipitation method pre-
viously reported by the authors [8,22]. Larger crystals, ~32 nm (data
not shown), were purchased from Alpha Aesar. Electrodes were
prepared using 90% magnetite, 5% carbon, and 5% polyvinylidene
fluoride binder (by weight) coated onto an aluminum foil substrate.
Each electrochemical test was performed using a two-electrode
coin-type experimental cell with a lithium metal anode and 1 M
LiPF6 in 1:1 dimethyl carbonate: ethylene carbonate as the elec-
trolyte. The electrodes had a nominal thickness of 50 mm and a
nominal active mass loading of 4.1 mg cm�2.

Galvanostatic interruption experiments were conducted for
electrodes comprised of nanocrystalline magnetite with average
diameters of 6, 8 and 32 nm. The experimental cells were first
lithiated at a C/200 rate (4.63 mA g�1 of Fe3O4) to x ¼ 0.5, 1.0, 1.5,
and 2.0 electron equivalents per Fe3O4 and then held at open circuit
for up to 30 days. After the rest period, the cells were delithiated to
a cutoff voltage of 3.0 V using a C/200 rate, followed by a constant
voltage oxidation at 3.0 V for two hours. Subsequently, a second
experiment was performed, where the current interruption was
applied after the reduction of a specified amount of charge, which
was equivalent to the amount of charge passed during the first
lithiation.

In addition, second lithiation experiments were conducted at a
rate of C/100 (9.26 mA g�1 of Fe3O4) for electrodes made of 42.5%
Fe3O4, 42.5% acetylene carbon black, and 15% polyvinylidene fluo-
ride binder (PVDF) by weight. The magnetite was lithiated at the C/
100 rate until a charge of 100 mAh g�1 was passed. The magnetite
was subsequently delithiated to a cut-off voltage of 3.0 V at the
same C/100 rate and then held at 3.0 V for 1 hour, and lithiated
again at C/100 to the same capacity, 100 mAh g�1 [23]. All voltage
recovery experiments were conducted at 30 �C using a freshly
fabricated cell.

3. Theory

This section provides an outline of the present model, which
was developed by modifying a previously validated multi-scale
model to include the effects of the transformation of active mate-
rial [16,17]. Table 1 contains a comparison of the governing equa-
tions for the two models. Consistent with multi-scale simulation
results for 6 and 8 nm crystals, the present model assumes mass
transport resistances only occur on the agglomerate length scale
(i.e., no concentration variations within the crystals or across the
bulk electrode). This assumption provides a valid approximation for
the present experiments, where the focus is on understanding the
complex voltage transients during the relaxation of electrodes
comprised of crystals with diameters of 6 and 8 nm. The transport
of lithium-ions in the agglomerate is simulated using dilute solu-
tion theory. The concentration of lithium-ions in the agglomerate is
coupled to the concentration of solid-state lithium in the crystals
through a Butler-Volmer kinetic expression. It is assumed that the
formation of the surface layer has a negligible impact on the re-
action kinetics. The thermodynamic potential as a function of
lithium in the solid-state and in the agglomerateeUðcx; caggÞewas
modeled by fitting a modified Nernst equation to experimental
data.

The rate of change of solid-state lithiumwithin the crystals, cx, is
calculated from the following material balance:

vðεactivecxÞ
vt

¼ �airxn
F

(1)

When held at the open circuit, the local current density irxn may
not be zero because the crystals within the agglomerate galvani-
cally interact until the concentration variations completely relax.
εactive is the volume fraction of active material in the electrode. It is
given by

εactive ¼ ð1� εÞVx;0 � xVS

Vx;0
; Vx;0 ¼ 4

3
pr3x (2)

where x is the volume fraction of magnetite in the surface layer. For
these simulations,x ¼ 50% and it is assumed that ε ¼ 0:26, consis-
tent with closed packed spheroidal crystals. Other volume fractions
x were explored, and they did not have a significant impact on the
simulated results. Equations (1) and (2) were formulated assuming
the transformation of magnetite to an inactive phase does not alter
the total amount of solid-state lithium within the remaining
magnetite. This implies that the local concentration of solid-state
lithium within the active material increases as a result of the loss
of active magnetite.
3.1. Surface layer formation

The surface layer formation was initially modeled assuming a
uniform, layer-by-layer growth. The results were able to capture
some of the salient features of the OCP relaxation. However, better
agreement was achieved by assuming a nucleation-and-growth
mechanism, whereby the volume of the surface layer can be
described through the Avrami model [19e21]:

VS ¼ Vmax;S½1� expð � kSt
nÞ� (3)

When the exponent n ¼ 1, Equation (3) is consistent with a
layer-by-layer growth mechanism. More generally, n is determined
by the relative rate of nucleation to growth and the dimensionality
of the growth (e.g., two-vs. three-dimensional). The value of Vmax,S

is set by a final thickness of the surface layer:

Vmax;S ¼
4p
3

ðr3x � ðrx � lmaxÞ3Þ (4)

where lmax is the maximum thickness of the surface layer, which
was determined from the final measured open circuit potential.

Along with increasing the size of the crystals, the formation of
the inactive layer is expected to increase the overall size of the
agglomerate. In the present study, the agglomerate radius may, at



Table 1
Comparison of governing equations for model with and without transformation of Fe3O4 to an inactive state due to reactions with the electrolyte.

w/o Fe3O4 transformation (agglomerate-only) w/Fe3O4 transformation (agglomerate-only)

Mass (agg.)
ε
vcagg
vt ¼ εDagg

v2cagg
vr2 þ 2εDagg

r
vcagg
vr þ airxn

F
No change

Mass (crystal)
εactive

vcx
vt ¼ �airxn

F
vðεactivecxÞ

vt ¼ �airxn
F

e εactive ¼ ð1� εÞ Vx;0�xVS

Vx;0

Reaction
irxn ¼ i0

�
exp

�
aaFðf1�UÞ

RGT

�
� exp

�
�acFðf1�UÞ

RGT

��
No change

i0 ¼ Fkrxnc
aa
aggc

ac
x ðcx;max � cxÞaa No change
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most, increase by a factor of 7/6, which corresponds to a 1 nm thick
surface layer forming on the 6 nm crystals (see below for further
discussion on the model fitting of lmax ¼ 1 nm). Simulations
incorporating a 7/6 expansion of the agglomerate were conducted,
but they did not have a significant impact on the simulated results.
Therefore, the present model does not include the expansion of the
agglomerate.
Fig. 1. Voltage recovery for 6 nm Fe3O4 electrodes that were initially lithiated to an
average lithium concentration of Li0.5Fe3O4. Simulations with surface layer formation
were conducted using n ¼ 1, 2, 3, or 4 in the Avrami equation (Equation (3)). Inset
provides a visualization of the proposed mechanism of surface layer formation: pro-
gressive nucleation and three-dimensional growth ðn ¼ 4Þ.
3.2. Salt saturation limit

During delithiation, the concentration of lithium salt within the
pores of the agglomerate increases due to the slow mass transport
processes. If the concentration exceeds the solubility limit of the
salt, an additional solid-phase precipitates, and this plugs the pores
and prevents the electrochemical reactions from occurring. To ac-
count for this process, the model includes the following conditional
statement on the reaction current:

irxn ¼
�
irxn cagg < csat
0 cagg � csat

(5)

In Equation (5), cagg is the concentration of lithium salt in the
agglomerate pores, and csat is the saturation concentration where
the salt starts to precipitate. To the best of the authors' knowledge,
the exact value of csat for this system has not been published.
Therefore, csat was taken as a fitted parameter in the model. It was
selected to ensure that the simulated delithiation reached the 3.0 V
cutoff at the same time as the experiments.

Equations (2)e(4) along with the equations outlined in Table 1
were solved using a numerical algorithm outlined by Newman
[24]. Physical properties were assumed to be the same as given in
references 13, 14. In all cases, simulations were performed to be as
consistent as possible with the experimental protocols. When the
saturation limit was included in the model, the simulated and
experimental charge passed prior to the cutoff voltage was in
excellent agreement. To ensure a reasonable comparison between
theory and experiment when the salt saturation limit was not
included, the cells were oxidized at a rate of C/200 until an
equivalent number of coulombs were passed. The simulations were
then held at open-circuit for the remainder of the experimental
oxidation time (see Fig. 3). Continuous operation simulations fol-
lowed the experimental protocol in Ref. [19].
4. Results and discussion

Fig. 1 shows the experimental and simulated voltage during
recovery after a lithiation at C/200 (4.63 mA g�1) until an average
lithium concentration of x ¼ 0.5 (for x in LixFe3O4). The experi-
mental voltage curve rises to amaximum after approximately 100 h
and appears to plateau. After 200 h, the potential falls until it begins
to reach a steady state at around 400 h. The initial rise in voltage is
explained by relaxation of concentration profiles within the
agglomerate, and the subsequent decline in voltage is due to
inactive layer formation. Qualitatively similar results are seen for 8-
nm crystals, but no maximum is observed for the variation of the
open circuit potential for 32-nm crystals.

The simulations in Fig. 1 are based on the original model (no
surface layer formation) as well as the modified model with surface
layer formation. For each of the models with surface layer forma-
tion, the parameter kS was adjusted to obtain the best fit. The
agreement between experiment and simulation when n ¼ 3, or
n¼ 4 is particularly compelling. The physical interpretation implies
that the phase grows through a nucleation and growth process.
However, it cannot be concluded definitively whether the nucle-
ation is progressive or instantaneous or if the growth is two-
dimensional or three-dimensional. It is assumed that surface
layer growth terminates when magnetite is no longer in direct
contact with electrolyte. The two parameters used to fit the model
to experiment were kS and lmax, with ks ¼ 2.0 � 10�25 s�4 when
n ¼ 4, and lmax ¼ 1 nm. The reported surface layer thickness is
within the range reported in the literature for surface layers
[10,13,25,26].

Fig. 2 shows a comparison of simulated (n ¼ 4) and measured
transients for interruption after reduction to different levels of
lithiation for 6 and 8 nm crystals. The initial drop in potential
corresponds to insertion of lithium, and the initial rise indicates the
beginning of recovery after current interruption. Comparisons are
made without adjustment of the values of kS and lmax. In general,
good agreement is observed between the simulations and experi-
ments. Discrepancies may be attributed to changes in the nucle-
ation and growth kinetics at different depths of lithiation. For
instance, inactive layer formation can be influenced by many fac-
tors including the cell potential and the lithiation time [27e29].



Fig. 2. Side by side comparisons of experimental and simulated lithiation and voltage recovery for electrodes comprised of a) 6 nm and b) 8 nm crystals. Recovery was conducted
after lithiation to different levels of intercalation (i.e., x in LixFe3O4). Each experiment was conducted with a separate cell.

Fig. 3. Experimental and simulated voltage during: I) first oxidation at C/200, then
constant voltage hold at 3.0 V), II) second reduction at C/200, and III) second voltage
recovery (open circuit). The first oxidation was conducted after a reduction to x ¼ 0.5
(for x in LixFe3O4) and an OCP relaxation for 30 days.
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While a detailed analysis of the relationship between the kinetic
parameters (kS and lmax) and the operating conditions may be
beneficial, it is currently out of scope with this work.

At higher degrees of lithiation (e.g., x ¼ 1.5 and 2.0), both
experimental and simulated results in Fig. 2 show no or very small
maxima in the open circuit potential. The simulations suggest that
the disappearance in the maximum is not because the surface layer
is already fully formed. Instead, the maxima disappear because the
open circuit potential does not change significantly in the range
1:0 � x � 2:0(for x in LixFe3O4). This can be observed in Fig. 5 of
Ref. [13], which shows the fit of the open circuit voltage equation to
experimental voltage recovery data. When simulations are
extended to 32-nm crystals, the simulations correctly predict only
small maxima with potential (data not shown). This result is
consistent with an assumption that the volume fraction trans-
formed is proportional to the crystal surface area and that the
surface layer thickness is the same for all crystal sizes. For instance,
assuming that lmax does not vary with crystal size, only a small
percentage of the active material is transformed in the 32-nm
crystals, which minimizes the increase in the solid-state lithium
concentration. For example, the simulations indicate that a fully
formed surface layer on a 32-nm crystal would only increase the
concentration of solid-state lithium from x ¼ 0.5 to x ~0.55, which
corresponds to a 33 mV change in voltage. This is a small variation
when compared to the case with 6-nm crystals, where the con-
centration of solid-state lithium is predicted to increase by over 70%
(from x ¼ 0.5 to x ~ 0.86, 270 mV).

Another test of the hypothesis is to compare potential-time
variation for the first and second reduction cycles. Fig. 3 shows
the experimental and simulated voltage curves for a cell that rested
at open circuit for 30 days at a state of x ¼ 0.5 in LixFe3O4. Initially,
the electrode was driven anodically to a cutoff voltage of 3.0 V.
Next, the cell was held at 3.0 V for 2 h. Coulometric analysis of the
experimental data in Fig. 3 show that x ~0.25 at the end of oxida-
tion. The cell was then lithiated to x ~0.75 (0.25 þ 0.50), and
allowed to relax. Simulations with and without a salt saturation
limit show that including a solid-salt phase precipitation dramat-
ically improves agreement with the experimental potential. Solid-
salt precipitation is a factor because during the first voltage re-
covery solid-state lithium relaxes to a uniform concentration
throughout the agglomerate. When the agglomerate is delithiated,
poor mass transport through the agglomerate causes the concen-
tration of oxidized lithium-ions in the pores to build up at the
center of the agglomerate, eventually surpassing the saturation



Fig. 5. Plot comparing the active material lost (not utilized) due to transformation
(left-axis) and active material not utilized due to solid-state transport resistances
(right-axis).
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concentration.
Based on this analysis, delithiation of magnetite should be easier

if the solid-state lithium does not redistribute toward the center of
the agglomerate. This suggests that oxidation is less difficult if the
electrode is operated continuously. For example, for magnetite
reduced to an average concentration of x ¼ 1.0 (results not shown),
simulations predict that Dx ¼ �0.76 (prior to a 3.0 V cutoff) can be
achieved by delithiation at a constant rate of C/100 (experimental
value is Dx¼�0.78) if the oxidation current is applied immediately
after the reduction reaction. However, if the electrode rests at OCP
for 30-days prior to the oxidation reaction, simulations predict
Dx ¼ �0.5, in accord with the experimental value of Dx ¼ �0.55
electron equivalents.

Further evidence that the surface layer reduces capacity can be
seen from an analysis of the first and second lithiation processes of
the galvanostatic interruption experiments, c.f. Figs. 2 and 3. For
instance, experiments show a reduction in specific energy between
the first and second lithiation processes of 14%, 11%, and 11% for
cells lithiated to Dx ¼ 0.5, 1.0, and 1.5 respectively, whereby Dx
corresponds to the change of lithiation. The specific energy was
determined by integrating the power vs. time curves. Simulations
of these experimental studies that account for surface-layer for-
mation are in accord with experiments (predicted reduction of
specific energies of 11%, 9%, and 16%, respectively). Simulations
without the surface layer formation predicted specific-energy re-
ductions of 3%, 1%, and 2%, with the reductions arising from an
incomplete delithiation during the charging protocol. While the
present simulations incorporating surface-layer formation are in
fair agreement with experiments, a more complex model may be
able to capture the impact of potential-time history on the surface
layer, possibly leading to improvements in the predictions.

Fig. 4 shows the experimental and simulated voltage recovery
(cf., zone III of Fig. 3), for x¼ 0.5 and for x¼ 1.0. When the impact of
inactive layer formation is included, the simulations of the poten-
tial recovery after the second lithiation step are in much better
agreement with the final OCP. However, the simulations predict a
more rapid transition to the steady-state OCP than is seen experi-
mentally. It appears as if the diffusion coefficient is lower after the
formation of the surface layer on the magnetite. One explanation is
that the surface mobility of lithium on the new surface is signifi-
cantly decreased, as this is believed to impact the agglomerate-
scale diffusion coefficient.

Fig. 5 summarizes the impact of nanosizing magnetite on elec-
trode capacity. Assuming that a 0.5 nm layer of magnetite is
transformed into a surface layer, the fraction of active material lost
decreases rapidly with increasing crystal size. However, depending
Fig. 4. Experiments and simulations of the second voltage recovery with simulations ac
Comparisons are made for a) x ¼ 0.5 and b) x ¼ 1.0 in LixFe3O4.
on lithiation rates and transport resistances, large crystal sizes
result in a significant fraction of the magnetite not being used prior
to the lithiation cutoff potential. To illustrate this effect, we have
simulated performance of a hypothetical magnetite electrode with
varying crystal sizes and varying insertion rate. The battery is hy-
pothetical because it is assumed that it has been fabricated in such a
manner that the only transport resistance in the battery is the
solid-state diffusion in the crystal. Presently, as constructed,
agglomerate scale diffusion is another significant resistance within
themagnetite electrodes [16,17]. Simulationswere conducted using
dilute solution theory with Dx ¼ 2.0 � 10�18 cm2 s�1, and a cutoff
voltage of 1.5 V.

Results, shown for four lithiation rates, illustrate that the frac-
tion of unused magnetite increases as crystal radius increases.
Clearly, the trend is the opposite for the fraction of magnetite
transformed by surface layer formation. The results summarized in
Fig. 5 are hypothetical because they assume agglomerate-free
electrode construct and cannot be quantitatively compared to ex-
periments. Depending on the application, an optimal crystal size
may exist, where performance may even decline if the crystal is
made too small. While the above asserts that inactive layer for-
mation may have a negative effect on capacity for nanoparticles, it
is well documented that SEIs (a type of surface layer) have an
important role in improving stability, cyclability, rate capability,
and safety in lithium ion batteries [13,14,30e35].
counting for (solid) and not accounting for (dashed) active material transformation.
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At present, the precise composition and structure of the surface
layer identified in this work are unknown. The surface layer may
correspond to the transformation of magnetite to a different, less
reversible phase. It may also correspond to the formation of an SEI
on the magnetite surface, similar to that observed by Lee et al. for
10e12-nm crystals [36]. Either way, the simulated results suggest
that a portion of the active material is lost, which reduces the ca-
pacity of the material.

5. Conclusions

Magnetite reacts with electrolyte to form a surface layer, and
when the magnetite is made nanocrystalline, a significant fraction
of the active material may be transformed. It is suggested by the
open-circuit potential relaxation that during surface layer forma-
tion, the intercalated lithium is concentrated in the remaining
magnetite. Comparisons of simulations to experiments suggest that
the surface layer formation can be described by a nucleation and
growth mechanism. Agreement with experimental oxidation data
can be improved by accounting for a saturation-induced solid-salt
formation within the pores of the agglomerate. The process of
surface layer formation is very complicated. This particular system
allowed for insights into the formation process, but it is unclear if
the methods outlined here can be extended to other chemistries.
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List of symbols

a specific surface area (cm2 cm�3)
cagg lithium concentration in the agglomerate (mol cm�3)
csat saturation limit of lithium salt in the electrolyte (mol

cm�3)
cx solid-state lithium concentration (mol cm�3)
Dx solid-state diffusion coefficient (cm2 s�1)
F Faraday's constant (96,485 C mol�1)
irxn reaction rate (A cm�2)
kS reaction rate constant of the surface layer formation (s�4)
n denotes mode of nucleation and growth
rx crystal radius (cm)
t time (s)
Vagg agglomerate volume (cm3)
Vx crystal volume (cm3)
VS surface layer volume (cm3)
Vmax;S maximum surface layer volume (cm3)
εactive volume fraction of active material
lmax maximum surface layer thickness (cm)
x volume fraction of magnetite in the surface layer
Subscript
agg denotes agglomerate
x denotes crystal
S denotes surface layer
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