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ABSTRACT: The investigation of the lithiation—delithiation kinetics of anodes
comprising carbon-coated ZnFe,O, nanoparticles is reported in here. The study confirmed
that, as occurring with other conversion electrodes, lithiation of ZnFe,O, nanoparticles is a
multistep process involving the presence of intermediate Li—Zn—Fe—O phases as
precursors for the formation of amorphous Li,O. A detailed knowledge on the reaction
kinetics of the involved electrochemical mechanisms has been achieved by using
impedance spectroscopy. It has been observed that lithiation reactions introduce a long
delay that limits the electrode charging, not related to diffusion mechanisms. The sloping
curve following the conversion plateau of the galvanostatic discharge is connected to a
retardation effect in the reaction kinetics. This limitation is seen as an additional resistive
process originated by the specific lithiation microscopic features. It is concluded that
capacitance spectra allow distinguishing two separate processes: formation of kinetically
favored intermediate Li—Zn—Fe—O phases and subsequent reaction to produce highly
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dispersed LiZn and Fe® in an amorphous Li,O matrix. A detailed electrical model is provided accounting for the overall electrode

lithiation process.

B INTRODUCTION

Li-ion batteries have become core devices for the consumer
electronics industry. Materials for commercial battery electro-
des are mostly chosen from a set of intercalation compounds
that reversibly accommodate lithium ions in host sites in the
lattice without severely distorting the structure. In most
transition metal compounds such as LiCoO,, Li-
Ni;_,_.Mn,Co.0,, LiFePO,, and Li,Ti;O,, redox activity is
restricted to a few exchanged electrons. Therefore, intercalation
materials exhibit intrinsic limitations that make them unviable
when high capacity requirements have to be fulfilled as in the
case of large scale or automotive applications.' > During the
past decades a new family of electrode materials operating
under the so-called conversion reaction has been intensely
studied.* For these compounds lithiation occurs through the
reaction that involves a complete metal reduction as M X, +
(bn)Li © aM + bLi, X, where M = transition metal, X = anion
(O, S, N, P, and F), and n = anion formal oxidation state.
Conversion reaction is able to accommodate larger amount of
Li atoms into the lithium binary compound LiX, which
explains specific capacities exceeding 1000 mAh g™ as reported
for many compounds. Interestingly, conversion materials
usually show good reversibility because of the formation of a
nanostructured matrix that comprises metallic nanoparticles
surrounded by amorphous Li X phases. Intimate phase contact
facilitates reactivity as evidenced by the observation of
remaining metallic nanoparticles after extended oxidation/
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reduction cycling.* Despite their potentialities, conversion
compounds present a series of performance limitations that
hinders their straightforward application in commercial devices.
There is a strong structural rearrangement concomitant to the
chemical reaction, usually accompanied by material decohesion
and cycling performance loss. A large Coulombic inefliciency is
often observed in the first cycle, and a voltage hysteresis, that in
some cases even exceeds 1 V, precludes incorporation into
commercial batteries.’ In addition to conversion materials,
other reactions of interest include Li alloying with metal and
semimetal atoms which are able to give very high capacities,
although showing problems related to large volume changes
during the dealloying process.

An important research effort during the past decade has
allowed progressing into the understanding of the conversion
reaction mechanism. Structural and chemical changes have
been monitored by means of several spectroscopic techniques
such as transmission electron microscopy (TEM), electron
energy-loss spectroscopy (EELS),® X-ray diffraction (XRD),”
and solid-state nuclear magnetic resonance (NMR).® In most
cases, it has been identified that the electrochemical mechanism
for the transformation of the pristine M_X, phase into Li, X and
metallic particles is a multistep process that entails the
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intermediate formation of ternary Li—M—X phases before such
conversion takes place. The fluorides/oxides also exhibit
additional reversible capacity at lower voltages beyond their
theoretical capacity through mechanisms that are still poorly
understood. Although evident progress in structural and
thermodynamic processes underlying lithiation of conversion
materials has been achieved, a detailed knowledge on the
conversion (and related reactions) kinetics would help having a
complete picture on the electrochemical mechanisms accom-
panying the inherent structural rearrangements. In condensed
matter, the reaction rate is largely affected by stron

interactions caused by phase transitions and rearrangements.

Despite inherent complex thermodynamics, electrode kinetic
limitations are commonly connected to the solid-state diffusion
of ionic and electronic species. This is the case of intercalation
compounds that exhibit a charging hindrance connected to a
delay in the ion uptake caused by the Li* transport in the host
material. However, we have pointed out recently’ that solid-
state reactions as those occurring in conversion and alloying
electrodes can produce an intrinsic delay linked with the
reaction mechanism itself. This is then the specific aim of this
work: how to extract kinetic information on the lithiation
mechanisms occurring in a highly reversible zinc ferrite
nanoparticle battery electrode.

Zinc ferrite electrodes are selected in this work because they
exhibit large specific capacity (>1000 mAh g™') while
maintaining rather good kinetic performance upon charge/
discharge high rate response.'® This is achieved by carbon
coating ZnFe,0, nanoparticles, resulting in an amorphous
carbon shell covering them. This procedure assures specific
capacities of ca. 1000 mAh g™' for low specific currents, which
is more than 5 times the specific capacity obtainable for
standard anodes as Li,Tis0,,(LTO). At rates as high as 1 A g™*
only about 10% of the low-rate specific capacity is lost, and the
rate advantage is preserved when compared to nanoparticulate
LTO.>'® Carbon coating improves significantly not only the
high rate capability of the resulting electrodes but also the
cycling stability as well as the capacity retention after the
applied C rate test. Comparing the discharge voltage profiles for
carbon-coated ZnFe,O,—C and uncoated ZnFe,O, an
important reduction of the initial voltage drop is observed at
elevated C rates for the former material. Additionally, the
carbon coating is observed to enhance the electrode kinetics by
ensuring electron supply to the nanoparticles.'® This good rate
performance suggests us that ion diffusion cannot be regarded
as a limiting process of the electrode kinetic response and that
ZnFe,0,—C based anodes are proper candidates to explore the
kinetics of the lithiation mechanisms avoiding diffusion
hindrance.

Lithiation kinetics will be probed here by means of
electrochemical impedance spectroscopy (EIS). This technique
directly faces the kinetics of the electrical response of those
mechanisms governing the change in the electrode state of
charge. We have identified in this work, by using EIS, that
lithiation reactions in conversion materials introduce a long
delay that limits the electrode charging. This limitation is seen
as an additional resistive process originated by the specific
features of the microscopic lithiation mechanism. Combined
with the large capacitive process caused by the electrode
charging, the reaction resistance yields a distinctive signature in
the imaginary part of the capacitive spectra. As a result, it is
feasible to extract a reaction frequency that establishes the time
scale at which the particular solid-state reaction occurs. The
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analysis of the impedance/capacitance response of conversion
electrodes performed here opens new room for understanding
kinetic features of the lithiation process that are usually hidden
by relying exclusively upon structural characterization techni-
ques.

B EXPERIMENTAL RESULTS

Electrochemical Response. Preparation procedure and
electrochemical response of ZnFe,0,—C nanoparticle anodes
have been fully addressed in previous work.'’ A two-electrode
Swagelok cell assembly with lithium metal as the counter/
reference electrode was used. The setup includes a Whatman
grade GF/C 260 pm thick as the separator, and the electrolyte
solution obtained by dissolving 1 M LiPF, into a mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) (EC/
DMC, 50:50 w/w). Three first cyclic voltammograms at scan
rate 0.05 mV s™' can be observed in Figure la. Remarkably, the
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Figure 1. (a) Cyclic voltammogram of a ZnFe,0,-C (13.05 wt % C)/
SuperC65/CMC (75/20/5) electrode at 0.1 mV s™' showing the
stable response after the first cycle. (b) Voltage profile of the
galvanostatic cycle of a ZnFe,0,-C electrode at 40 mA g~' C/20 rate
(first cycle at 20 mAh g™! C/40 rate).

voltammogram does not change significantly upon further
sweeps, confirming a highly reversible uptake and release of
lithium once the initial structural changes are completed. After
the first scan a large reduction (cathodic) peak is exhibited at
approximately 1.0 V, which was interpreted in terms of the
main conversion reaction as Zn,Fe O + 6Li* + 6e~ — Zn° +
2Fe’ + 3Li,O. By means of this reaction, previously formed
oxide phases resulting from intermediate Li—Zn—Fe—O
compounds are transformed into metallic Zn and Fe and Li
oxide. A minor shoulder around 1.2 V is believed to be related
to the formation of intermediate ternary phases including Zn
and Fe, with Li and O of different compositions. Anodic
current shows a maximum at 1.6 V during the oxidation stage.
It has been also proposed that, at lower cathodic potentials, an
alloying reaction involving Zn and Li takes place as Zn® + Li* +
e” — LiZn. This additional reaction would explain the
increment in the specific capacity below 0.8 V. In summary,
the electrode behavior can be assimilated to a typical
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conversion mechanism including an additional alloying reaction
with Zn and that can be viewed as ZnFe,O, + 9Li* + 9¢~ —
LiZn + 2Fe® + 4Li,0."°

As observed in Figure la, the first scan yields a distinctive
curve caused by the general structural rearrangement of the
electrode material. A detailed analysis of the phase transitions
was published based on in-situ XRD measurements upon initial
galvanostatic lithiation—delithiation.'’ That analysis confirmed
the formation of intermediate Li—Zn—Fe—O compounds that
finally produce metallic Zn and Fe and amorphous Li oxide.
Upon delithiation, the materials remain amorphous or, at least,
quasi-amorphous, meaning that the resulting crystalline grains
are simply too small to be detected by means of XRD, in
common with other conversion compounds.'"'* After the
subsequent delithiation sweep the formation of amorphous
ZnO and Fe,0;, or even ZnFe,0,, appears likely as observed
for other transition metal ferrites as CoFe,O, or NiFe,O, using
>"Fe Mossbauer spectroscopy that revealed the complete
reoxidation of Fe’ to Fe>*.'>'* Although the definite structural
composition in the charged (delithiated) state is not yet fully
understood,">'® the previous arguments leads us to propose in
Figure 2 the main reactions involved in the lithiation—
delithiation of the zinc ferrite nanoparticles.

Li-Zn-Fe-O

Lit

First cycle

ZnFe,04-C

Figure 2. Schematic representation of the main processes occurring in
the carbon coated ZnFe,0,-C nanoparticle. The first lithiation
produces a sort of intermediate Li—Zn—Fe—O phases that evolve to
the final structure comprising Fe’ and LiZn immersed into an
amorphous Li,O matrix after conversion alloying. Delithiation sweep
most likely produces the formation of ZnO and Fe,O;.

Galvanostatic charge—discharge test for ZnFe,0,-C electro-
des within the voltage range 0.0—3.0 V vs Li/Li" at a rate of
0.04 A g! can be seen in Figure 1b after the first scan. As
expected, a plateau is observed at potentials around 1.0 V,
signaling the occurrence of the conversion reaction with the
formation of metallic Zn and Fe nanoparticles and the oxide
Li,O. At lower charge states, cell voltage decreases steeply, thus
indicating that the formations of intermediate phases
comprising Li—Zn—Fe—O are both energetically and kinetically
favored. At potentials below 0.5 V an increment in the specific
capacity appears as a tail with respect to the conversion-related
plateau. This additional capacity is believed to be linked with
the aforementioned alloying reaction of Li with metallic Zn.
Full information about the electrochemical behavior and
structural characteristics of zinc ferrite electrodes can be seen
in a previous work."

Impedance and Capacitance Responses. EIS is
performed at open-circuit voltage (no direct current flowing)
in different charge states, with amplitude of 20 mV in the
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frequency range from 10° Hz down to 0.001 Hz. After the first
cycle (Figure la), a stable cyclic voltammogram is observed
which informs on the reversibility of the conversion reaction.
The Nyquist plots in Figure 3 consist of two well-defined parts:
the high-frequency semicircle and an inclined low-frequency
line. Some of the impedance features are originated from well-
known processes.’” At high frequencies, a rather constant arc
corresponds to the parallel connection between the double-
layer capacitance Cy ~ S0 uF and surface charge transfer
resistance R, & 25 €. An additional series resistance accounts
for the solution contribution Ry & 12 Q. The high-frequency
circuit elements are observed to be rather voltage independent,
which allows connecting them to mechanisms occurring at the
interface. The low-frequency response points to the occurrence
of a voltage-modulated process which gives rise to a capacitive-
like behavior. The interpretation relies on the so-called
chemical capacitance that informs on the electrode ability of
varying the amount ¢ of reacted Li* upon application of a
differential change in the chemical potential u (directly
assimilated to the electrode potential upon steady-state
conditions as y = qU, where q is the positive elementary
charge).18

(1)

By examining Figure 3, one can infer that the impedance of the
low-frequency capacitive part decreases at voltages below 1.2 V.
The resistance accompanying the chemical capacitance is
largely reduced in the low-voltage range, from ~20 kQ at 2.6
V down to 100 € at 0.2 V. This reduction occurring at
conversion potentials signals the enhancement of the electrode
charging current. For intercalation compounds the rate-limitin:
mechanism is the diffusion of Li* inside the active material."
Diffusion of ions gives rise to distinctive impedance patterns
characterized by Warburg-like responses as Z o (iw)™"/* (being
@ the angular frequency and i = (—1)"2). Models based on
spatially restricted ion diffusion were proposed to account for
intermediate-frequency arcs relaying on a distribution of
diffusion lengths*® or electronic transport limitations.”!
However, the electrodes analyzed in this work function by
conversion reactions that entail an overall material rearrange-
ment of both chemical and structural nature. These
considerations lead us to regard the conversion reaction itself
as the rate-limiting process of the change in electrode state of
charge/discharge. The resistive process accompanying the
chemical capacitance is seen as a manifestation of the
conversion-related current hindrance.

In order to gain a deeper knowledge on the kinetics of the
conversion mechanisms, we propose to show the impedance
data in a representation that highlights capacitive features.
Capacitance spectra are calculated from the impedance as>>

1

“T iz @)
which is a complex function with its real part C’ that increases
toward lower frequencies, signaling the electrode charging. The
imaginary part C” is related to the inherent resistive processes
that take place during the conversion reaction. Figure 4 shows
the capacitive spectra corresponding to the impedance response
displayed in Figure 3. As observed in Figure 4a, C’ spectra
exhibit a low-frequency plateau in the range of 1—10 mHz,
which is interpreted in terms of the chemical capacitance in eq
1. As expected, large capacitances of ca. 0.1 F are measured
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Figure 3. Impedance spectroscopy response of a ZnFe,O,-C electrode at different steady-state voltages as indicated. Experimental data and fits using
the equivalent circuit of Figure 6. In the first panel, it is marked the point at the frequency corresponding to the conversion process as extracted from

the capacitive analysis.

when the electrode is polarized at conversion potentials. The
chemical capacitance, extracted from the low-frequency limit,
increases for lower potentials in agreement with the occurrence
of the conversion process. A second capacitance plateau is
observed at intermediate frequencies (100 Hz—1 kHz) related
to Cdl‘

The imaginary part C” spectra gather relevant information on
the conversion kinetics. As observed in Figure 4b, C” exhibits a
peak at lower frequencies that corresponds to the inflection
point in the C’ step in agreement with the Kramers—Kronig
relations. This peak signals a characteristic frequency (time) of
the capacitive process that is confined into the low-frequency
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range. It is noticed that the peak height follows the increase in
C’ plateau. More interestingly, the characteristic frequency f. is
situated within the range of 1-10 mHz and undergoes
variations with the cell potential, reaching a maximum at 1.0
V. It should be mentioned that f. corresponds to a frequency
located in the rising part of the impedance spectra in Figure 3.
This entails that the underlying mechanism originating the peak
in C” is decoupled from the ac response of Cq and R circuit
elements. We suggest here that the characteristic frequency
encountered can be interpreted in terms of the conversion
reaction kinetics as a measurement of the conversion time 7.
An alternative representation of the capacitance data consists in
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Figure 4. (a) Experimental data corresponding to the real part of the
capacitance C’ spectra of a ZnFe,0,-C electrode measured at different
voltages. Double-layer and chemical capacitance plateaus are marked.
(b) Imaginary part of the capacitance C” spectra showing the response
peak. Arrows indicate the conversion frequency. (c) Detail of C” that
allows observing a second reaction peak at higher voltages related to
the formation of intermediate Li—Zn—Fe—O phases. Solid lines
correspond to fitting results using the equivalent circuit of Figure 6.

plotting C” vs C’ in a complex plane as shown in Figure Sa.
This kind of plot produces an arc when C” spectra peak in such
a way that each reaction mechanism can be identified. In the
next section, a detailed model accounting for the equivalent
circuit of the conversion impedance (capacitance) will be
provided.

Because conversion is usually a multistep process involving
several intermediate reactions, it is possible to observe
additional reaction peaks at more positive potentials. This is
indeed the case studied here. By examining C” spectra at
potentials >1.8 V, one can observe a clear peak partially masked
by the response corresponding to the low-voltage C” peak. This
is displayed in Figure 4c. The high-voltage C” process
responses much faster (150—400 mHz) than the low-voltage
reaction at 1—10 mHz. This secondary mechanism is also
decoupled from the high-frequency interfacial response taking
place at 0.1—10 kHz, and it is indeed visible in Figure Sb as a
clearly distinguishable arc.
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Figure S. Experimental data corresponding to the capacitance C’ plots
of a ZnFe,0,-C electrode measured at different voltages (indicated).
(a) Low voltage region exhibiting a differential semicircle related to the
main conversion mechanism. (b) Detail of low capacitance in which a
second reaction peak at higher voltages related to the formation of
intermediate Li—Zn—Fe—O phases is observed.

B IMPEDANCE MODEL FOR LITHIATION REACTIONS

In the previous section we have made two identifications from
the experimental data: (i) The low-frequency plateau in C’
spectrum is interpreted in terms of chemical capacitance. This
is a steady-state value that signals the static limit of the
capacitive process directly linked with the electrode charging
state. (ii) The peak in C” spectrum is connected to the kinetics
of the reaction as a measurement of the conversion time 7. By
following this approach, it is evident that impedance
(capacitance) measurements simultaneously capture energetic
(C’ low-frequency plateau) as well as kinetic (C” peak) aspects
of the conversion process. The simplest way to model the
previous features is a RC series circuit that gives a C” peak at
the characteristic time 7. = RC. This is obviously an ideal case
characterized by a single conversion time. In real experiments, it
is expected to be much more common to deal with
distributions of conversion times as g(z). The function
accounting for capacitive response can be easily written as a
distribution of RC series circuits™

o d
Cw) =c, [~
o 1+ iwt
with [(%g(z) dr

imaginary parts as

©)

1. This expression gives the real and

g(r) dr
C(w) =C /
(@) = 1+ 0’7’ (4)
° wrg(7) dr
C"(w) =C —_—
(@) o 1+’ ()
Equation 4 assures that C, is the low-frequency limit of C’

when @ — 0. For experimental data fitting purposes, it is useful
to reduce the freedom degrees of g(z) to a function with a
smaller number of parameters. One simple possibility is using a
Cole—Cole equation that allows modeling it in terms of

dx.doi.org/10.1021/jp412641v | J. Phys. Chem. C 2014, 118, 6069—6076



The Journal of Physical Chemistry C

individual circuit elements commonly integrated into fitting
software packages

1

Clw)=C———
(@) 1+ (i) "

(6)

The parameter a (0 < & < 1) accounts for the broadening of
the conversion time distribution being @ = 0 the limit of a
single relaxation time. 7. marks the center of g(z) and obviously
correlates with the frequency of C” peak as 7, = 1/2xf.. The
distribution function corresponding to eq 6 is symmetrical with
respect to In 7, and it resembles a Gaussian-like distribution
concentrated around —2 < In(7/7.) < 2. Therefore, the shape of
C” will be also symmetric around the peak.

The distribution width parameter o can be related to the so-
called constant phase circuit element (CPE). Its impedance is
given by the expression

1
PETQ(im)" )

that, connected in series with a capacitor C,, gives rise to the
following complex capacitance function

_ Co
Clw) = 1+ CQ (iw)' ™

(8)
The comparison of egs 6 and 8 allows identifying C, = C, and

(Co )1/(1—0)
.=|—
Q ©)

Now, the limiting case a = 0 is assimilated to the single
conversion time case, and the CPE becomes a purely resistive
circuit element. The conversion time in eq 9 allows defining an
effective conversion resistance accounting for the overall
resistive contribution of the reaction as

(10)

From the previous electrical modeling the whole equivalent
circuit to be used for the electrode characterization comprises
two subcircuits: (i) responding at high frequencies, Cy in
parallel with R, connected to the solution series resistance R;
(ii) at low frequencies, conversion circuits accounting for each
reaction observed in C” spectra and represented by the series
combination of the chemical capacitor and a CPE. This is
summarized in the equivalent circuit in Figure 6 valid for the
studied electrodes. It is noted here that two capacitive processes
have been identified. We then denote as conversion process the
mechanism that yields larger chemical capacitances C; and
lower reaction frequencies f.. The minor process observed at
high-potential range is identified as prelithiation process
producing much lower capacitances CL but higher reaction
frequencies f;.

A comparison between experimental data and fitting can be
observed in Figures 3 and 4. It is known that Nyquist plots in
Figure 3 highlight impedance features; thereby, resistive
contributions to the overall response can be distinguished.
Good fits are obtained in this representation that separates
high-frequency interfacial circuit elements from low-frequency
conversion mechanisms. Reaction features are properly
displayed using the capacitance spectra of Figure 4. By
examining Figure 4a, one can observe that the simple
capacitance model in eq 8 is able to capture the essential
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Figure 6. Equivalent circuit used for fitting. R, is the series resistance,
R the interfacial charge-transfer resistance that combined with the
double-layer capacitance Cy4 dominates the high-frequency response.
Reaction subcircuits are modeled by series CPE capacitance. C,
accounts for the chemical capacitance of lithium in intermediate (1)
Li—Zn—Fe—O and final (c) phases. The reaction retardation is
assimilated into the CPEs Q, and Q..

features of C”. The frequency location of the conversion peak is
clearly situated as well as the dispersion caused by g(7).

Discrepancies between experimental C” data and the model
in eq 6 are however visible in Figure 4b,c. This is caused by the
lack of generality of the capacitance expression that imposes a
drastic constraint concerning the symmetry of the conversion
time distribution. It is known that more general models with
asymmetric distribution tails can be devised, although this
makes the fitting analysis much more complex. We have
adopted here a compromise between model simplicity and
reliable parameter extraction with the idea of capturing the
most relevant information about the conversion kinetics.

B DISCUSSION

Fitting results using the equivalent circuit of Figure 6 are
summarized in Figure 7. By examining Figure 7a, one can
observe chemical capacitance values for both processes. At
lower potential, intermediate lithiation is masked by the huge
C,, values exhibited by the conversion process. In both cases, a
rather monotonic increment occurs toward lower potentials
being C, > CL at a given potential. It is interesting to compare
here the capacitance extracted from EIS with the discharge
curve derivative —dQ/dU of the second scan data in Figure 1b.
After taking into consideration the electrode mass loading, this
procedure and the capacitance can be directly confronted.
Figure 7a allows inferring that while the discharge curve
derivative is reduced at potentials below the peak at 1.0 V
(which corresponds to the voltage plateau), chemical
capacitance exhibits higher values. This discrepancy can be
understood by considering that discharge curve at 40 mA g™’
(C/20 rate) is still far from equilibrium. On the contrary, EIS is
measured in open circuit under negligible direct current
flowing, which implies that capacitance extraction approximates
equilibrium conditions.”* This would entail that the discharge
curve plateau prolongs in the case of ultraslow rates giving as a
consequence increasing capacitances (curve derivatives) toward
lower potentials. It is then conceivable that the sloping curve
following the conversion plateau in Figure 1b is connected to a
retardation effect of the reaction kinetics.

The reaction frequencies f, and f;, calculated from the fitting
parameters for conversion and prelithiation reactions, are
plotted in Figure 7b. As previously observed in Figure 4b,c, the
frequency corresponding to the C” peak reaches a maximum at
1.0 V for the conversion mechanism and decreases monotoni-
cally at higher and lower potentials. Remarkably, the maximum
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Figure 7. Fitting results using the equivalent circuit of Figure 6
showing (a) chemical capacitance C,, (b) reaction frequency f, and (c)
reaction equivalent resistance R for the prelithiation Li—Zn—Fe—O
phases formation, and the main conversion-alloying mechanism. In (a)
solid line corresponds to the derivative of the discharge curve —dQ/dU
in Figure 1b considering the electrode mass loading.

conversion rate is reached at potentials (~1.0 V) corresponding
to the voltage plateau observed in the galvanostatic discharging
experiment of Figure 1b. As commented upon previously, there
is a retardation effect in the reaction kinetics below 1.0 V
evidenced by the decreasing values reported for f. It is also
noticeable that conversion frequency f. is significantly lower
than f. This would entail that the formation of intermediate
Li—Zn—Fe—O phases is kinetically favored. Intermediate
phases might then be seen as a sort of Li reservoir to be
consumed by the much slower conversion reaction.

Kinetic limitations hindering each specific lithiation reaction
can be alternatively inferred from the reaction resistance in
Figure 7c. The resistance represents an average value
accounting for overall reaction time distribution. The
distribution parameter o defined in eq 7 lies within the range
of 0.2—0.3, signaling a slightly dispersive reaction time. At
potentials higher than 1.0 V conversion resistance R_ exhibits
increasing values within the range of 100 Q—22 kQ, in good
agreement with the resistive increment in addition to R; + R
observed in Figure 3. In the low potential range (<1.0 V) R,
practically yields a constant value around 80 € exhibiting a
minimum of 52 € at 1.0 V. Lithiation involving intermediate
phases produce a low resistance R; & 50 Q. As in the case of the
reaction frequencies, R, < R_ in the high potential range, a result
that again informs on the favored kinetics of the prelithiation
reaction.

Capacitive analysis allows distinguishing two separated
reaction processes that we have identified as originated by
the prelithiation producing intermediate Li—Zn—Fe—O and the
main conversion reaction at low potentials. As discussed
previously, an additional reaction was proposed accounting for
the extra sgeciﬁc capacity increase caused by the LiZn alloy
formation." It should be noted here that the distinction of the
alloying reaction was made during the first lithiation step that
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made up a fully amorphous phase consisting of highly dispersed
LiZn and Fe’ in an amorphous Li,O matrix. After the
subsequent delithiation sweep, the formation of ZnO and
Fe,O; appears likely (see Figure 2), but a mixture of ZnO,
Fe,0;, and Zn,Fe,, O, (x < 1) is also conceivable, although
the definite structural composition in the charged (delithiated)
state is not yet fully understood. Since the impedance
measurements have been performed after a few lithiation/
delithiation cycles, it is probable that the kinetic separation
between LiZn alloying and conversion of the metal oxides into
Li,O is not accessible. This would explain why a unique C”
peak is observable at low potentials.

It is worth noting here that the proposed model for the
impedance/capacitance behavior establishes a conversion
frequency that is connected to the underlying kinetic constants
of the reaction. Diffusion terms are intentionally disregarded in
such a way that inherent resistive loss elements originate in the
process of surpassing microscopic potential barriers defined by
the reaction itself. It is otherwise recognized that microscopic
models should include the inherent structural rearrangement
occurring during the conversion and the energy losses involved
in it. This is indeed a complex problem that would involve
energetic, entropic, and mechanical terms in the definition of
the Li chemical potential as a driving force for the conversion
reaction progress.25’26 There are still some open issues as the
hysteretic behavior observed in Figure 1b which exhibits a
voltage offset larger than 0.5 V between discharge and charge
sweeps. Combined experimental information on the capacitive
response and structural changes of other conversion materials is
obviously needed to go further in this direction.

B CONCLUSIONS

We remark that the performed analysis of the capacitance
spectra produced by carbon-coated zinc ferrite anodes allows
for a quantification of the kinetic parameters governing the
various lithiation steps involved. A new equivalent circuit that
directly models the conversion reaction process was set up by
fitting the Nyquist and capacitance spectra plots from EIS
analysis. The conversion reaction subcircuit is assimilated to a
series RC and reproduces the main features in the discharge/
charge voltage profile showing a maximum conversion
frequency at plateau potentials. Prelithiation mechanisms
related to the formation of intermediate Li—Zn—Fe—O phases
are observed to be kinetically favored with respect to the main
conversion reaction. This is evidenced by the values reached by
the reaction frequency of the first lithiation process (150—400
mHz) in comparison with those observed for the main
conversion in the range of 0.1—10 mHz. It is additionally
proposed that the sloping curve following the conversion
plateau in Figure 1b is connected to a retardation effect of the
reaction kinetics. In summary, the analysis opens new room for
understanding kinetic features of the lithiation process that are
usually hidden by relying exclusively upon structural character-
ization techniques.
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