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ABSTRACT: High-capacity lithium-ion anodes such as alloying-, conversion-, and
conversion/alloying-type materials are subjected to extensive volume variation upon
lithiation/delithiation. However, a careful examination of these processes at the
particle and electrode level as well as the impact of the kind of lithium-ion uptake
mechanism is still missing. Herein, we investigated the volume variation upon
lithiation/delithiation for a series of conversion/alloying materials with a varying
relative contribution of the alloying and conversion reaction, i.e., carbon-coated
ZnFe,0,, ZnyyFe, 0, and SnyeFe, 0, by operando dilatometry and ex situ scanning
electron microscopy of the electrode cross section. While the theoretical estimation at
the particle level indicates a rather large volume expansion of 113% (ZnFe,0,) and
more, the true volume variation on the electrode level reveals very limited changes of

only around 11% (ZnFe,0,). Combining the experimental findings with some
theoretical considerations highlights the (to a certain extent unexpected) impact of
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the initial electrode porosity.

L ithium-ion batteries (LIBs) have attracted great interest in
academia and industry as high-performance energy
storage devices for portable electronics, (hybrid) electric
vehicles, and stationary storage.' > The great majority of
commercial LIBs comprise graphite as the active material for
the negative electrode, which possesses a very low lithiation/
delithiation potential of ca. 0.1 V vs Li*/Li and a theoretical
specific capacity of 372 mAh g™, thus enabling relatively high
energy densities at the full-cell level. However, this low
lithiation potential in combination with the rather sluggish Li*
intercalation kinetics prevents fast charging of the battery
cell,*”° which is considered now equally as important as high
ener}g_ylodensities.7 Potential alternati\If(les12 are conversion-
type or alloying-type active materials. "~ These alternative
candidates commonly provide substantially higher specific
capacities and, frequently, greater rate capability than graph-
ite.">™*> Nonetheless, both classes of active materials also
reveal some fundamental challenges, i.e., a pronounced voltage
hysteresis and a rather wide potential window for the complete
lithiation/delithiation reaction in the case of conversion-type
materials and an extreme volume variation upon lithiation/
delithiation in the case of alloying-type compounds.'”'® To
overcome these challenges, the synergistic combination of the
two reaction mechanisms in one single material has been
proposed.’” Indeed, such conversion/alloying materials
(CAMs) provide elevated specific capacities, high energy
densities, stabilized long-term cycling, and excellent rate
capability."* ™’ Very recently, we could also show that full
cells incorporating CAMs as an anode may provide

substantially enhanced energy efficiencies of up to more than
80% and even more than 90% under certain conditions.”****

An issue that remains to be investigated, though, is the
volume variation upon lithiation/delithiation, which is
generally an issue for both conversion-type and alloying-type
compounds, resulting in crack formation, loss of electronic
contact, particle pulverization, and as a consequence of the
latter continuous electrolyte decomposition.”*>” While these
issues can be addressed to a certain extent by nanosizing the
active material particles and the application of “buffering”
coatings or secondary matrices,”* " the negative effect for the
battery lifetime remains if the thickness of the electrode keeps
changing significantly upon discharge/charge. Accordingly, the
initial electrode porosity is considered to play a decisive
role.’** The existing (still very limited) literature, however,
reports conflicting experimental findings. While Du et al.*’
observed that the porosity in Si-alloy/graphite anodes did not
change significantly during cycling, Pietsch et al.>* reported a
decreasing porosity during the lithiation of silicon/graphite
negative electrodes. Contrarily, Karkar et al.’> observed an
increasing porosity during the first discharge of silicon/carbon-
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Figure 1. Schematic illustration of theoretical volume changes occurring for Zn,yFe, ;O upon lithiation as a result of the initial conversion and

subsequent alloying reaction.

based electrodes and generally pointed out that the electrode
processing (incl. the calendaring and maturing) as well as the
particle/binder interaction play a decisive role. This was
further confirmed by Vanpeene et al.>° who showed that the
application of a suitable maturing procedure allows for reduced
volume variations and cracking of Si-based electrodes,
originating from the possibility of particle sliding and their
displacement in the pores during lithiation. Besides these still
contradictory findings, comparable studies on conversion-type
or conversion/alloying-type active materials are completely
missing so far.

Herein, we attempt to fill this gap by investigating the
volume variation of CAMs characterized by varying relative
contribution of the conversion and alloying reactions,
specifically, carbon-coated ZnFe,0, Zn,,Fe,,;0, and
SngoFey,0,. The investigation is performed by initially
comparing the results obtained by operando dilatometry and
the theoretically expected volume changes. In a subsequent
step, we conduct an exemplary ex situ cross-sectional scanning
electron microscopy analysis of pristine, lithiated, and
delithiated ZnjyFe,;O—C electrodes and analyze the exper-
imentally observed and theoretically expected volume
variation, considering either the total pore volume or the
relative porosity constant.

Initially, we estimated the theoretical volume changes of
(carbon-coated) ZnFe,0,, ZnyFe, 0, and Sny4Fe,;0, based
on the density of the nonlithiated and lithiated materials. While
the bulk density of the nonlithiated compounds can be
determined experimentally, the overall density of the lithiated
materials (plithjate d) was calculated on the basis of the bulk

densities of the different lithiation products (using literature
values) according to the formula

_ 1
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j
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(1)
with p being the density of each individual phase after

lithiation and w; its relative mass fraction. A summary of all

density values is provided in Table S1, including also the
carbon-coated samples having carbon contents of 10 wt %

(ZnFe,0,—C, and Zny,Fe,;0—-C) and 12 wt %
(SngoFeg;0,—C). In the following, we describe the (initial)
lithiation reaction for these three materials along with the
(theoretical) gravimetric capacity values, highlighting the
contribution of the conversion and the alloying reaction as
well as the corresponding volume changes. The accordingly
calculated volumetric capacities are provided in Table S2.

The lithiation of ZnFe,O, occurs via the following
reactions:””**

ZnFe,O, + 8Li* + 8¢~ — 2Fe’ + 4Li,O + Zn° )

7Zn’ + Lit + ¢~ > LiZn (3)

The relative contribution of the alloying reaction (3) accounts
for 11% in this case, while the total theoretical specific capacity
is around 1000 mAh g_l. The estimated volume variation is,
thus, largely dominated by the conversion reaction (2),
resulting in about 93% volume increase versus a total change
of 113% (2 + 3).

For ZngygFe,0, the relative contribution of the alloying
reaction is increased to about 31%, with the overall lithiation
taking place via the following reaction mechanism:***"*"

ZnygFe, O + 2Li* + 2¢” — 0.1Fe’ + Li,O + 0.9Zn’
©)

0.9Zn° + 0.9Li" + 0.9¢” — 0.9LiZn (s)

This reaction yields a theoretical specific capacity of 966 mAh
g~". It should be noted that the reaction mechanism is a little
more complex with the two mechanisms partially overlappin%
and employing also the partial alloying of zinc and iron.”*
Nevertheless, we will use herein the simplified mechanism,
since the precisely formed (intermediate) species and their
ratio are hard to determine quantitatively, while the impact of
any overlap of the two reactions is considered to have a
negligible impact on the overall volume variation—at least for
the given estimation.

As expected, the increase of the relative contribution of the
alloying reaction results also in an increased contribution to
the theoretical volume change. The volume increase after the
conversion reaction (4) is calculated to be 67%, while it is
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120% after the subsequent alloying reaction (5), ie., in the
fully lithiated state; see also Figure 1 for a schematic
illustration of the stepwise volume changes. Comparing these
values with those obtained for ZnFe,O, reveals that the
alloying reaction is characterized by a relatively larger volume
variation than the conversion reaction.

To further highlight this, we conducted the same analysis
also for SnygFe;;0, which follows the general reaction
mechanism given below, with a relative contribution of the
alloying reaction (7) of around 50% to the total theoretical
capacity of 1477 mAh g~".

SnygFe,,0, + 4Li* + 4e” — 0.1Fe” + 2Li,0 + 0.9Sn’
(6)
0.9Sn + 3.96Li" + 3.96e” — 0.9Li,,Sn (7)

The calculated volume increase is 116% after the conversion
reaction (6), rising to 296% after the alloying reaction (7).

Please note that all these reactions refer to the initial
lithiation reaction. For the subsequent delithiation reaction,
the general processes are essentially reversed, while the
eventually formed metal oxide phases have a (quasi-)-
amorphous structure.””**' Besides, all the given values have
to be taken with care when evaluating any potential practical
application, mainly for two reasons. First, it was shown that
CAMs commonly benefit from a carbonaceous coating (or
alternatively secondary electron-conductive phases®”) for
stable long-term cycling.'”~"** Considering the correspond-
ing weight fraction of 10% used herein, its relatively low
density compared to metal oxides (see Table S1 for the
experimentally determined densities of ZnFe,0,—C,
ZnyoFe;;0—C, and SngoFey;0,—C), and assuming a negli-
gible volume (and density) variation for the carbon coating
upon lithiation, the overall volume expansion decreases to
“only” 77%, 91%, and 175% for ZnFe,0,—C, Zn,.Fe,,0—-C,
and Sny¢Fe;;0,—C, respectively. The second important aspect
to be considered is that common electrodes contain also
conductive additives and a polymer binder, accompanied by
significant porosity. Beattie et al.*’ showed that the electrode
expansion correlates with the volume fraction of the active
material and that additional, electrochemically inactive phases
(such as conductive carbon) have a diluting effect. Thus, we
kept the composition of all electrodes studied herein constant
to ensure comparability.

To investigate the volume variation at the electrode level,
operando electrochemical dilatometry was performed for
electrodes based on ZnFe,0,—C, ZnyFe,;0—-C, and
SnyoFe;;0,—C. We may note here that this technique
determines changes in thickness, i.e., only in one dimension,
while any volume change apparently might occur in three
dimensions. Nonetheless, given the lateral confinement of the
electrode, we may consider the changes in the vertical direction
(i, in thickness) roughly equivalent to the total volume
changes. The results for two and half consecutive cycles are
presented in Figure 2 and all results are summarized in Table
1. All pristine electrodes had an initial thickness of [, = 18 um.
The volume changes within the first cycle are generally referred
to as Iy, for the (“positive”) volume change after the first
lithiation and as lgg; , for the (“negative”) volume change after
the first delithiation. Accordingly, lj;, (with n for the nth
cycle) is equivalent to the reversible volume variation Al,, ,,
while the difference Al , = Ly, I » describes the
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Figure 2. Operando dilatometry performed for half-cells comprising
working electrodes based on (a) ZnFe,0,—C, (b) Zny,Fe,,0—C,
and (c) SnyoFey;0,—C as active material. The discharge/charge
voltage profiles are given in blue and the corresponding displacement
is given in red for each panel (cutoff voltages, 0.01 and 3.0 V vs Li*/
Li; specific current, S0 mA g ' for the first cycle and 100 mA g ' for
the second cycle).

Table 1. Summary of Findings for the Reversible and
Irreversible Thickness Variations during the First Two
Cycles Obtained by Operando Dilatometry

active material I/pm  IL,/%  AlL../%  AL,,/% Al..,/%
ZnFe,0,—C 18 172 10.7 6.5 9.3
ZngoFe,,0—C 18 213 118 9.5 10.0
SnyoFe,,0,—C 18 35.0 25.1 9.9 232
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For ZnFe,0,—C with the lowest contribution of the alloying
reaction (Figure 2a), the initial (short) potential plateau
observed has been assigned to the Li* insertion into the spinel
structure.””** During this plateau, the electrode thickness
remains essentially constant, which supports the previous
ﬁndings,23’44 as such, a reaction is not considered to result in
appreciable volume changes, especially given the rather low
degree of lithium uptake. Subsequently, a steady increase in
thickness is observed, which amounts to I ;(ZnFe,0,—C) =
17.2% at the end of the first lithiation. Upon delithiation the
thickness decreases by 10.7% (Al ), which results in an
irreversible expansion of Al,; = 6.5%. This irreversible
fraction presumably originates from the formation of the solid
electrolyte interphase and structural rearrangements within the
electrode.**® In addition, the formation of (quasi-)amorphous
phases upon the first lithiation and the preservation of such
(quasi-)amorphous structure during the subsequent delithia-
tion (instead of a reformation of the initial crystalline phase)
certainly adds to such initial irreversibility, since amorphous
materials are commonly characterized by lower bulk
densities.*” Meanwhile, in the second cycle, the reversible
thickness variation decreases to around 9.3% (Al ,). In line
with the earlier calculation, the change in thickness is more
pronounced for the de/alloying reaction at low potentials
(below ~0.7 V) compared to the conversion reaction.

For Zny,Fe,,O—C (Figure 2b), the general evolution is very
similar. The electrode coating layer thickness increases initially
by i 1(ZngoFey;0—C) = 21.3% and decreases subsequently
by 11.8% (Al 1), resulting in an irreversible thickness change
Al | of 9.5%. These values are slightly higher compared to
ZnFe,0,, which is assigned to the relatively higher
contribution of the alloying reaction (ca. 31%) and the larger
structural rearrangement occurring upon lithiation. In fact, also
the reversible thickness variation in the second cycle upon
lithiation/delithiation (Al,,, = 10%) is slightly higher
compared to ZnFe,0,—C. Nonetheless, it is lower than for
the first cycle, indicating that the volume changes occurring at
the electrode level during the subsequent cycles are somehow
stabilizing.

The general trend of an increasing variation in thickness
with an increasing contribution of the alloying reaction is
further confirmed by the operando dilatometry results obtained
for SnygFe;;0,—C, which also owns the highest density in the
delithiated state (Table S1). Indeed, the initial increase in
thickness, I ;, was found to be 35.0%, with an irreversible
fraction of Al ; = 9.9% and a reversible expansion of Al | =
25.1%. For the second cycle, the reversible thickness variation
accounts for 23.2%. We may note here that the given
irreversible/reversible thickness variation occurs in a rather
wide voltage range from 0.01 to 3.0 V. This has been shown to
be detrimental for the energy efficiency and energy density at
the full-cell level as well as for the continuous SEI
(re)formation®”***>** and, especially in the case of transition
metal doped SnO,, also for the cycling stability.”">*****
Accordingly, and with respect to the shape of the displacement
curve, it is reasonable to say that the thickness variation in a
full-cell, when cycling the anode with a limited capacity and,
thus, in a narrower voltage range, will be substantially less and
ideally only a few percent (depending on the final limitation in
voltage and anode capacity utilization). In fact, commercial
graphite-based lithium-ion cells also show some variation in
thickness, the extent of which depends on the kind of graphite
and the overall cell design (including the current collector,

separator, packaging, etc.).49 For instance, an initial irreversible
increase in thickness of around 2% (Al ;) has been reported
for commercial lithium-ion cells, accompanied by a reversible
thickness change of about 2—4% (Al ,»;),"” highlighting that
a certain reversible volume variation appears acceptable for
commercial cells. Nonetheless, the pronounced increase in
thickness upon the first lithiation underlines the importance of
optimized electrode architectures and the development of
suitable prelithiation strategies.””"

To further discuss the volume variation observed at the
electrode level, the electrode porosity as an important
parameter has to be taken into account.’” To investigate
this experimentally, we performed a representative ex situ SEM
analysis of the FIB-derived cross section of ZnjyFe,,O—C
electrodes. EDX mapping of the cross section of the pristine
electrode (Figure 3a) reveals that the coating layer thickness is
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Figure 3. (a) EDX mapping of the FIB-derived cross section of an
electrode based on ZngoFe,;O—C as the active material. Zn is colored
in yellow, Cu in purple, Fe in light blue, O in light green, and C in red.
(b) Comparison of the thickness of the electrode coating layer in the
pristine (left), lithiated (middle), and delithiated (right) state. (c)
Magnification of the cross sections shown in (b) and determination of
the porosity (in red) via computational segmentation.

rather homogeneous and that the active material and the
conductive carbon are well distributed within the coating,
while there is a significant porosity that might potentially serve
as a buffer for the volume changes occurring. Upon lithiation
and delithiation, the thickness of the coating layer increases
from 19.4 to 23.7 ym and subsequently decreases to 21.9 yum
(Figure 3b). These changes translate into a thickness increase
upon lithiation of 22.1% and an irreversible (remaining)
increase of about 12.8% (i.e., a reversible thickness variation of
9.3%), which is in very good agreement with the findings
obtained by operando dilatometry (Figure 2 and Table 1). The
minor deviation might be explained by some side reactions of
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the highly reactive lithiated electrode with, e.g., traces of
oxygen in the glovebox, even though the oxygen content was
kept well below 0.1 ppm throughout the experiment. In order
to determine the impact of the electrode porosity, we had a
closer look at the electrode cross section (Figure 3c and Figure
S1). Generally, it is observed that the porosity is substantially
reduced after the lithiation step and that it remains lower than
for the pristine electrode, also after the subsequent delithiation.
To quantify these changes in porosity, we used the software
Image]. It should be noted here that it is not feasible to
accurately measure the 3D porous structure on the basis of a
2D image and that instrumental restrictions limit resolving very
small pore features. As a consequence, the porosity is
commonly underestimated.”” Nonetheless, for the direct
comparison of the porosity in the pristine, lithiated, and
delithiated state, this methodology appears suitable. Accord-
ingly, the porosity of the pristine electrode was determined to
be 55%. It decreases to 33% in the lithiated state and slightly
increases again to 37% after delithiation. This finding indicates
that the SEI formation at the active material particle surface
and, potentially, some rearrangement of the electrode
architecture, are dominating the variation in porosity, while
the (reversible) volume changes of the Zng,Fe, ;O particles
have a relatively minor impact.

To better understand the impact of the electrode porosity,
we conducted some fundamental calculations. The porosity P
of a composite electrode A (i.e.,, P,) is defined as the ratio of
the void volume Vy of the total volume V7. It can be calculated
with the density of the electrode coating layer p, and the

theoretical density of the composite p., according to
Py=—Y=1- Pu
Vr Pr (8)

While p, can be easily derived by measuring the diameter,
the thickness, and the mass of the electrode film, p,. can be
calculated according to

_ 1
Z, (©)

with ; being the weight fraction of any component i of the

Pr

composite electrode and p, being its density. Accordingly, eq 8
can be written as

.
pA=_=1_&=1_pAz;’
i i

Vr Pr (10)

The measured densities of the active materials are
summarized in Table S1 and the densities of the conductive
carbon (Super C65) and the CMC binders were measured to
be 1.8 and 1.6 g cm™>, respectively. According to eq 10, the
herein studied electrodes, based on ZnFe,0,—C, Zn,Fe,,0—
C, and SnygFe;;0,—C as active materials, have similar
calculated porosity values of 65%, 66%, and 67%, respectively.
These values are somewhat higher than the experimentally
determined value of 55% (examined using Image]) in the case
of ZnyyFe,,0—C, which is ascribed to the earlier mentioned
underestimation in the latter case. In addition, it might be that
the density of, e.g., the polymer is different in such a composite
electrode compared to its “bulk” state due to the interaction
with the active material particles and the conductive carbon.
Hence, the eventual “real” density of the coating layer and,

thus, the porosity might differ slightly from the calculated
value.

In a next step, we defined different scenarios for the
evolution of the electrode porosity upon lithiation/delithiation.
Since there are still pores observed also for the lithiated
electrode (Figure 3c) and as there has been a significant
increase in thickness recorded by both operando dilatometry
(Figure 2) and ex situ SEM/FIB analysis (Figure 3), while the
latter revealed that the changes in porosity are largely
dominated by SEI formation and other irreversible processes,
it is apparent that the given porosity does not completely
“absorb” the volume expansion occurring. We may briefly note
that the following considerations focus, indeed, solely on the
volume changes at the electrode level induced by the
(theoretical) reversible volume variation at the particle level.

First, we assumed that the overall porosity would remain
constant upon lithiation/delithiation. In such a case, the pores
would expand to the same extent as the volume of the active
material during lithiation and the availability of void space in
the electrode would not buffer the volume expansion at all.
Following these considerations, the volume would increase by
41%, 46%, and 90% for ZnFe,0,—C, Zn,.Fe,;0—C, and
Sny4Fey;0,—C, respectively (see also Figure 4a). Obviously,
these values largely exceed the values experimentally
determined for the reversible volume changes. Hence, despite
the ex situ SEM results, the initial porosity plays a role for the
relatively limited reversible volume variation at the electrode
level.

Second, we assumed a constant pore volume, meaning that
the relative porosity at a given volume decreases with the total
increase in volume of the electrode as a whole upon lithiation.
In this case, the volume of the electrode would increase by
13.6%, 14.7%, and 28.6% for ZnFe,0,—C, Zn,,Fe,;0—C, and
SnyoFey;0,—C, respectively. These values are in rather good
agreement with the experimentally determined ones (see
Figure 4a), being just slightly (ca. 3%) higher (considering also
the transition to (quasi-)amorphous phases, which has not
been taken into account for the calculation). Accordingly, the
relative porosity for a given volume decreases, while the total
pore volume remains fairly constant.

To further investigate this, we performed a comparative
operando dilatometry analysis of nonpressed and pressed (1t
for one minute) Zn,,Fe,;O—C electrodes with the same mass
loading. As a result of the pressing, the thickness of the coating
layer decreased from 18 to 12 um and the (calculated) porosity
decreased from 66% to 49%. The dilatation during the first
cycle of both electrodes (normalized by the specific capacity
for clarity reasons) is shown in Figure 4b. It is observed that
the variation in thickness is very similar with respect to the
absolute (in micrometers) increase upon the first lithiation and
decrease during the subsequent delithiation. Accordingly, the
initial porosity does not “adsorb” the volume changes
occurring at the particle level, which is different from what is
commonly assumed, at least not to a large extent. Considering
the relative increase with respect to the initial electrode
thickness, however, the volume variation is apparently more
pronounced in the case of the pressed electrodes (Figure 4c).
Accordingly, the initial porosity has more a “diluting” effect in
consideration of relative values.

In summary, we comprehensively analyzed the volume
variation of three conversion/alloying materials, ZnFe,0,—C,
ZnyoFe; ,0—C, and Sny¢Fe,;0,—C, with a varying relative
contribution of the alloying and conversion reaction. On the
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Figure 4. (a) Comparison of the experimentally determined reversible
volume variation (in orange) for electrodes based on ZnFe,0,—C,
ZnyoFe,;0—C, and SnyoFe,;0,—C with the reversible volume
changes calculated for either a constant pore volume (in green) or
a constant porosity (in purple). (b, c) Comparison of operando
dilatometry data recorded for pressed and nonpressed electrodes
based on Zn,4Fe;,;0—C, including also the corresponding discharge/
charge profiles. The capacity and thickness change have been
normalized (the latter by the specific capacity) for clarity reasons.
(b) depicts the normalized absolute volume changes in ym (Ah
g ') !, and (c), the relative volume changes in % (Ah g ') . Please
note that the humps in the dilatation data of the pressed electrodes at
lower potentials originate from some minor temperature fluctuation in
the climatic chamber.

basis of the density of the initial and lithiated phases, a volume
expansion of 113%, 120%, and 296% has been calculated at the
particle level, revealing that an increasing ratio of the alloying
reaction results in a more pronounced volume increase. This
trend has been confirmed by operando dilatometry and backed-
up exemplarily by ex situ cross-sectional SEM/FIB analysis.
The overall reversible volume variation at the electrode level,
however, is dramatically lower, ie., only 10.7%, 11.8%, and

25.1% for ZnFe,0,—C, ZnyoFe,;0—C, and SnyyFe,;0,—C,
respectively. While this is to a certain extent related to a
buffering effect of the available void space inside the electrode,
the total pore volume appears to remain fairly constant,
according to our theoretical calculations. In fact, the
comparison of pressed and nonpressed electrodes highlights
that the initial porosity has more a “diluting” effect on the
overall volume change rather than (largely) “adsorbing” the
occurring volume change.

While these findings are generally providing some important
insights into the relationship of theoretically expected and
experimentally determined volume variations at the particle
and electrode level and are anticipated to be applicable also to
pure conversion and alloying materials, we may finally also
note that all the volume changes reported herein refer to
electrodes cycled within a very wide (though commonly
employed) voltage window from 0.01 to 3.0 V, thus, essentially
exploiting the maximum theoretical capacity. Limiting the
applied anodic and cathodic cutoff voltages and, hence, the
cycled capacity, will lead to substantially less pronounced
reversible volume changes, which will be important for any
potential commercial use of such high-capacity active materials.
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