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ABSTRACT: The detailed mechanistic understanding of the electrochemical reactions 
occurring in lithium-ion battery electrodes is fundamental for their further improvement. 
Conversion/alloying materials (CAMs), such as Zn0.9Fe0.1O, one of the most recent 
alternatives for classic graphite anodes, offer superior specific capacity and rate capability. 
However, despite fast kinetics, CAMs suffer from a large voltage hysteresis upon de-/lithiation 
and improvable Coulombic efficiencies when cycled in a large voltage window. Here, we use 
isothermal microcalorimetry together with operando X-ray diffraction as well as ex situ 7Li 
NMR and 57Fe Mössbauer spectroscopies to investigate the asymmetric reaction mechanism 
of the lithiation and delithiation of Zn0.9Fe0.1O during electrochemical cycling. We 
demonstrate that the measured heat flow is correlated with compositional changes of the 
electrode material. This combination of highly complementary techniques allows us to 
propose a new nucleation site model for the initial lithiation of Zn0.9Fe0.1O. Modeling the heat 
flow provides concrete evidence for the deleterious impact of high anodic cutoff potentials
(>2 V), resulting in a continuous quasireversible solid electrolyte interphase formation. The presented methodology is suggested to 
provide improved insights into the reaction mechanism of conversion- and alloying-type energy-storage materials.
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1. INTRODUCTION
Due to their high power and energy density, Li-ion batteries 
(LIBs) are the dominant energy-storage technology for 
portable electronics and increasingly also for large-scale 
applications like electric vehicles (EVs) and grid storage.1 

Nevertheless, there is still a need for improvement in energy 
and, especially, power density, in particular for their application 
in EVs and other transportation applications.2 Conventional 
LIBs comprise graphite as the anode material, which is 
environmentally friendly and has a low de-/lithiation potential, 
thus offering the aforementioned high energy density.3 

However, its slow lithiation kinetics intrinsically hinder fast 
charging, particularly at low temperatures.4 Not least, for this 
reason, researchers are trying to find alternative anode 
materials for high-power applications while ideally maintaining 
a high energy density. Generally, there are two classes of 
materials that could potentially provide both high(er) 
capacities and improved rate capabilities: (i) Alloying materials 
like post-transition metals or metalloids, which can reversibly 
alloy with lithium during the dis-/charge reaction5,6 and (ii) 
conversion materials like transition-metal (TM) oxides, which 
are reversibly reduced to the corresponding TM nanograins 
within the simultaneously formed Li2O matrix.7,8 Recently, a 
third class of electrochemically active compounds, referred to 
as conversion-alloying materials (CAMs), has been attracting 
the attention of the scientific community.9 For this class of

materials, both the alloying and conversion mechanisms are
combined in one single material. One of the most investigated
CAMs is certainly Zn0.9Fe0.1O.

10−14 The incorporation of the
Fe dopant enables substantially increased capacities compared
to pure ZnO and a dramatically enhanced cycling stability
when coupled with the application of a carbonaceous
coating.15 Nevertheless, there are two main challenges
remaining, specifically the rather pronounced voltage hysteresis
and the relatively lower Coulombic efficiency, resulting in
lower energy efficiencies than graphite-based LIBs.16 These
energy losses are supposed to lead to significant heat
generation during the electrochemical reaction. Accordingly,
the most suitable technique to investigate such heat changes,
originating from the electrochemical processes occurring, is
operando isothermal microcalorimetry (IMC). For this
nondestructive analysis method, also termed “electrochemical
calorimetry”, a heat flow calorimeter is coupled with a
potentiostat/galvanostat. Its general suitability has been proven
already for several lithium insertion/intercalation materials
such as LiCoO2,

17 LiMn2O4 ,
18−20 LiNiO2 ,

21 Li-
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[Li1/5Ni1/5Mn3/5]O2,
22 Li1+x[Ni1/3Co1/3Mn1/3]1−xO2,

23 Li-
Ni0.8Co0.15Al0.05O2,

24 LiNi0.8Co0.2O,
25 graphitic carbon,17,26

and Li4/3Ti5/3O4.
27 The characteristic heat flow profiles

allowed for the evaluation of the underlying insertion/
intercalation mechanism and phase changes during de-/
lithiation. In addition, IMC offers access to the determination
of parasitic heat from decomposition reactions inside the cell.
Thus, the stability of different electrolyte compositions28−30 as
well as the effect of certain electrolyte additives31 and cutoff
potentials32 has been investigated. For active materials storing
lithium by alternative mechanisms, however, only very few
studies have been reported so far. Seo et al.,33 for instance,
investigated lithium/sulfur cells and found a characteristic heat
flow in accordance with the voltage profile that indicated the
different phase transitions during discharge. Nonetheless, they
considered only the reversible and irreversible heat contribu-
tions from the Faradaic reactions, which led to a poor match of
the calculated and experimentally observed heat generation
rates at relatively lower states of discharge. More recently, Huie
et al.34,35 studied the lithiation process of conversion-type
magnetite (Fe3O4). They discovered that the measured heat
generation rate above 0.86 V could be described by
polarization and changes in entropy only. Above that value,
an increased heat flow was observed, indicating electrolyte
decomposition reactions. Operando X-ray absorption spec-
troscopy (XAS) supported the onset of solid electrolyte
interphase (SEI) formation at such voltage, emphasizing the
great potential of IMC for the identification of the different
electrochemical processes in energy-storage materials.
Here, we present the thermal characteristics, determined

operando by IMC, of carbon-coated iron-doped zinc oxide
(Zn0.9Fe0.1O−C) as conversion/alloying-type energy-storage
material. The characteristic heat flow profile displays precisely
the formation of every single phase in the electrode in
accordance with the findings obtained by operando X-ray
diffraction (XRD) as well as ex situ 7Li NMR and 57Fe
Mössbauer spectroscopies. Thereupon, more detailed insights
into the electrochemical processes during galvanostatic cycling
are obtained. Especially, the separation of the different heat
sources by modeling the contributions to the heat flow from
polarization and entropic changes revealed that parasitic
reactions occur particularly above a threshold of 55% state of
discharge (SOD) during lithiation and 80% state of charge
(SOC) during delithiation. This comprehensive approach
allows for a better understanding of the de-/lithiation
mechanism in CAMs and demonstrates the powerful strength
and complementarity of IMC for the investigation of advanced
energy-storage materials.

2. EXPERIMENTAL SECTION
2.1. Synthesis. The synthesis of carbon-coated Zn0.9Fe0.1O

(Zn0.9Fe0.1O−C) was performed as reported earlier.15 Briefly, zinc(II)
gluconate hydrate (ABCR) and iron(II) gluconate dihydrate
(Aldrich) were dissolved in an aqueous sucrose solution in the
required stoichiometric ratio. The water was evaporated at 160 °C,
and the remaining precursor was calcined at 450 °C under air. For the
carbon coating, 1 g of Zn0.9Fe0.1O was mixed with 0.5 g of sucrose.
The mixture was homogenized by planetary ball-milling and
subsequently dried at 80 °C prior to a thermal treatment at 500 °C
for 4 h under an argon atmosphere.
2.2. Electrode Preparation and Cell Assembly. Electrodes

were prepared by adding the active material and carbon black (Super
C65, Imerys) to a 1.25 wt % solution of sodium carboxymethyl
cellulose (CMC, Dow Wolff Cellulosics) in ultrapure water. The

composition of the dry material was 75 wt % Zn0.9Fe0.1O−C, 20 wt %
carbon black, and 5 wt % CMC binder. The slurry was homogenized
by ball-milling for 2 h, subsequently cast on a dendritic copper foil
(Schlenk), and dried overnight at room temperature. Disc electrodes
with 12 mm diameter were punched and dried at 120 °C under
vacuum (<10 3 mbar) overnight. For the electrochemical character-
ization and IMC measurements, two-electrode coin cells (Hohsen)
were assembled in an argon-filled glovebox employing lithium metal
(Honjo, battery grade) as the counter and reference electrode and a
sheet of Whatman glass fiber as the separator; the latter was soaked
with a 1 M solution of LiPF6 in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (EC/DMC 1:1 w/w).

2.3. Operando XRD. Operando X-ray diffraction (XRD) upon
de-/lithiation was performed using a self-designed two-electrode in
situ cell.36 The electrode slurry, which had the same composition as
mentioned above (75 wt % Zn0.9Fe0.1O−C, 20 wt % Super C65, and 5
wt % CMC binder), was homogenized by manual grinding in an
Agate mortar and directly cast on a beryllium (Be) disc (25 mm
diameter, 0.25 mm thick), which served simultaneously as the current
collector and the “window” for the X-ray beam. The coated Be disc
was dried for 4 h at room temperature and at 60 °C under vacuum
overnight. A 19 mm glass fiber disc (Whatman), drenched with 300
μL of the electrolyte (1 M LiPF6 in EC:DEC 3:7 w/w), was used as
the separator, and metallic lithium (Honjo, battery grade) served as
the counter and reference electrode. X-ray diffractograms were
recorded using a Bruker D8 Advance diffractometer (Cu Kα radiation,
λ = 0.154 nm) within the 2θ range of 25 ≤ 2θ ≤ 65°.

2.4. Ex Situ 7Li NMR and Mo ̈ssbauer Analysis. For the ex situ
7Li NMR and Mössbauer investigation, Zn0.9Fe0.1O−C was mixed
with Super C65 in a ratio of 75:20 and dried overnight at 120 °C
under vacuum. Approximately 30 mg of the mixture was pressed into
a pellet with a diameter of 8 mm and electrochemically lithiated in a
three-electrode Swagelok cell with lithium metal counter and
reference electrodes and a glass fiber separator (Whatman). After
reaching the desired voltage, the cells were opened in an argon-filled
glovebox, and the pellets were collected and rinsed with DMC. 7Li
MAS NMR spectra were recorded on a Bruker Avance 200 MHz
spectrometer at a magnetic field of 4.7 T. The samples were rotated at
a spinning speed of 60 kHz. An aqueous 1 M LiCl solution was used
as a reference (0 ppm). 57Fe Mössbauer spectroscopic measurements
were performed in the transmission mode at room temperature using
a constant acceleration spectrometer with a 57Co(Rh) source. All
isomer shifts (IS) are given relative to that of α-Fe. The powder
samples were sealed in polyethylene bags in an argon-filled glovebox
to avoid contact with air during the measurement.

2.5. Isothermal Microcalorimetry. Detection of the heat flow
under isothermal conditions was performed with a TAM IV
microcalorimeter (TA Instruments) comprising a custom-made
sample holder for coin cells. The cells were connected with Cu−P−
bronze wires (36 AWG, Lakeshore) to a VSP multichannel
potentiostat (BioLogic, France). The presented data was acquired
after internal calibration at a thermostat temperature of 40 °C unless
otherwise stated. The uncertainty of the setup was less than ±300 nW.
Galvanostatic cycling was conducted in the voltage-limited mode
between 3.0 and 0.01 V. The GITT-type experiments (GITT =
galvanostatic intermittent titration technique) consisted of 30 min
current pulses at 100 mA g 1 constant current (CC) rate with 15 h
rest time in the discharge and 8 h rest time in the charge step after
each current pulse. Due to the current interruption, the heat flow
could only be determined as the mean heat flow of the respective
current pulse. The mean heat flow was calculated from the integral of
the heat flow pulse divided by the length of the respective current
pulse (see also Figure S1) using the following equation

∫
̇ =

̇+Δ

Q t
Q t

( )
d

1800 s
t

t t

tot,GITT
tot

(1)

with t being the duration of the discharge or charge step, Q̇tot the
measured heat flow, and Δt being approximately 10 h.



2.6. Entropy and Polarization Measurements. In analogy to
the method described by Huie et al.,34 the overpotential and entropic
heat coefficient at different states of charge or discharge were
determined from the voltage relaxation steps of a GITT-type
experiment. A constant current of 50 mA g 1 in intervals of 60 min
was applied to the cell that was placed in an incubator (BD 23,
Binder), for which the temperature was set to 40 °C. After each
current pulse, the voltage was allowed to relax for 40 h, before the
temperature was changed. The temperature was varied between 30
and 50 °C in steps of 5 °C and held constant for 1 h at each step,
allowing the open-circuit voltage (OCV) to relax (Figure S2).

Subsequently, the entropic heat coefficient ( )E
T

d
d
OCV was calculated

from the changes of the OCV with respect to the temperature interval
as the mean value of six points. The polarization η was estimated from
the difference between the initial and final voltage value after 47 h
relaxation.

3. RESULTS AND DISCUSSION
3.1. Operando XRD and Ex Situ 7Li NMR and

Mössbauer Spectroscopies. To study the phase transitions
and structural changes occurring upon electrochemical
lithiation and delithiation in carbon-coated Zn0.9Fe0.1O
(Zn0.9Fe0.1O−C), we performed operando XRD on
Zn0.9Fe0.1O−C electrodes. For this purpose, the electrode
was discharged (lithiated) from OCV to 0.01 V and
subsequently charged to 3.0 V with a specific current of 50
mA g−1. The results are shown in Figure 1. Figure 1a depicts
the corresponding voltage profile. The waterfall-type plot of

the continuously recorded XRD patterns is presented in Figure
1b. Based on the XRD patterns, the lithiation reaction can be
divided into four different regions (A, B, C, and D; see also the
closeups of the corresponding XRD patterns in Figure 1c). In
region A, there is a sloping decrease in voltage until the first
plateau at around 0.8 V is reached. In this region, the intensity
of the wurtzite-related reflections remains essentially un-
changed during the first two scans and gradually decreases
afterward. This observation can be explained by the insertion
of Li+ ions into cationic vacancies as reported by Giuli et al.14

accompanied by the initial reduction of Fe3+ to Fe2+. In
addition to the decrease of the wurtzite-related reflections, a
very careful analysis of the recorded diffractograms reveals a
broad signal at about 42.7°, which starts to form in the third
scan and has earlier been attributed to the onset of the
conversion reaction.15 In fact, a preliminary evaluation of our
recently conducted (operando) X-ray absorption spectroscopy
(XAS) study revealed that iron is fully reduced to the metallic
state at potentials higher than 0.8 V (accompanied by a partial
reduction of zinc), suggesting that in Region A very small
metallic iron nanoparticles are formed, which have a size below
the detection limit of XRD. As also zinc appears to be partially
reduced already at such rather high potentials, we may assume
that the initial formation of the iron nanograins kinetically
favors the reduction of zinc cations in the vicinity of metallic
iron. However, as we observe only one upcoming reflection, it
appears reasonable to assign the broad reflection at around

Figure 1. Operando XRD analysis of Zn0.9Fe0.1O−C electrodes: (a) Dis-/charge profile for the first de-/lithiation. (b) Waterfall diagram of the
XRD patterns obtained during the electrochemical reaction. (c, d) Closeups of these XRD patterns for the different regions highlighted in panel (a)
during (c) lithiation and (d) delithiation.
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42.7° to an iron/zinc alloy (see also the further discussion),
which is in good agreement with the JCPDS reference for
Fe13Zn39 (JCPDS card file no. 01-072-9761) that has its most
intense reflection in this 2θ range. We may note, though, that
the precise composition in our case cannot be quantified, and
we may accordingly refer to it as FeZnx. Subsequently, in
Region B, the wurtzite-related reflections continue to decrease,
while the reflection at about 42.7° is gradually increasing,
indicating a slight increase of the FeZnx crystallite size and/or
its crystallinity. Starting from scan #35, i.e., in Region C, a new
and relatively sharp reflection at 43.0° appeared, which is
assigned to the formation of metallic Zn.15 Simultaneously, the
reflections related to the wurtzite structure completely
disappeared. Interestingly, the Zn0 grains are significantly
larger (and/or more crystalline) than the FeZnx nanograins,
which might be related to the fact that alloys have a reduced
surface energy compared to pure metals, which reduces the
driving force of the particles to grow in size. Besides, it appears
reasonable to assume that the FeZnx nanograins are smaller
due to the fact that they essentially form around the initially
reduced iron dopant, serving as the driving force also for the
partial reduction of zinc, thus limiting naturally the potential
growth. Differently, the formation of the metallic zinc
nanograins is potential-driven and, as a matter of fact, 90%
of the comprised metal is zinc. Accordingly, the growth of the
zinc nanograins is less limited compared to the growth of the
FeZnx nanograins. In Region D, both reflections (the ones for
FeZnx and Zn0) disappeared and reflections at 41.0, 48.0, and
60° appeared. This is in excellent agreement with the reported
reflections for LiZn (JCPDS card file no. 03-065-3016), i.e.,
the formation of the lithium zinc alloy, likely comprising also
some metallic iron. Interestingly, previous operando XRD
investigations of uncoated Zn0.9Fe0.1O showed a shift of the
42.7° reflection toward lower 2θ, rather than the formation of a
new reflection.10 This difference indicates that the presence of
the carbon coating kinetically promotes the spontaneous
formation of a new phase, presumably as a result of the
increased electronic conductivity.
The careful analysis of the diffractograms for the subsequent

delithiation (i.e., charge) is presented in Figure 1d. The charge
process can be divided into three different regions (E, F, and
G). In Region E, the reflections related to LiZn are slightly
shifted to larger angles, indicating the depletion of Li in the
alloying phase. After scan #55 (i.e., at the end of the first
sloping part in the voltage profile), the reflections for both
FeZnx (at 42.8°) and Zn0 (at 43°) reappear and increase
steadily. In Region F, the intensities for both FeZnx and Zn0

are simultaneously decreasing. Again, the reflection for metallic
Zn0 disappears first (i.e., at lower potentials). Eventually, the
metallic Zn0 reflection vanished and the reflection for FeZnx
continued decreasing, indicating the oxidation of Fe and Zn.
Simultaneously, in Region G, another reflection at 35° is
formed, presumably indicating the formation of ZnO with a
substantially decreased crystallinity compared to the initial
state. Especially, the latter reactions in (F) and (G), however,
have to be taken with care. First, it remains to be clarified
whether iron and zinc form again some mixed oxides, i.e.,
whether these two reactions are occurring subsequently or (in
part) simultaneously. Second, it will have to be confirmed that
the metals are completely reoxidized.
To address especially the latter question, we performed an ex

situ 7Li NMR analysis of Zn0.9Fe0.1O−C at different states of
de-/lithiation. By probing the direct local environment of Li+

ions, NMR is a highly complementary technique to XRD,
which probes the long-range crystal structure. Figure 2a shows

the 7Li NMR MAS spectra of Zn0.9Fe0.1O−C samples after
having been discharged to 1.1, 0.75, 0.45, and 0.01 V as well as
for the subsequent charge to 0.65, 1.4, and 3.0 V. All spectra
show a peak at 0 ppm, which corresponds to the diamagnetic
environment of Li in (diamagnetic) Li2O as the lithium-
containing product for the conversion reaction. The intensity
of this peak is increasing upon lithiation and decreasing upon
delithiation (see also Figure 2b), indicating the (largely)
reversible Li2O formation during the re-/conversion reaction.
It should be noted that at 1.1 V only this one single peak at 0
ppm was present. This is remarkable, as it indicates that there
is no intermediate mixed oxide phase, like Li−Fe−O, which
would lead to large hyperfine shifts due to a Fermi-contact shift
mechanism, prior to the conversion reaction as earlier
proposed for ZnFe2O4.

37 The absence of any additional
peak, thus, indicates that the reaction path is different for
Zn0.9Fe0.1O. As apparent in Figure 2a, all spectra also show a
broad spinning sideband pattern, resulting from the presence
of (paramagnetic) metallic iron in the sample, even at such
rather high potentials of 1.1 V, which is in good agreement
with the operando XRD (and XAS) data. In the fully lithiated
state at 0.01 V, an additional peak at 90 ppm is observed,
which corresponds to the formation of the LiZn alloy formed

Figure 2. (a) Ex situ 7Li MAS NMR spectra of Zn0.9Fe0.1O−C after
discharging the sample to 1.1, 0.75, 0.45, and 0.01 V as well as after
recharging it to 0.65, 1.4, and 3.0 V. (b) Magnification of the central
peak and the evolving peak at 90 ppm and (c) fitted Mössbauer
spectra of pristine Zn0.9Fe0.1O (upper panel) and partially lithiated
Zn0.9Fe0.1O (discharge cutoff: 0.45 V; the fitting parameters are
summarized in Table S1).

https://pubs.acs.org/doi/10.1021/acsami.9b19958?fig=fig2&ref=pdf
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at such low potentials.38 This so-called knight shift often
dominates the spectra of metallic samples and is a measure of
the density of states at the Fermi level.39 During the
subsequent delithiation, first the peak at 90 ppm disappears
and then the intensity of the isotropic peak at 0 ppm is
successively decreasing, indicating the backformation of Li2O.
Similarly, also the intensity of the broad spinning sideband
pattern is decreasing. However, it does not fully disappear,
suggesting that even at the upper anodic cutoff of 3.0 V some
iron remains metallic.
To further probe the local magnetic environment of the Fe

upon lithiation, we recorded Mössbauer spectra of the pristine
sample and after discharging to 0.45 V, i.e., at the end of the
second plateau of the voltage profile. The corresponding
spectra, along with the least-squares fitting, are shown in Figure
2c. The pristine sample (upper panel) shows only one doublet
with an isomer shift (IS) of 0.296 mm s−1 and a quadrupole
splitting (QS) of 0.98 mm s−1, indicating that all iron is present
as Fe3+, since no evidence of a Fe2+ signal or ferromagnetic
impurities was found, which is in good agreement with a
previous XAS study.40 The large value of the QS is indicating
that the 57Fe nuclei are sensing a distorted surrounding. This
can be explained by the small crystallite size of the sample
(∼20 nm), which results in a significant fraction of Fe in the
outermost layers of the particle with a more distorted
environment,41,42 especially considering the accompanying
cationic vacancies originating from the aliovalent Fe3+

doping,14 as discussed above.
For the Mössbauer spectra of lithiated Zn0.9Fe0.1O−C, it was

necessary to use three doublets to obtain a reasonable fit of the
experimental data, indicating that there are three distinct Fe
sites within the particles. Notably, it was not possible to get a
reasonable fit with only two doublets, indicated by a large
difference between the spectrum and fit, as shown in Figure S3.
The three Lorentzian doublets that were used for the fit have
an IS of −0.02, 0.28, and 0.50 mm s−1 and a QS of 0.35, 0.54,
and 0.43 mm s−1, respectively (Figure 2c, bottom panel; fitting
parameters are summarized in Table S1). The first site with a
slight negative shift, near the zero center, is assigned to γ-Fe0.43

The second site with an IS of 0.28 mm s−1 is close to reported
values for Fe3Zn10 and Fe5Zn21. The IS of the third site (0.50
mm s−1) does not correspond to the IS of any reported FeZn
alloy. However, MacEachern et al.43 investigated thin-film Fe−
Zn alloys by Mössbauer spectroscopy and also found a site
with a highly positive IS. By extrapolation of the IS of Fe−Zn
alloys as a function of their Fe concentration, they assigned this
site to a diluted Fe-in-Zn alloy phase.
Summarizing, our results confirm that iron is reduced to

metallic Fe0, presumably forming some (sub-)nanocrystalline
nucleus around which an alloy of Fe and Zn is formed with a
decreasing concentration of Fe toward the direction away from
the iron nucleus. While this generally confirms
the assignment of the broad XRD reflection at 42.7° to an

FeZnx alloy, the detection of only one phase indicates that
there is no distinct phase separation and/or that the crystal
structure is very similar for the different Fe concentrations.
Based on these complementary results, we, thus, propose the
following processes during the first de-/lithiation
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Note that especially the last step is not complete, i.e., not all
iron is reoxidized, as indicated by the ex situ 7Li NMR analysis.
Moreover, it remains unclear whether the two metal oxides are
formed separately or whether there are some mixed oxides
formed upon charge. Also, it was assumed for clarity reasons
that the FeZnx alloy is alloying with lithium with a ratio
between Zn and Li of one to one, similar to the pure LiZn
alloy.

3.2. Isothermal Microcalorimetry: 1st Cycle. Following
the investigation of the reaction mechanism and the given
electrochemical reaction of iron-doped zinc oxide and lithium,
the corresponding changes in enthalpy (ΔHR

0) can be
estimated based on literature values (Table S2). Due to the
lack of available standard formation enthalpies of Zn0.9Fe0.1O−
C, we used the value for ZnO instead, since the deviation
should be reasonably small for our purpose. In an ideal galvanic
cell, the electrical work (Wel) is equal to the change in the
enthalpy of reaction. Nevertheless, in real devices also inherent
heat losses lowering the overall energy efficiency have to be
taken into account. Given the isochoric conditions in sealed
coin cells, the first law of thermodynamics can be written as

Δ = Δ = −U H Q Wtot tot el (2)

with the internal energy U, the total enthalpy change ΔHtot,
and Qtot as the overall heat being released or absorbed by the
cell. Isothermal microcalorimetry measures the heat flow

̇ =Q Q
t

d
d

(also denoted q) during operation and, therefore,

allows for the determination of Qtot. The electrical work (Wel)
can be calculated by integrating the cell voltage with respect to
the capacity obtained. In Table S3, theoretical and
experimentally determined values for the changes in enthalpy
are summarized. Regarding the initial lithiation of Zn0.9Fe0.1O,



the theoretical change in enthalpy ΔHR
0 was calculated to be

about −3300 J g−1, whereas the measured total enthalpy ΔHtot
is −7386 J g−1. Neglecting the typically small contributions of
entropic changes, the comparison of the theoretically
calculated and experimentally determined values for the
resulting enthalpy changes and specific capacities reveals a
large discrepancy. Therefore, additional reactions have to be
considered that explain the surplus in heat. For the first
lithiation, electrolyte decomposition and SEI formation
certainly have to be taken into account. The general energy
balance model for batteries, developed by Bernardi et al.,44

describes the total enthalpy ΔHtot as a sum of contributions
from the enthalpy of reaction, the enthalpy of mixing, phase
changes, and changes in heat capacity. However, as in most
thermal characterization studies on batteries, the enthalpy of
mixing and phase changes are considered negligible and heat
capacities are nearly constant under isothermal conditions.
Thus, we utilized the simplified form of the energy balance
model as described by Downie et al.30
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The model includes three main contributions to the measured
total heat flow Q̇tot: heat flow from polarization, entropic
changes, and heat flow due to side reactions. The first term
I(Eload − EOCV) describes polarization heat flow (Q̇pol) arising
from Ohmic losses, charge transfer overpotentials, and mass
transfer limitations. The values for Eload and EOCV were
determined as the initial and final OCVs of the voltage
relaxation steps during the GITT measurements (see also

Figure S2a). Entropic heat flow ̇ = ( )Q IT E
Trev

d
d

OCV originates

from changes in entropy due to the Faradaic reaction. The

entropic heat coefficient ( )E
T

d
d

OCV was determined potentio-

metrically by the offset of the OCV due to a defined change in
temperature (Figure S2b). All other contributions to the heat
flow from non-Faradaic reactions, i.e., parasitic reactions, are
summed up in the last term Q̇par.

3.2.1. 1st Discharge (Lithiation). In Figure 3a, the recorded
heat flow and corresponding voltage profile of the first
discharge are depicted. The negative heat flow values indicate
the direction of the heat flow from the cell to the heat sink of
the calorimeter. Four pronounced peaks at 5, 13, 38, and 70%
state of discharge (SOD) as well as a shoulder at 1.5% SOD
(Figure S4) characterize the heat flow of the first lithiation.
The heat flow profile is reproducible and characteristic for the
first lithiation, even at lower currents (Figure S5). Comparing
the heat flow profile with the operando XRD data, the
following assignment of the heat flow peaks to the Regions
(A)−(D) can be made. The shoulder and peak 1 in Region A
are assigned to the initial Li+ insertion and the onset of the
formation of small iron nanograins, respectively. Peak 2 in
Region B (i.e., the first plateau in the voltage profile) is
assigned to the crystallization and growth of the FeZnx
nanograins, accompanied by the reduction of the initial
oxide. Peak 3 is assigned to the Zn0 formation in Region C
(i.e., the second plateau in the voltage profile), and peak 4
corresponds to Region D, i.e., the formation of the lithium
alloys. The occurrence of a peak in the heat profile at the
formation of every new phase can be explained by the required
surface energy related to the different reactions, especially the
nucleation step. Since the creation of a large interface requires
energy (due to surface tension), the formation of each new
phase requires an overpotential to balance this extra energy.
However, the nucleation is followed by the growth of these
new phases. Thereby, the relative interfacial area is decreasing

Figure 3. (a) Top: Voltage and heat flow profile for the first lithiation of a Zn0.9Fe0.1O−C half-cell at a constant current of 100 mA g 1 with a cutoff
voltage of 0.01 V; middle: mean total heat flow of the first lithiation measured in the GITT-type experiment (100 mA g 1, 15 h relaxation), moving
average of the mean heat flow, and the voltage under load before relaxation; bottom: mean total heat flow compared with the sum of the
polarization heat flow and the reversible heat flow; (b) from top to bottom: voltage profile for the GITT experiment (in black), the estimated heat
originating from polarization (in blue), and the entropic heat (in green) during the first lithiation of Zn0.9Fe0.1O−C.
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and the additional energy is released as heat. Interestingly, the
position of the peaks in the heat flow suggests a much earlier
nucleation of new phases compared to the operando XRD
data. This can be explained, first, by the slightly higher
temperature of 40 °C, i.e., faster kinetics, while the XRD
experiment was conducted at room temperature, and, second,
by the fact, that crystallites of the new phase need to have a
certain minimum size to be detectable by XRD, whereas the
heat release should occur right after the nucleation. Obviously,
the transition from conversion (Region C) to pure alloying
reactions (Region D), identified by operando XRD, is
accompanied by a large heat release (peak 4). In summary,
we made consistent observations with the subdivision by
operando XRD on the one hand and with the general shape of
the voltage profile on the other hand. However, the origin of
the individual features in the heat flow profile can only be
identified after deconvolution of the total heat flow into the
different contributions.
3.2.2. Separation of Heat Flow Sources: 1st Discharge. To

determine the different contributions to the heat flow, i.e.,
every single term in eq 3, at different states of discharge
(lithiation), we designed a set of experiments to measure the
OCV under thermodynamic equilibrium conditions. For
resolving the first term in eq 3, the heat flow from polarization
(Q̇pol) was estimated from multiplying the overpotential η =
Eload − EOCV with the specific current. The entropic heat

coefficient ( )E
T

d
d

OCV of the second term was derived by

measuring the change of the OCV with respect to the
temperature interval. Similar to the method described by Huie
et al.,34 a GITT-type experiment in combination with a
temperature variation during the OCV step was conducted to
determine both the overpotential and the entropic heat
coefficient in one experiment. Due to the intermittent current
technique, the total heat flow Q̇tot had to be calculated as the
mean value of the heat flow over the respective time interval,
denoted Q̇tot,GITT. The total heat flow Q̇tot,GITT and the
corresponding voltage profile of the GITT-type experiment
are depicted in Figure 3a together with the heat flow and
voltage profile of the constant current (CC) measurement
described in the previous section. Due to the relatively long
time intervals chosen, the first two peaks in the heat flow curve
of the constant current experiment are hardly resolved in the
GITT-type experiment. Remarkably, the local maximum in
heat flow at 38% SOD (peak 3) vanishes in the GITT-type
experiment or shifts to a significantly higher SOD. At the same
time, the voltage curve in Region B does not follow two
plateaus as during the constant current measurement but forms
a long sloping region, though with a change in slope at around
40% SOD. This observation indicates that the position of the
third peak, which is assigned to the formation of Zn0, and the
distinct separation of the two voltage plateaus originate from
kinetic limitations. As discussed earlier, Fe starts to be reduced
at higher potentials than Zn and may kinetically favor the
formation of the new FeZnx phase. Once all of the Zn

2+ in the
direct vicinity of those sites is reduced, the Zn2+ diffusion
becomes the limiting step for the growth of the FeZnx phase.
Consequently, a new Zn0 phase is formed (earlier) during
constant current lithiation. However, during the long OCV
relaxation steps, the Zn2+ diffusion appears to be at least less
limiting and the growth of the FeZnx phase is prolonged.
The polarization heat flow Q̇pol was estimated from the

potential difference between the initial voltage under load and

the final OCV in the GITT-type voltage relaxation experiments
at different states of discharge (Figure 3b). Although the
relaxation time was 47 h, the OCV does not reach a constant
value but a quasistable state with a small slope (Figure S2a). It
has been reported that the determination of the equilibrium
potential for conversion materials would be difficult with
GITT-type experiments due to their intrinsic hysteresis and
extraordinarily long voltage relaxation times.45 Since we were
not able to determine the full polarization of our system in a
reasonable time, the polarization heat flow was under-
estimated, too. The following discussion of the different
contributions to the total heat flow will therefore be kept
qualitatively. The polarization heat flow Q̇pol forms a sharp
peak at the beginning of the first discharge and levels off until a
minimum is reached at 25% SOD (Figure 3b). The weak, but
constant increase until 55% SOD is followed by an abrupt
decrease. From 60% until 100% SOD, the polarization heat
flow remains low and decreases constantly further. The sharp
peak at the beginning matches the initial peak for the measured
heat flow (A), which was assigned to the formation of metallic
Fe0. The minimum at 25% SOD also nicely resembles the
minimum observed in the measured heat flow, which correlates
with the alloying of iron and zinc. Referring to the operando
XRD results, the abrupt change in polarization coincides with
the termination of the conversion reaction. Accordingly, the
conversion contribution is connected to much larger polar-
ization heat flow than the contribution from alloying.
The reversible heat flow was derived from the changes in cell

voltage upon temperature change during the quasistable state
of the voltage relaxation steps at different SODs. The
temperature was varied between 30 and 50 °C in 5 °C
intervals, and the voltage was allowed to relax for 1 h.

Subsequently, the entropic heat coefficient ( )E
T

d
d

OCV was

calculated from the difference between the initial and end
value of the relaxation step with respect to the temperature
interval (Figure 3b).
The reversible heat flow due to entropic changes in the

system is large at the beginning and decreases constantly,
reaching the detection limit at 17% SOD. It starts to rise again
at 20% SOD, reaching a maximum at about 35% SOD and
decreases afterward until it reaches the detection limit at 75%
SOD. In terms of entropy, an initial increase is observed, which
is attributed to the loss of crystallinity of the initial
Zn0.9Fe0.1O−C particles. In fact, this behavior was observed
exclusively during the first lithiation. The following decrease in
entropy with a maximum in Region C is connected to the
formation and growth of FeZnx and elemental Zn0 nanograins.
It can be concluded that changes in entropy and, thus, the
reversible heat flow are more pronounced in the regions where
conversion reactions are the dominant Faradaic process.
Noteworthy, in conventional lithium insertion materials, Q̇rev
and Q̇pol show typically values of the same order of magnitude
at dis-/charge rates of C/10.26 However, in the case of
Zn0.9Fe0.1O−C, Q̇pol exceeds Q̇rev by a factor of 10. Hence, the
contribution of the reversible heat flow is almost negligible in
the case of Zn0.9Fe0.1O−C and the polarization heat flow
mostly dictates the course of the total heat flow.
Regarding the energy balance model in eq 3, the parasitic

heat flow Q̇par can be calculated as the difference between the
measured total heat flow Q̇tot and the sum of Q̇pol and Q̇rev.
Since Q̇pol remains underestimated, the derived values for the
parasitic heat flow can only be a rough estimate, oversized by



trend. The resulting course of the parasitic heat flow together
with the sum Q̇pol + Q̇rev and the total heat flow are depicted in
Figure 3a (bottom panel). In the first half of the lithiation, the
sum Q̇pol + Q̇rev resembles essentially the course of the total
heat flow. In the second half of the lithiation process, the
parasitic heat flow becomes the major heat source with a
maximum at 70% SOD. Heat flow measurements at different
temperatures are supporting our assignment (Figure S6). With
an increased temperature, the heat flow in Region D increases,
as expected for parasitic reactions, while polarization
diminishes and entropic changes are small anyways. According
to the operando XRD data, the sharp increase in parasitic heat
flow coincides with the termination of the conversion reaction.
The observed large parasitic heat flow is therefore related to
the voltage region in which the alloying reaction occurs.
Generally, though, parasitic heat flow is caused by irreversible
electrolyte reactions, i.e., its reductive decomposition and the
formation of the SEI.46 Considering the large volume variation
that accompanies the formation of the alloy,47 we attribute the
large parasitic heat flow in Region D to an increased electrolyte
decomposition and SEI formation on the freshly formed
surface of the alloy grains, which are continuously expanding
with an increasing lithium content.
3.2.3. 1st Charge (Delithiation). In accordance with the

asymmetry of the charge and discharge voltage profiles, the
shape of the heat flow profile during the 1st delithiation of
Zn0.9Fe0.1O−C (Figure 4a) is asymmetric to the 1st lithiation
heat flow profile. In contrast to the constantly rather large heat
flow during lithiation, the delithiation heat flow is much lower
in the first half of the charge process. In Region E, below 25%
state of charge (SOC), a constant but faintly increasing heat
flow was observed, followed by a broad peak between 25 and
55% SOC in Region F. At 55% SOC, however, the heat flow
experiences a steep and continuous increase (Region G). The
division of the charge process into three different regions (E, F,
and G) is in accordance with the operando XRD results, and
the transitions between the regions coincide with the
inflections in the corresponding voltage profile as well.
Therefore, in Region E, the dealloying of LiZn, resulting in
the formation of Zn0, is accompanied by a small heat flow,
whereas the reconversion of Zn0 and the simultaneous
dealloying of FeZnx in Region F are characterized by an
initially enhanced increase in heat flow that turns into a decay

reaching the region limit. Finally, in Region G, the ongoing
reconversion is accompanied by a steep and continuous
increase in heat flow until the current was cut off at 3.0 V.

3.2.4. Separation of Heat Flow Sources: 1st Charge. In
analogy to the separation approach for the lithiation step, Q̇pol
and Q̇rev were determined potentiometrically and then
compared with the total heat flow measured during a GITT-
type experiment (Figure 4b). The first remarkable observation
is that unlike the lithiation case, the shapes of the charge and
heat profile recorded during the GITT experiment resemble
very well the shape of the respective profiles from constant
current measurements. Generally, the reversible heat flow is
negligible throughout the charge process, whereas the
polarization heat largely resembles the evolution of Q̇tot.
Above 80% SOC, though, Q̇pol deviates significantly from Q̇tot,
indicating an increase in parasitic heat at elevated potentials
along with the completion of the conversion reaction, which
we assign to the oxidation of the previously formed SEI, also
referred to as “quasireversible SEI formation”.48−52

Let us briefly summarize the findings of the investigations of
the first de-/lithiation cycle of Zn0.9Fe0.1O−C by isothermal
microcalorimetry: We found that the heat flow profiles for the
lithiation and delithiation reaction exhibit a different shape, i.e.,
are not symmetric. This indicates that the reaction pathways
during charge and discharge are different. The changes in heat
flow coincide with inflections in the voltage profile and the
phase changes observed by operando XRD. Therefore, IMC
proved to be capable of differentiating the single reaction steps
in the first de-/lithiation cycle of Zn0.9Fe0.1O−C. We learned
from the differences in heat flow obtained at constant current
conditions and conditions approaching the equilibrium state
that kinetic limitations can cause characteristic features in the
heat flow profile. Furthermore, the separation of the different
contributions to the total heat flow revealed that the shape of
the overall heat flow profile is determined by changes in
polarization and parasitic reactions in the system. During
lithiation, a large polarization heat flow was observed in those
regions where the conversion reaction dominates, while an
increased parasitic heat flow was observed in the regions where
majorly the alloying reaction occurs, since the accompanying
volume expansion triggers a continuous electrolyte decom-
position. The delithiation appears less kinetically controlled,
presumably due to the very small size and (sub-)-

Figure 4. (a) Voltage profile (in light blue) and heat flow (in dark blue) for the first delithiation (i.e., charge) of a Zn0.9Fe0.1O−C half-cell (specific
current: 100 mA g 1; cutoff potentials: 0.01 and 3.0 V). (b) Comparison of the heat flow under constant current (CC; the solid black line), the heat
flow during the GITT-type measurement (red squares), and the estimated heat originating from polarization (the solid light-blue line with
triangles) for the first delithiation; the corresponding voltage profile for the CC (the solid gray line) and GITT (hollow red spheres) experiment are
provided as well.

https://pubs.acs.org/doi/10.1021/acsami.9b19958?fig=fig4&ref=pdf
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nanocrystalline nature of the previously formed nanograins.
Nevertheless, this does not prevent a high polarization upon
charge for the reconversion, which is assigned to the relatively
poor electronic conductivity within the electrode as a result of
the essentially insulating nature of the metal oxides formed.53

Moreover, at potentials above 1.5 V, an increased parasitic heat
flow was observed, indicating the oxidation of the SEI.
3.3. General Reaction Mechanism. Based on the sum of

the results obtained by operando XRD and ex situ 7Li NMR
and Mössbauer spectroscopies, as well as isothermal micro-
calorimetry (IMC), we propose a refined mechanism for the
initial lithiation of (carbon-coated) iron-doped zinc oxide
following a “nucleation site model”, as schematized in Figure 5.
The initial lithium cation insertion and subsequent further
reduction of iron, indicated by operando XRD, ex situ 7Li
NMR (i.e., the broad sideband pattern already at 1.1 V), and
the first IMC peak, appear to play an essential role for the
overall lithiation reaction. In fact, the network of ultrafine
metallic iron nanograins serves as the initial nucleation site for
the reduction of zinc and the subsequent alloying of metallic
zinc with iron by ensuring the required electron flow within the
original nanoparticles. This kinetically favored reduction of the
intimately neighbored zinc cations is reflected by the slightly
higher first voltage plateau in the discharge profile. At about
30% SOD, the discharge profile shows a second plateau at a
slightly lower potential, which is accompanied by the third
peak in the heat profile. Simultaneously, the operando XRD
data reveals the formation of relatively large secondary Zn0

particles. We may explain this as follows: The Fe0 nucleation
sites kinetically favor the conversion reaction in their
immediate vicinity, but the reduction of relatively farther
zinc cations is kinetically hampered. As the diffusion of zinc
becomes the limiting step for the growth of the FeZnx phase,
the potential is decreasing and Zn2+ is reduced to elemental
Zn0. Noteworthy, the two plateaus tend to merge when
approaching equilibrium conditions for the lithiation reaction,
as observed for the GITT experiment or when sufficiently
slowing down the discharge rate to C/200 (Figure S7), thus
overcoming (or at least reducing) the charge and mass
transport limitations. Eventually, the metallic zinc (and the
zinc comprised in the alloy with iron) further alloys with
lithium in the low-potential region, accompanied by an
ongoing electrolyte decomposition as a result of the
corresponding volume expansion.

For the subsequent delithiation, no severe kinetic limitations
occur, as the whole system, composed of metallic iron and
LiZn alloy, is highly conductive. Accordingly, the overall
shapes of the charge profile and heat flow evolution do not
significantly differ under GITT conditions compared to the
constant current charge. Nevertheless, a large contribution of
polarization to the heat flow due to the rather insulating nature
of the metal oxides formed upon reconversion and,
particularly, the extensive parasitic heat flow at very high
potentials as a result of the partial SEI decomposition highlight
the limited use of charging conversion-type materials to
elevated cutoffs like 3.0 V in real devices (in addition to the
accompanying loss in the energy density for the resulting full
cell54).

3.4. Isothermal Microcalorimetry: Subsequent Cycles.
Following the finding that the first cycle is characterized by
large contributions from parasitic heat flow due to SEI
formation, which may obscure further features in the heat flow
profile, we studied also selected subsequent cycles to gain a
complete picture of the de-/lithiation mechanism of
Zn0.9Fe0.1O−C and the potential of isothermal microcalorim-
etry in characterizing CAMs.

3.4.1. Discharge (Lithiation) Process.We chose exemplarily
the 24th cycle, as the discharge/charge capacity had well
stabilized after about 20 cycles, including a highly reversible
shape of the corresponding voltage profiles, as shown for the
previous 23 cycles in Figure S8. Similarly, the heat flow profiles
reveal an essentially identical shape, as depicted for the cycles
24−26 in Figure S9. It appears noteworthy that the total heat
generated throughout the representative 24th lithiation is only
about one-third compared to that of the 1st cycle (Table 1).
Regarding the discharge voltage profile, the two characteristic
plateaus of the first lithiation merge into one continuously
sloping curve (see Figure 6a; in line with previous results15).
Meanwhile, the corresponding heat flow profile exhibits less
pronounced, yet distinguishable features. The three inflections
at 7.5, 46, and 69% SOD are correlated to different lithiation
processes, indicating that the occurring electrochemical
reactions are similar to those of the first lithiation (though
there is apparently no initial insertion anymore). Generally,
compared to the heat flow during the first lithiation, the
transitions from Region B to Region C and from Region C to
Region D are shifted toward higher SODs, presumably due to
the lack of capacity originating from parasitic reactions (see

Figure 5. Schematic illustration of the initial lithiation mechanism according to the herein proposed nucleation site model under nonequilibrium
conditions. For clarity reasons, the alloying reaction of FeZnx and Li is not specifically indicated.
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also Table 1). The heat flow peak in Region A is attributed to
the reduction of Fe2+. Notably, the direct comparison with the
first lithiation shows the dimension of the heat flow due to
initial polarization (Figure 6a). In Region B, the formation of
the FeZnx alloy and the accompanying conversion is
characterized by an ascending slope of the heat flow. After a
small drop, a constant heat flow attends the formation of
elemental Zn in Region C, indicating the completion of the
conversion reaction. The alloying of Zn with Li takes place in
Region D, where the heat flow describes a little “valley” with a
local minimum at around 80% SOD.
Following the same approach as for the heat flow analysis of

the first cycle, we tried to separate the different contributions.
However, when calculating the values for the polarization heat
and the entropic changes, it becomes clear that their share does
not account for the majority of the measured heat flow (Figure
6b). Instead, parasitic heat appears to largely contribute to the
measured heat flow Q̇tot. The contribution of the polarization
heat experiences a sharp decline at the end of Region B (50%
SOD). Since the heat flow originating from entropic changes
plays only a minor role also for the 24th discharge, parasitic
heat flow becomes the major heat source beyond 50% SOD,
according to the applied energy balance model. This indicates
that the electrolyte decomposition continues in subsequent
cycles with a constant amount.
3.4.2. Charge (Delithiation) Process. Comparing the

delithiation voltage and heat flow profiles for the 1st and
24th cycle (Figure 6c) reveals that the shape is essentially
maintained. Thus, the underlying electrochemical processes
can be considered to be identical. This supports, in turn, the
previous statement that the lithiation is following essentially
the same reaction pathway in subsequent cycles. Furthermore,
the separation of the heat flow contributions shows that the
polarization heat evolution follows basically the same trend as
the overall heat flow profile and provides the major
contribution at low potentials, i.e., up to a SOC of 80%. At
elevated potentials, however, the polarization heat flow levels
off, while the overall heat keeps increasing steeply (Figure 6d).
This behavior is slightly different from the first delithiation and
indicates that the parasitic heat flow at such elevated potentials
is relatively more pronounced in subsequent cycles. As a
matter of fact, increasing capacity values with prolonged
cycling are frequently reported for conversion(/alloying)-type
materials, indicating an increased SEI formation and its
(partial) oxidation upon charge at elevated potentials.48−52

3.4.3. Suppression of Parasitic Heat. To diminish the 
parasitic heat flow during cycling, we decreased the anodic 
cutoff voltage for the charge process. In fact, lowering the 
upper cutoff voltage is expected to suppress the SEI oxidation 
and thereby the parasitic heat flow at low potentials during 
lithiation. To remain consistent with the previous results, we 
investigated two more cells with anodic cutoff voltages of 1.5 
and 2.0 V for 24 cycles. Thereby, the overall heat released in 
the 24th cycle decreases dramatically with the stepwise 
reduction of the anodic cutoff voltage, especially upon charge 
(Table 1). To account for the reduced capacity due to the 
reduced anodic cutoff voltage, we will discuss the changes in 
the evolved heat with respect to the respective capacity. In the 
discharge step, the heat is reduced by 25% (3.0 V: 1688 J A−1 

h−1 vs 2.0 V: 1190 J A−1 h−1) and 31% (3.0 V: 1688 J A−1 h−1 

vs 1.5 V: 1062 J A−1 h−1). During charge, the overall heat with 
respect to capacity decreases even more drastically by 60% (3.0 
V: 1582 J A−1 h−1 vs 2.0 V: 625 J A−1 h−1) and 75% (3.0 V: 
1582 J A−1 h−1 vs 1.5 V: 399 J A−1 h−1). The different impact 
on lithiation and delithiation is also observed in the 
corresponding heat flow and voltage profiles (Figure 6e,f). 
The heat of the charge step is much more affected, since 
Region G in the heat flow profile with large contributions from 
parasitic and polarization heat flows is simply omitted.  
However, the heat in the discharge step is also significantly 
reduced, particularly at low potentials where parasitic heat flow 
was identified to be the main contribution. The effect of the 
reduction of the anodic cutoff voltage is further emphasized by 
plotting the heat flow against the cell voltage (Figure S10). 
The peak in heat flow at about 1.25 V, attributed to the 
reduction of Fe, is diminished at lower anodic cutoff voltages. 
More importantly, below 0.5 V, the heat flow is also reduced, 
indicating a successful suppression of the parasitic heat flow in 
the low-voltage region. Thus, we can conclude that the heat 
was effectively reduced when applying a lower anodic cutoff 
voltage and that this effect is not the result of the reduced 
capacity only. In fact, avoiding specific voltage regions, i.e., 
electrochemical reactions, with large contributions from 
polarization heat flow and reducing the parasitic heat flow, 
ascribed to the inhibition of the continuous electrolyte 
reduction and SEI oxidation, account for the reduction of 
the total evolved heat.

4. CONCLUSIONS
This study shows that the combination of XRD, NMR and 
Mössbauer spectroscopies, and IMC as highly complementary 
methods allows for a better understanding of the de-/lithiation
mechanism of CAMs like Zn0.9Fe0.1O−C. As a result, we 
propose a new nucleation site model for the first lithiation of
Zn0.9Fe0.1O(−C). The initially formed metallic iron (sub-
)nanograins serve as nuclei for the reduction of zinc cations in
their immediate vicinity, leading to the formation of a FeZnx 
alloy with decreasing Fe concentrations along with an 
increasing distance from these nuclei. Subsequently, relatively 
larger zinc crystals are formed, though the onset of their 
formation is governed by mass and charge transport 
limitations, i.e., kinetically driven. While the general reaction 
mechanism does not change upon continuous cycling, as 
revealed by IMC (apart from the initial Li+ insertion into 
cationic vacancies), the careful IMC analysis also indicates that 
the oxidation of the SEI at elevated charge potentials is 
increasing with cycling and largely contributing to the total 
heat evolving. Limiting the delithiation potential to 2.0 V or

Table 1. Summary of the Specific Capacities and Dissipated
Heat for the 1st and 24th Cycle at Different States of Dis-/
Chargea

cell cycle

cutoff
potential
(V) step

capacity
(mAh g−1)

heat (J
mg−1)

heat (J
A−1 h−1)

#1 1st 3.0 discharge 1550 4.5 2896
charge 990 1.4 1383

#1 24th 3.0 discharge 1002 1.7 1688
charge 947 1.5 1582

#2 24th 2.0 discharge 647 0.77 1190
charge 629 0.39 625

#3 24th 1.5 discharge 498 0.53 1062
charge 475 0.19 399

aFor a better comparability, the evolved heat is given in two different
relations, i.e., with respect to the mass of active material and with
respect to the capacity at the given state of dis-/charge.



even 1.5 V successfully addresses this issue, as confirmed by a
substantially reduced heat evolution relative to the capacity
obtained for the delithiation and lithiation, which provides
valuable insights for the further development of CAMs in
particular and conversion- as well as alloying-type materials in
general. AUTHOR INFORMATION 
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different anodic cutoff potentials (1.5, 2.0, and 3.0 V) at a specific current of 100 mA g 1 and a temperature of 40 °C.
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