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Comprehensive Approach to Investigate the De-/Lithiation
Mechanism of Fe-Doped SnO, as Lithium-lon Anode Material

Jakob Asenbauer, Anna-Lena Wirsching, Marcel Lang, Sylvio Indris, Tobias Eisenmann,
Angelo Mullaliu, Adele Birrozzi, Alexander Hoefling, Dorin Geiger, Ute Kaiser,

Rolf Schuster,* and Dominic Bresser*

Iron-doped tin oxide (SnqoFeq;0,), and specifically carbon-coated Sn gFey 0,
(Sng.oFep10,-C) provides high reversible capacity and a reasonably low de-/
lithiation potential owing to the combined conversion and alloying mechanism.
The initial (quasi-)amorphization during the first lithiation, however, renders

an in-depth understanding of the reaction mechanism challenging. Herein, a
comprehensive investigation via a set of highly complementary characteriza-
tion techniques is reported, including operando X-ray diffraction, ex situ "'°Sn
and 5’Fe Méssbauer spectroscopy, ex situ Li NMR spectroscopy, operando
isothermal microcalorimetry (IMC) of Li||Sn, gFey0,-C coin cells, and electro-
chemical microcalorimetry of single Sn, gFe,0,-C electrodes. The combination
of these advanced techniques allows for detailed insights into the lithiation and
delithiation mechanism and the potential determining processes, despite the
(quasi-) amorphous nature of the active material after the initial lithiation.

1. Introduction

Lithium-ion batteries (LIBs) are the elec-
trochemical energy storage technology of
choice to power portable electronic devices
and increasingly also (hybrid) electric vehi-
cles.' Specifically for the latter application,
however, further improvement is needed
with respect to the energy and power den-
sity of LIBs—especially the potential for
fast charging remains an unsolved issue.>
The major limiting factor in this regard
is the graphite-based negative electrode
owing to the limited lithiation kinetics and
the risk of lithium metal plating at high
currents and low temperatures.’! Besides
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Li,TisOy, as high-power, but low-energy

alternative,[®’) the majority of potential can-
didates follows either an alloying mechanism (e.g., Si or Snf®1%),
a conversion mechanism (e.g., Fe,0; or CoOM)) or a com-
bination of these two mechanisms in one single material, also
referred to as conversion-alloying materials (CAMs)."l A family
of CAMs that shows potentially high specific capacities of more
than 1000 mAh g™ and a reasonably low de-/lithiation potential
is based on SnO,. Pure SnO,, however, suffers from an essen-
tially irreversible conversion reaction, which limits its theoreti-
cally available reversible capacity to about 782 mAh g7, i.e., the
theoretical capacity of the alloying reaction. The electrochemical
performance of SnO,based materials can be improved, for
instance, by designing materials with a high amount of oxygen
vacancies,™ or the utilization of SnO,./Fe,03 heteronanocrys-
tals.['¥l Another strategy is, to dope tin oxide with a small amount
(e.g., 10%) of a transition metal (TM), with SnyoFe,;0, being
presumably the most investigated compound of this kind.["-2!
The presence of the TM dopant leads to the formation of much
smaller Sn® nanograins during the conversion reaction, which
is important for the reversibility of the conversion, as it allows
for the formation of a percolating conductive network. Further
improvement of the cycling stability can be achieved by applying
a carbonaceous coating, which raises the electronic conductivity,
prevents particle agglomeration, and stabilizes the solid elec-
trolyte interphase (SEI).222l Although significant knowledge
on the structural changes during cycling on the performance
of SnggFe;;0,-C has been obtained, a detailed understanding
of the reaction mechanism is, however, still missing. Investiga-
tions, were limited so far to the application of electrochemical
methods and operando X-ray diffraction (XRD) experiments./!
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Specifically, the latter technique is limited in providing in-depth
insights due to the (quasi)amorphous or nanocrystalline nature
of the reaction products in the fully lithiated state. In addition,
the initial crystalline (or any well-crystallized) structure is not
recovered upon delithiation. Nonetheless, the fundamental
understanding of the reaction mechanism, also upon delithia-
tion, is of utmost importance to overcome the remaining chal-
lenges such as the improvement of the Coulombic efficiency and
the reduction of the pronounced voltage hysteresis at elevated
potentials.l23]

Herein, we report the comprehensive investigation of the
reaction mechanism by combining highly complementary
characterization techniques, including a set of in/ex situ spec-
troscopic techniques, namely Fe Mossbauer, '*Sn Méssbauer,
’Li magic angle spinning (MAS) nuclear magnetic resonance
(NMR), and X-ray absorption spectroscopy (XAS), coupled
with operando XRD and operando isothermal microcalorim-
etry (IMC) of Li||SngoFey;0,-C coin cells as well as of single
SngoFey10,-C electrodes. Especially the calorimetric techniques
may provide fundamental insights into the parasitic side reac-
tions with the electrolyte and polarization effects, i.e., the origin
of the Coulombic inefficiency and (part of) the voltage hyster-
esis, by following the irreversible and reversible heat evolution
during discharge and charge.

www.advsustainsys.com

2. Results and Discussion

2.1. Physicochemical Characterization of (Fe-doped) SnO,

The XRD patterns of the three active materials SnO,,
SngoFe10,, and SnygeFe;;0,-C are presented in Figure 1a. The
comparison of the XRD patterns with the powder diffraction
file (PDF) reference reveals that the reflections are matching
well with the reference for tetragonal cassiterite-structured SnO,
(space group: P4,/mnm with the lattice parameters a = 4.737 A
and ¢ = 3.185 A?*?]) and no additional reflections were observed,
indicating that all materials were phase-pure, that the iron dopant
was successfully introduced into the tin oxide lattice, and that the
carbon coating did not have an impact on the crystal structure,
in line with previous studies.?*?!l All three diffraction patterns
show rather broad reflections, pointing at a small crystallite (and
potentially particle) size and/or a low crystallinity. By using the
Scherrer equation, an average crystallite size of about 10 nm was
calculated for pure SnO,. For SnggFe,;0,, this value is slightly
reduced to around 6 nm, suggesting that the iron doping results
in a slightly reduced crystallite size and/or a slightly lower crys-
tallinity. The same crystallite size was obtained for Sn ¢Fej,0,-C,
showing that the thermal treatment during the carbon coating
does not lead to the sintering of the particles. The morphology
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Figure 1. a) X-ray diffraction (XRD) patterns of SnO, (in purple), SngoFeg10, (in black), and SnggFey;0,-C (in blue); in the bottom the powder dif-
fraction file (PDF) reference for tetragonal cassiterite-structured SnO, (PDF 00-005-0467) is provided. b—d) High-resolution transmission electron
microscopy (HRTEM) images of b) SnO, (with an image at lower magnification as inset), ¢) SnggFeq10,, and d) SnggFeq;0,-C.
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Figure 2. a) Schematic illustration of the SnO, cassiterite structure, with tin (gray spheres) being octahedrally coordinated by oxygen (red spheres;
lattice parameters: a = 4.737 A and ¢ = 3.186 A; modified from ref. [24]). b) X-ray absorption near edge structure (XANES) spectrum of SngFeq,0,-C
at the Sn Lz-edge. c) XANES spectra of SnggFey;0; (in black) and SnggFey10,-C (in blue) at the Fe K-edge. d) Close-up of the absorption edge of the
two XANES spectra shown in (c). e) Ab initio calculated XANES spectrum for the Fe K-edge of SnggFeq;0, in comparison with the measured XANES

spectrum of SnggFey;0;.

and crystallinity of the active materials were analyzed via high-
resolution transmission electron microscopy (HRTEM). The
HRTEM images of pure SnO,, SnggFey 0, and SnggFe,;0,-C
are displayed in Figure 1b—d, respectively. All three materials are
characterized by a very small particle size in the range from 10
to 20 nm, with a trend to slightly smaller particles in the case of
SnyoFen0,(-C) (Figure 1c,d) in agreement with the XRD data.
In fact, all particles are single-crystalline, i.e., the crystallite size
determined by XRD is equal to the average particle size. For
SngoFe(10,-C (Figure 1d), the primary particle agglomerates are
covered by an amorphous carbon layer with a thickness of about

Adv. Sustainable Syst. 2022, 2200102 2200102 (3 of 13)

5-10 nm in agreement with a previous study.?!l Furthermore,
TEM EDX mapping of SnggFe,;0,-C (Figure S1, Supporting
Information) shows a homogeneous dispersion of Fe in the
sample, along with Sn.

In order to further investigate the impact of the Fe doping
on the electronic and local structure, XAS was performed at
the Sn L;-edge and Fe K-edge. As illustrated in Figure 2a, pure
SnO, shows a tetragonal cassiterite structure, with six oxygen
atoms (represented by the red spheres) octahedrally coordi-
nating each tin (represented by the grey spheres).? The X-ray
absorption near-edge structure (XANES) spectrum at the Sn

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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L;-edge of SnjqFeq;0,-C is presented in Figure 2b and is in
good agreement with the spectrum reported for commercial
Sn0,.2 According to this earlier study on SnO,, the indicated
peaks (A), (B), and (C) in the near-edge region of the X-ray
absorption edge can be assigned to certain electron transitions
to empty or quasi-bound states. Metallic tin has the electron
configuration [Kr]4d!%5s25p?, while Sn** in SnO, shows the
electron configuration [Krj4d™. As a consequence, the 5s orbital
is empty and can accommodate electrons, and the transitions
(A) and (B) are assigned to the transition from 2p;;, — 5s;),1%°!
although it would commonly be expected that this transition
results in only one peak. However, Fracchia et al.?®! for instance,
ascribed the appearance of two peaks to the covalent character
of the Sn—O bond in SnO,. This means that the Sn 5s and 5p
states are showing some degree of hybridization with the O
2p states from the ligands, which leads to an additional elec-
tronic configuration, likely leading to the second peak (B). Most
important, though, for the present study is the finding that the
tin in Sng¢Feq;0,-C has the same oxidation state, lattice posi-
tion, and coordination as in SnO,. To get comparable informa-
tion about the iron (in the absence and presence of the carbon
coating), XANES spectra of both Snj¢Fe;0, and SnggFej;0,-C
were recorded at the Fe K-edge (Figure 2c). Overall the two
spectra reveal very similar features and both pre-edge features
and the main edge positions are qualitatively in line with octa-
hedrally coordinated Fe**|?’] which is in line with an earlier
study by X-ray photoelectron spectroscopy (XPS) on noncoated
SngeFey10,.21 When having a closer look at the Fe K-edge
in the XANES spectra (Figure 2d), though, it is observed that
the absorption edge of SngoFey,0,-C is slightly shifted toward
lower X-ray photon energies. This indicates that iron is par-
tially reduced to a slightly lower oxidation state during the
carbon coating process, as also found for Fe-doped ZnO®®l and
Mn-doped ZnO.?% In both cases, however, the experimentally
recorded spectra qualitatively match the ab initio calculated
XANES spectrum of SngoFe;;0, (Figure 2e), indicating that
iron is octahedrally coordinated by six oxygen as the Sn site in
SnO,, and that the coordination environment is asymmetric.
We may note at this point that the introduction of aliovalent
iron into the tin oxide structure is presumably accompanied by
the formation of oxygen vacancies and/or interstitial cationic
sites. As we cannot safely exclude one or the other, neither
quantify the amount of oxygen vacancies, we may continue
referring to this material as SnygFe(;0,-C in the following.

2.2. Investigation of the Reaction Mechanism

For the investigation of the reaction mechanism of SnggFe0,-C,
we firstly conducted an operando XRD experiment. The results are
displayed in Figure S2 (Supporting Information) and are discussed
in detail in the Supporting Information. The findings are well in
line with a previous operando XRD investigation on Sng oFe, ;0,21
and generally confirm an initial Li* insertion, followed by the
reduction of the oxide to metallic tin upon further lithiation and
eventually the formation of the Li,Sn alloy. Nevertheless, owing to
the (quasi-)Jamorphous nature of the compounds formed in the dis-
charged (i.e., lithiated) state and the fact that the material remains
(quasi-)amorphous also upon delithiation, little information can be
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gained beyond the initial lithiation and the iron dopant is essen-
tially invisible in the XRD patterns.

Therefore, we combined the operando XRD analysis with
ex situ °Sn and *Fe Méssbauer spectroscopy. In addition to
the pristine SnyqoFey;0,-C also partially (0.7 V) and fully lithi-
ated (0.01 V) as well as fully delithiated (3.0 V) electrodes were
studied. These three different voltage points are highlighted in
the cyclic voltammogram in Figure S3 (Supporting Informa-
tion). The corresponding °Sn and *Fe spectra are presented
in Figure 3a,b, respectively, and the summaries of the fit-
ting results are provided in Table S1, Supporting Information
("°Sn) and Table S2, Supporting Information (*Fe). For the
pristine sample, the ”Sn spectrum (Figure 3a) was fitted by a
doublet with an isomer shift (IS) of 0.01 mm s and a small
quadrupole splitting (QS) of 0.41 mm s7, and thus strongly
overlapping lines. These values are characteristic of Sn*" in the
cassiterite (Sn0O,) structure.?% The QS is caused by the intrinsic
asymmetry of the SnOg octahedra. The partial lithiation to a cut-
off voltage of 0.7 V (i.e., below the initial voltage plateau, see
Figure S2a, Supporting Information) leads to a decrease of the
singlet component of cassiterite tin oxide, accompanied by a
slight change of the IS to 0.060 mm s™'. According to the in
situ 19Sn Méssbauer investigation by Sandu et al.*! such a shift
indicates the reinforcement of the SnO, lattice as a result of the
initial Li* insertion, leading to the formation of new Li—O bonds
without the destruction of the initial Sn—O bonds. The addi-
tionally observed doublet component centered at 1.344 mm s
is assigned to the presence of metallic tin,*? corroborating the
assignment of the voltage plateau at =1.0 V to the reduction of
Sn*" to Sn’. In fact, Sandu et al.,?! reported that the insertion
and further reduction to metallic tin partially overlap, in agree-
ment with the operando XRD data (Figure S2d, Supporting
Information). Upon further lithiation to 0.01 V, the 19Sn spec-
trum reveals an additional peak at 1.127 mm s7!, which has been
assigned to metallic tin with metallic bonds to tin and lithium,
while there is also still some interaction with oxygen.l3¥ Given
the absence of any SnO,-related reflection in the corresponding
XRD data (Figure S2e, Supporting Information), we may
assume that this is related to the interaction of the tin (alloy)
surface with the surrounding Li,O matrix and/or the reaction
with oxygen traces during the ex situ sample preparation owing
to the high reactivity of the fully discharged material. Most inter-
estingly, though, with regard to the (quasi-)amorphous nature
of the active material in the delithiated state, is the finding that
tin is not fully re-oxidized at 3.0 V. The "Sn spectrum is com-
parable to the spectrum recorded for the sample discharged to
0.7 V, indicating that only the alloying reaction is completely
reversible, while the conversion reaction, i.e., the re-oxidation
to tin oxide remains incomplete. Besides, both components, the
one for oxidized tin centered at 0.132 mm s~ and the one for
metallic tin centered at 1.599 mm s7!, show increased QS values
of 0.463 and 1.244 mm s7}, respectively, as a consequence of the
pronounced disorder of the local environment.

For the fitting of the ¥Fe Mé&ssbauer spectrum of pristine
Sny oFey10,-C (Figure 3b), two doublets were necessary to achieve
a reasonable fit. This indicates two different Fe environments in
the sample, either in one compound or in different phases. The
main doublet (86%) with IS =0.39 mm s and QS = 0.87 mm s
is assigned to Fe3" in the octahedral positions of SnO,,3*3 which

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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is in good agreement with the XAS results and the partial substi-
tution of Sn** by Fe3*. The second doublet with IS = 0.083 mm s~!
and a rather small QS of 0.321 mm s~ indicates the presence of
Fe with a different oxidation state, which is in agreement with
the XAS results that showed that Fe is partially reduced during
the carbon coating process. Two possible explanations for the IS
close to 0 mm s™! are possible: (i) this component belongs to Fe?*
in a low-spin configuration, or (ii) this component represents
Fe’ inside very small Fe metal clusters that are too small to be
detected by XRD and to establish magnetic ordering, while even
very minor traces can give a significant signal in the Mossbauer
spectra. The HRTEM analysis presented herein (Figure 1d) and
in previous studies,?*2! however, revealed perfectly crystalline
particles also after the carbon coating, suggesting that the signal
observed is related to the formation of Fe** in a low-spin state
rather than a complete reduction to the metallic state. The evolu-
tion of the *Fe spectra upon discharge (lithiation) shows that the
doublet attributed to Fe*" is gradually shifting from 0.390 mm s
(pristine state) to 0.346 mm s (0.7 V) and further to 0.183 mm s!
(0.01 V). This significant shift indicates a gradual reduction.*’!
Notably, an IS of 0.0 mm s, which would correspond to the
orFe reference, was not reached, neither was the typical hyperfine
splitting observed. Given that a preliminary analysis of ex situ
XAS data revealed the reduction of the transition metal dopant
to the metallic state (not shown herein), a possible explanation
for the findings obtained by >Fe Méssbauer spectroscopy might
be the formation of iron metal nanodomains with a superpara-
magnetic rather than ferromagnetic behavior or the formation
of an iron-tin alloy, which would also lead to superparamagnetic
behavior.>! In fact, an in-depth investigation of iron-doped zinc
oxide revealed the formation of an iron-zinc alloy upon lithia-
tion*®l and it appears likely that such reaction occurs also for iron-
doped tin oxide. The subsequent delithiation to 3.0 V reveals a

a) 1196n Mossbauer b) 57Fe Mossbauer
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Fe** component centered at 0.312 mm s, indicating the re-oxi-
dation to Fe3*. This re-oxidation, however, remains incomplete, as
apparent from the additionally observed doublet at 0.941 mm s~!
with a significantly higher QS of 1.784 mm s, which is assigned
to the accommodation of Fe?" in an octahedral position.¥! In fact,
an incomplete re-oxidation of the iron dopant was observed also
for iron-doped zinc oxide,*”) suggesting that the two active mate-
rials behave similarly upon electrochemical de-/lithiation.

To gain further insights into the reaction mechanism, also
ex situ 'Li MAS NMR spectroscopy was conducted at the same
states of dis-/charge (Figure 3c). For the pristine Sng¢Fe(,0,-C,
no lithium is found, as expected. In the spectrum recorded for
the partially lithiated material (0.7 V), a peak at 0 ppm appears.
This peak is assigned to lithium in a diamagnetic environ-
ment, ie., Li,0,B%%] which is formed along with the forma-
tion of metallic tin. Upon further lithiation to 0.01 V the peak
intensity is increasing as a result of the ongoing reduction of
the initial oxide. These results are in good agreement with the
findings obtained by ex situ Mdssbauer spectroscopy. In addi-
tion, a broad shoulder is observed in the fully lithiated state at
0.01 V, revealing the presence of a second lithium-containing
compound, presumably the lithium-tin alloy.*® During the sub-
sequent delithiation, this broad shoulder vanishes, confirming
the complete reversibility of the alloying reaction, but the peak
related to Li,O remains. While the presence of Li,O also in the
fully delithiated state might in part originate from the forma-
tion of the SELP’ the pronounced intensity suggests that the
conversion reaction is incomplete, in agreement with the ex
situ Mssbauer spectroscopy investigation.

In sum, the ex situ Méssbauer and 7Li NMR spectroscopy
analysis reveals the following findings: (i) In the pristine state,
Fe3" is located in the octahedral position of the cassiterite crystal
structure, partially replacing tin. (ii) The alloying reaction is

C) ’Li MAS NMR
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Figure 3. a) "'°Sn Mé&ssbauer spectra, b) ¥Fe Mossbauer spectra, and c) ’Li MAS NMR spectra of the pristine SnggFeq;0,-C and SnggFeq;0,-C
discharged (disc.) and charged (char.) to different states of de-/lithiation, i.e., 0.7 and 0.01 V upon discharge and 3.0 V upon charge.
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Figure 4. a—c) Normalized heat flow (per mass of the active material; in purple) and the corresponding voltage profile (in black) recorded for
a LillSngeFeq10,-C coin cell during the operando isothermal microcalorimetry (IMC) experiment with a constant current of 50 mA g™ (T = 20 °C;
the lower cut-off voltage was set to 0.01 V and the upper one to 3.0 V): a) The evolution of the normalized heat flow and voltage during discharge;
b) magnification of the initial part of the discharge process; c) the evolution of the normalized heat flow and voltage upon charge. d,e) Results of the
galvanostatic intermittent titration technique (GITT) experiment for the d) lithiation and e) delithiation of Sng gFey;0,-C in a coin cell (specific current:
50 mA g™') with the voltage profile of the GITT experiment (top, in black), the estimated polarization heat flow Q. (middle, in blue), and the entropic

heat flow Qepyr. (bottom, in turquoise).

fully reversible, while the conversion reaction and re-oxidation
of tin and iron remain incomplete.

To complement the operando XRD and ex situ Moss-
bauer spectroscopy and ’Li MAS NMR study, operando IMC
was performed in order to gain additional insights into the
de-/lithiation mechanism. The recorded heat flow and the cor-
responding voltage profile of the Lil[Sny¢Fey;0,-C cell are pre-
sented in Figure S4 (Supporting Information). A more detailed
analysis following a normalization of the recorded heat flow
to the mass of the Sngg¢Feq;0,-C active material is presented
in Figure 4a—c. The initial discharge is displayed in Figure 4a.
Generally, the heat flow profile reveals three distinct peaks at
3% (see Figure 4b for a magnification of the first part of the
discharge), 7%, and 34% state of discharge (SOD), which is
in accordance with the inflection points of the corresponding
voltage profile. Additionally, an increase in heat flux is observed
starting from about 80% SOD. Following the three distinct
peaks, the heat flow, and voltage profile are separated into three
regions, i.e., Region (A)—(C). The first peak in Region (A) at 3%
SOD is assigned to the initial insertion of lithium into the cas-
siterite host structure,? in accordance with the previous find-
ings. The second peak at 7% SOD appears just ahead of the
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voltage plateau at around 1.0 V. Hence, the peak in the heat
profile is attributed to the nucleation of the second phase, i.e.,
metallic tin and Li,O, which is formed along the voltage pla-
teau.®®! Finally, Region (C) is attributed to the formation of the
lithium-tin alloy (along with a further reduction of the oxide to
metallic tin, as observed from the previous experiments) and
the eventual increase in heat flow starting from about 80%
SOD is assigned to the decomposition of the electrolyte.
During the subsequent delithiation (Figure 4c) the heat flow
is generally much lower, which very well reflects the voltage
hysteresis. Besides, the delithiation heat flow reveals an essen-
tially continuous increase, though with a varying slope, and is
roughly divided into two regions, i.e., Region (D) and Region
(E), according to the peak observed for the heat flow and the
inflection point of the voltage profile that occur at the same
state of charge (SOC). In Region (D), the heat flow increases
only very slowly up to about 35% SOC. The corresponding
part of the voltage profile has been assigned to the dealloying
reaction, which appears to be a kinetically favorable process.
The subsequent Region (E) commences with a peak at about
42% SOC along with the inflection point of the charge profile.
Hence, this peak is attributed to the onset of the reconversion

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

of metallic tin and iron to the corresponding oxides. The fur-
ther course of the graph shows a steep increase in heat flow,
finally reaching around —59 mW g at the cut-off voltage of
3.0 V. In other words, the reconversion reaction is characterized
by a substantially larger heat flow than the dealloying reaction.
Generally, the total heat flux caused by the electrochemical
dis-/charge process consists of three contributions: (i) a revers-
ible contribution Q'em, that reflects the entropy change during
the electrochemical processes, which changes its sign when
the direction of the electrochemical processes, i.e., the current
direction is inverted; (ii) an irreversible contribution onl,y which
always leads to the evolution of heat owing to the deviation from
equilibrium during current flow; and (iii) the Joule heat that is
caused by the current flow through the electrolyte and which
also always produces heat. For a further evaluation of these dif-
ferent contributions to the overall heat flow, the galvanostatic
intermittent titration technique (GITT), including a variation
of the temperature during the open circuit voltage (OCV) step,
was used. During the intermittence of the dis-/charge pro-
cess, the cell voltage relaxed from the cell voltage with current
flow Ej,q to the (close-to) equilibrium open cell voltage Eqcy.
For the determination of the irreversible, polarization-related
heat flow Q1 Fioaa 2nd Eocy Were estimated from the voltage
profiles during intermittent discharging and charging shown
in the upper panels of Figure 4d,e. Note that only the sections
with current flow are depicted. During the discharge process in
Figure 4d the cell voltage drops to its value for steady current
flow Ejy,q, while during the intermittence periods (not shown)
the cell voltage relaxes positive toward Eqcy. The difference
Eioad — Eocy corresponds to the overpotential, i.e., the devia-
tion from equilibrium. Multiplying the overpotential with the
applied specific current of 50 mA g! yields the corresponding
irreversible heat flux onl.- The entropic heat flow contribution
Qem corresponds to the reversible heat flow and was derived by
measuring the change of the OCV upon temperature steps of
AT =10 K, that is the temperature coefficient of the cell poten-
tial, which is proportional to the reaction entropy of the cell
reaction. The Joule heat is estimated from the electrolyte resist-
ance (=8 Q) and amounts to about 0.03 mW g, which is much
smaller than the other two contributions and which is therefore
neglected in the following discussion. The corresponding values
of onl. and Qem, for the de-/lithiation of the Lil|SnyqFey,0,-C
coin cells are presented in Figure 4d along with the GITT
experiment. The polarization heat flow Q'pol, reveals an initial
rapid decrease after a jump from the first to the second data
point, followed by a small local maximum at about 35% SOD.
The latter is in accordance with the second peak in Figure 4a
that has been assigned to the onset of the alloying reaction.
Similarly, the entropic heat flow Q'em,_ shows a distinct peak at
=5% SOD, which is in line with the second peak at 7% SOD
in Region (B) of the IMC experiment, given the resolution of
the experiment. This large increase in Qem‘ with a minimum
of —18 mW g! is attributed to the onset of the conversion reac-
tion, i.e., the reduction of the oxide to the metals and the decay
of the crystalline structure. Note that the entropic heat flux
Qm_ reflects the entropy change of the cell reaction, including
both the lithiation/delithiation of the iron-doped tin oxide and
the reaction at the counter electrode, i.e., the Li*/Li bulk metal
deposition/dissolution reaction. The entropic contribution of
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the half cell reaction will be explicitly discussed below. Subse-
quently, at higher SOD, Qem_ decreases steadily until it reaches a
constantly small value of less than 1 mW gL. In accordance with
our earlier study on iron-doped zinc oxide,B! it is concluded
that overall onl, and specifically Qem‘ show more pronounced
variations for the conversion reaction.

Upon delithiation (Figure 4e), Q. is constantly increasing
until it reaches 36 mW g at the cut-off voltage of 3.0 V. There
is a small step-like increase observed at about 40% SOC, which
coincides with the peak in the overall heat flow (Figure 4c),
indicating the onset of the reconversion reaction. Q. remains
generally rather small, never exceeding 2 mW g'. Nonetheless,
there is a significant increase when the reconversion sets in,
before it decreases again toward the end of the charge process.
It is noteworthy that Q.. determined for the discharge and
charge processes, coincides nicely for high Li contents, i.e., for
SODs >40% and SOCs <60%, respectively, which signals high
reversibility of the lithiation/delithiation process at higher Li
contents. However, at lower Li concentrations rather pronounced
deviations occur. In particular the rather steep peak of Qemr_ upon
lithiation extending from 0% to 20% SOD becomes smeared out
between 60% and 100% SOC upon delithiation. This may be
attributed, e.g., to SEI formation and irreversible structural trans-
formations, namely the incomplete recovery of the cassiterite
structure during the first dis-/charge cycle, as discussed above.

To corroborate the above measurements of the reversible
contribution to the heat flux Q'mt,. and to obtain information
about the timescale on which the reversible processes occur,
we performed electrochemical microcalorimetric measure-
ments of the reversible heat/cold evolution at the Snj gFe,;0,-C
electrode, i.e., of the half-cell electrode reactions. In the fol-
lowing, this method is abbreviated half-cell microcalorimetry
(HCMC).l*#2 For this purpose, we measured the temperature
at the back of a thin SngqFe;;0,-C electrode with a thin pyro-
electric sensor, while the charging or discharging reaction is
conducted for 10 ms by a small potential pulse, starting from
a well-equilibrated rest potential. Such a 10 ms pulse duration
is short enough to avoid heat dissipation into the bulk of the
electrolyte and long enough that the electrode-sensor assembly
becomes thermally equilibrated.

Figure 5 shows typical potential, current, and temperature
transients for the lithiation and delithiation at a rest poten-
tial of 0.07 V, corresponding to a SOD of about 90%, which is
well in the lithium-tin alloy phase. When the potential pulse is
applied, at t = 10 ms, the current peaks and the temperature at
the electrode start to fall for the negative potential pulse (lithi-
ation), while it begins to rise for the positive pulse (delithia-
tion), signaling cold or heat evolution, respectively, caused by
the electrochemical electrode processes. At t = 20 ms the cell
was switched to open cell conditions and the outer current flow
ceased. The potential slightly relaxed on a timescale of roughly
100 ms. Shortly after the current ceased, the temperature tran-
sients reached a minimum for the delithiation and a maximum
for the lithiation process. After reaching its extremum the tem-
perature relaxed toward the temperature before the application
of the pulses by dissipation of cold/heat into the electrolyte.
From simulations and the pyroelectric coefficients of the sensor
we estimate that the overall temperature change is well below
1 mK. Thus our measurements proceeded quasi-isothermal.
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Figure 5. Potential E, current I, and temperature T transients, measured
by half-cell microcalorimetry (HCMC) at a single SnggFey10,-C electrode
during a) discharge and b) charge with 10 ms potential pulses of 100 mV
amplitude. The rest potential was 0.072 V, i.e., at 90% state of discharge
(SOD) before applying the potential pulses.

The symmetric behavior of the current and temperature
transients in Figure 5a,b under potential pulse inversion
already signals a high degree of reversibility of the electrochem-
ical dis-/charge processes in the pulse experiments. Note that
the electrochemical conversion during each pulse amounted
to only =7 mC g! in the depicted experiments, which has to
be compared with the theoretical capacity of the material
(=4300 C g!) and therefore corresponds to only =1.6 X 107%.
A closer inspection of the results reveals that the absolute value
of the temperature variation upon cooling is about half of that
during warming, although the absolute amount of charge,
which flowed during the potential pulses, is about the same
for both pulse directions (with a deviation of about 9%). This
reflects irreversible contributions to the total heat, which do not
change their sign upon current reversal, while the entropic con-
tributions to the heat change their sign. In other words, due
to irreversibly exchanged heat, the electrode becomes less cold
upon lithiation and warmer upon detlihiation than it would be
expected for a purely reversible behavior. The irreversible contri-
bution can be directly removed from the temperature transients
by subtracting temperature transients obtained from the posi-
tive and negative potential pulses. This results in an (averaged)
temperature transient, representing the reversible warming or
cooling of the electrode during the electrode reaction. By this
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procedure also experimental artifacts such as long-term tem-
perature drifts or heat from ongoing background reactions are
removed. The closer inspection of the temperature transients
in Figure 5 for longer times indeed reveals that the tempera-
ture relaxation upon cooling (Figure 5a) is faster than that upon
warming (Figure 5b), indicating background heat evolution,
probably due to side reactions such as an ongoing SEI forma-
tion and electrolyte decomposition. Note that we are extremely
sensitive to background processes, since their continuous heat
evolution adds to the potential-pulse driven heat evolution of
only 10 ms duration. Indeed, ongoing heat evolution due to
background processes rendered it impossible to measure the
heat during the first discharge step. Only after conditioning
the electrode by a slow voltammetrically controlled dis-/charge
cycle (1 mV s} 3.0 V— 0.01 V — 3.0 V) background heat evo-
lution becomes sufficiently small for the reliable determination
of the pulse-driven heat evolution. From the averaged revers-
ible temperature transients, absolute values for the reversible
heat exchange were derived (see the Experimental Section for
more details on the procedure). To include also reversible heat
exchange during the relaxation period, we integrated the revers-
ible heat flux up to 100 ms after the onset of the potential pulse.

Figure 6 depicts the reversible molar heat of the discharge
process at the SngqFey;0,-C electrode, i.e., for the cathodic
process direction (red circles). The right axis gives the cor-
responding reaction entropy for the discharge process. We
plotted the data versus the SOD, as obtained from the voltage
profile of the second dis-/charge cycle (Figure S5, Supporting
Information). Since the HCMC experiments started at well
relaxed rest potentials, this procedure disregards the polari-
zation overpotential, which is included in the voltage profile
and may thus lead to an underestimation of the SOD. For the
comparison with the GITT experiment, we included the cor-
responding reversible molar heat for the half-cell reaction
at the SnygFey;0,-C electrode in Figure 6 (black crosses), as
calculated from the entropic heat flux in the lower panel of
Figure 4d. For this purpose, the entropic heat flux data were
divided by the specific current, yielding the reversible molar
heat for the lithiation process in the Li||Sn, ¢Fey;0,-C coin cell.
This had to be offset by the reversible molar heat of the lithium
metal deposition at the Li counter electrode, which we deter-
mined in a previous work to be 48 k] mol~,, corresponding to a
reaction entropy of 160 | mol™ K™L."344 This value is indicated
as a dashed horizontal line in Figure 6. Both datasets, the GITT
data from the first discharge and the HCMC data obtained for
the second discharge process, nicely coincide. In particular for
high SODs >=~20%, both datasets reach the same high revers-
ible molar heat or reaction entropy for the lithiation process
of approximately 48 k] mol™! or 160 ] mol! K% At low SOD
(<20%) both measurements exhibit a minimum of only about
15 kJ mol™ (50 ] mol™ K}), whereas at the very beginning of
the charge process a steep decrease of the reaction entropy is
observed with an increasing SOD.

The differences between both datasets, namely the broader
minimum of the HCMC data for SODs <20% and the lower
molar heat at the very beginning of the discharge process,
are not too surprising when considering that the HCMC data
were measured during the second dis-/charge cycle, where
the original cassiterite structure of the iron-doped tin oxide

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

www.advsustainsys.com

- I I I I I I
E SOF _______ e e e o
5 -F:|'+:|--CI;-F+++-F++++'F"+:150
X @) (@)
= 4o+ L+ éDOO 00 000 5
© (V)]
o) o) -
< 30 + o 4100 <
: :
o) ') o
E 20 o AN
° )
S o 150 X,
@ 10F
o)
>
)
= Ok ! l l ! 10
0 20 40 60 80 100

State of Discharge (SOD) / %

Figure 6. Reversible molar heat (left axis) and reaction entropy of the cathodic (discharge) process (right axis) at a Li*|Sng gFeq10,-C electrode. The
red circles mark data points obtained by half-cell microcalorimetry (HCMC) during the second discharging cycle. The corresponding state of discharge
(SOD) was determined from the voltage profile in Figure S5 (Supporting Information). In addition, black crosses mark data derived from galvanostatic
intermittent titration technique (GITT) experiments during the first discharge.

was considerably degraded and became rather amorphous.
These changes are also reflected in the voltage profile, where
the pronounced plateau at about 1.0 V in the first cycle became
considerably smeared out and shifted to lower voltages in the
second cycle (cf. Figure 4a and Figure S5, Supporting Informa-
tion). In addition, the close resemblance of the GITT and the
HCMC data, namely the rather identical spans of the entropy
variations, clearly shows that both methods measure the same
potential-determining electrochemical processes, albeit the
timescale of both measurements is rather different. In the
GITT experiment, the system was given 2 h to equilibrate after
a temperature step, while for the HCMC measurements the
heat or cold evolved mainly during a 10 ms potential step. Thus,
the potential-determining reactions, i.e., the electrochemically
driven discharge and charge processes are fast, leading to a
robust electrochemical equilibrium, which is only negligibly
distorted by parasitic processes like phase transitions, electro-
lyte decomposition, and/or SEI formation.

At high SODs, where the lithium-tin alloy formation is the
prevailing process, the reversible molar heat of lithiation comes
very close to the molar heat for reversible Li metal deposition
(dashed line in Figure 6). The high value of the molar heat for
the Li deposition was attributed to the strong solvation of the
Li* ions in solution.*1 Upon deposition of metallic Li, about
4 to 5 solvent molecules, previously bound in the solvation shell
of a Li* ion, are set free, leading to a strong increase in entropy,
which largely overcompensates the entropy loss due to fixa-
tion of Li at the electrode during the deposition process. This
latter entropy loss owing to the fixation of Li in the metallic
phase was estimated to amount to about —43 ] mol™! K
(-13 kJ mol™), whereas the entropy change of the desolvation
process amounted to 214 ] mol™ K™ (64 k] mol ™). Hence,
the close match between the lithiation entropy for the lithium-
tin alloy with that of lithium metal deposition implies that
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the entropy of Li in the alloy phase is close to that of Li metal
without pronounced influence of the disorder of the alloy.
Indeed, assuming ideal solution behavior, the expected increase
of the entropy of Li in the alloy phase upon diluting the Li
concentration by a factor of 10 amounts to only 19 ] mol™ K7,
which would result in a decrease of the reversible molar heat of
the lithiation process by only 5.7 k] mol~L. Therefore, at inter-
mediate to high lithium contents in the lithium-tin alloy no
significant variation of the molar heat is expected with a vari-
ation of the SOD, and the plateau of the molar heat between
25% < SOD < 100% can be well assigned to the desolvation
and reduction of Li* and subsequent alloying into the lithium-
tin alloy phase. Only below =25% SOD the molar heat steeply
decreases by roughly 30 k] mol™ and reaches a minimum at
around 10% SOD. This strong decrease cannot be explained by
gradual dilution effects of Li in the metal phase, but rather indi-
cates a change in the discharge process. The low entropy values
strongly suggest that there is no significant desolvation of Li*
ions involved in the electrochemical processes in this SOD
range. This is compatible with pure reduction of the iron-doped
tin oxide. For very low SODs, the reversible molar heat for the
discharging process increases up to 30 k] mol™ for the HCMC
data and even higher for the GITT experiments. Although the
definite assignment of a particular reaction mechanism is not
possible at this stage, the high reaction entropy at very low
SODs is compatible with the desolvation of Li* ions and an ini-
tial insertion-type reaction prior to the reduction of the oxides
to the metallic state.

Following a simplified energy balance model for batteries,
which has been developed by Downie et al.,*] the parasitic heat
flow, e.g., due to irreversible phase transitions of the electrode
material, SEI formation, and/or electrolyte decomposition, can
be calculated by subtracting onl_ and Qem, from the total heat
flow. Therefore, onL and Q.y., which were determined by GITT,
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Figure 7. Comparison of the total heat flow measured by operando isothermal microcalorimetry (IMC; in red) and the sum of Q,,; and Qener. (in blue),
as determined by galvanostatic intermittent titration technique (GITT) for the electrochemical a) lithiation and b) delithiation of Li||SnggFeq;0,-Cin a

coin cell (specific current: 50 mA g7'; cut-off voltages: 0.01 and 3.0 V).

were compared with the overall heat flow measured during the
operando IMC experiment (Figure 7). Given the different exper-
imental conditions for the two experiments this comparison
is more qualitative than quantitative, but still provides inter-
esting insights into the reaction mechanism. Generally, upon
discharge (Figure 7a) the two main peaks for the onset of the
conversion and alloying reaction are well apparent from both
plots and the overall trend is the same, except beyond an SOD
of about 80%, where the IMC-derived heat flow increases, while
the GITT-derived heat contributions remain fairly constant.
This indicates that at such low potentials, the contribution of
the parasitic heat flow becomes increasingly relevant, thus,
further corroborating the earlier assignment to reductive elec-
trolyte decomposition. For the delithiation process (Figure 7b),
the two profiles generally match each other very well, while
the increase in heat flow toward the upper cut-off is more pro-
nounced for the IMC-derived data than for the GITT-derived
data, indicating that also the SEI reformation that occurs at
such elevated potentials adds to the parasitic heat.3¢3946] n
combination with the generally higher heat flow for the conver-
sion contribution, these findings provide an explanation for the
beneficial impact of lower cut-off voltages on the energy effi-
ciency in lithium-ion cells.l?*!

3. Conclusions

In this work, the de-/lithiation mechanism of SngqFey;0,-C
was comprehensively investigated by a combination of various
complementary operando and ex situ characterization tech-
niques. The findings reveal a three-step lithiation mechanism,
including an initial Li* insertion, followed by the reduction to
the metallic phases and the eventual alloying reaction. These
three steps, however, partially overlap—at least under the given
experimental conditions. The subsequent delithiation occurs
in two steps beginning with the dealloying, followed by the
reconversion; the latter, though, remains partially incomplete,
while the alloying reaction is fully reversible. This partially
incomplete reconversion is accompanied by a significant heat
release owing to the reformation of the SEI, highlighting the
importance of lower cut-off voltages for such anode materials
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when employed in lithium-ion cells, which is also beneficial for
achieving a high energy efficiency, i.e., a limited voltage hyster-
esis, and maintaining a high full-cell voltage also at decreasing
SOCs. Last but not least, this study highlights the need for a
comprehensive approach to investigate the reaction mechanism
of new electrode active materials via a set of complementary
experimental methods, particularly if such materials are amor-
phous or turn amorphous during the initial lithiation.

4. Experimental Section

Materials  Synthesis: SngoFeq;0, was synthesized in a similar
manner as reported earlier?% In brief, 0.482 g (0.001 mol)
iron(ll) gluconate dihydrate (Alfa Aesar) and 10.262 g (0.030 mol)
sucrose (Merck) were dissolved in 100 mL ultrapure water. Upon
continuous stirring, 20 mL acetic acid (Sigma Aldrich) and 2.131 g
(0.009 mol) tin(ll) acetate (Alfa Aesar) were successively added to the
solution, which was stirred for another 1.5 h. Subsequently, the solution
was heated to 50 °C for 30 min, before evaporating the water at 180 °C
for 5 h. The remaining black solid was further dried at 80 °C overnight
and then manually ground in an agate mortar prior to the calcination at
450 °C for 3 h (heating rate: 3 °C min~') under ambient atmosphere. Pure
tin(1V) oxide (SnO,) was prepared accordingly, but without the addition
of iron(ll) gluconate dihydrate. For the carbon coating of SnggFeq;0,
(SnggFe10,-C), 1.200 g (0.007 mol) glucose (VWR Chemicals) was
dissolved in 80 mL ultrapure water. Then, 800 mg of SnggFey;0, was
added. The resulting dispersion was transferred into a stainless steel
autoclave (Berghof BR-100) and heated to 180 °C under continuous
stirring for 13 h. The resulting precipitate was rinsed five times with
30 mL ultrapure water and two times with ethanol in a centrifuge before
drying at 80 °C overnight. Finally, the powder was thermally treated at
500 °C for 4 h under an argon atmosphere (heating rate: 3 °C min™) to
obtain the final product.

Physicochemical ~Characterization: The crystal structure of the
synthesized samples was investigated via XRD using a Bruker D&
Advance diffractometer (Cu-Ker radiation, 4 = 0.154 nm) within a 26
range from 20° to 100°. The carbon content in SnggFey;0,-C was
determined by thermogravimetric analysis (TGA; Model Q5000, TA
Instruments) under an oxygen atmosphere in a temperature range from
40 °C to 850 °C with a heating rate of 5 °C min', yielding 13 wt% of
carbon. HRTEM was performed on an image Cs-corrected FEI Titan
80-300 kV at 300 kV and STEM-EDX measurements were recorded
using a Thermofisher Talos 200X TEM equipped with a SuperX EDX
detector at 200 kV. XAS was conducted at the XAFS beamline of the
Elettra Synchrotron in Trieste, Italy. The storage ring was operated at

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

2.0 GeV in top-up mode with a current of 280 mA. The experiments
were performed at the Sn L;-edge and Fe K-edge in transmission mode
by using three ionization chambers filled with appropriate mixtures of
argon, nitrogen, and helium optimized to achieve the optimum level of
absorption in each chamber. The white beam was monochromatized
by using a fixed exit monochromator equipped with a pair of Si(111)
crystals. Elemental Sn (L; = 3929 eV) and Fe (K = 7112 eV) reference
samples, placed between the second and the third chamber, were used
for the energy calibration in each scan, which allowed for continuous
monitoring of the energy. The absorption edge energy was determined
as the first inflection point of the spectrum. The spectra were processed
using the Demeter package. Normalization, background subtraction,
energy calibration, and alignment were performed using the Athena
software. The ab initio simulation of the XANES spectrum of the Fe
K-edge was performed using the FDMNES software.’] The Fe K-edge
was calculated in the photoelectron energy range —5 < E < 120 eV with
respect to the Fermi energy level using the Multiple Scattering Theory
(MST). The Hedin-Lundqvist complex potential“®l was used to calculate
the excited states, while the absorption cross-section was calculated
within the dipolar approximation. A discrete FeOgq cluster with an
asymmetric coordination environment was considered and the best
agreement between experiment and calculation was obtained by fixing
the Fe—O bond lengths to 2.12 A (x3), similar to hematite, or contracted
to 90% (x3) of that value.

Operando XRD: For the operando XRD measurements, a self-designed
two-electrode cell was used. The slurry, comprising the active material,
conductive carbon (Super C65, IMERYS), and the binder (sodium
carboxymethyl cellulose; CMC; Dow Wolff Cellulosics) in a weight ratio
of 75:20:5, was homogenized using a planetary ball-mill (Pulverisette 4;
Fritsch; milling conditions: 4 x 30 min at 400/—800 rpm with 10 min rest
in-between). The resulting dispersion was cast directly on a beryllium
disc (25 mm diameter, 0.25 mm thickness; Materion), which served
simultaneously as the current collector and “window” for the X-ray
beam. The coated Be disc was dried for 4 h at room temperature and
60 °C under vacuum overnight. Metallic lithium (battery grade, Honjo)
was used as the counter and reference electrode and two Whatman
separators (& =19 mm) drenched with 300 pL of the electrolyte (1 m
LiPFg in a 1:1 mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC); UBE) served as the separator. Upon de-/lithiation, the X-ray
diffractograms were measured in a 26 range of 22° < 26 < 50°.

Ex situ 7Li NMR and Méssbauer Spectroscopy: For the ex situ ’Li NMR
and Méssbauer spectroscopy investigation, SnggFeq;0,-C was mixed
with the conductive carbon in a ratio of 75:20 and dried overnight at
120 °C under vacuum. The resulting powder was transferred into an
argon-filled glovebox (with an oxygen and water content below 0.1 ppm),
in which pellets with a diameter of 8 mm and a mass of approximately
35 mg were pressed. These pellets were used as working electrodes
in Swagelok-type T-cells with lithium metal foil (battery grade; Honjo)
as counter and reference electrodes. A Whatman glass fiber sheet was
used as the separator and drenched with 300 pL of the aforementioned
electrolyte. The T-cells were cycled to specific cut-off potentials of 0.7 and
0.1 V upon lithiation and 3.0 V upon delithiation using a BioLogic VMP3
potentiostat/galvanostat. Subsequently, the cells were disassembled in
the glove box and the pellets were rinsed with 150 pL DMC to remove
any residual electrolyte. The Mossbauer spectroscopy measurements
were performed in transmission mode at room temperature in a constant
acceleration spectrometer. For the "°Sn and 5’Fe Méssbauer spectroscopy
experiments, a CaSnO; and a ’Co(Rh) source were used, respectively.
For each measurement, the corresponding powder was sealed in a
polyethylene bag under an argon atmosphere to avoid any contact with
air and moisture. 'Li NMR spectroscopy was performed on a Bruker
Avance 200 MHz spectrometer with a magnetic field of 4.7 T. Magic-angle
spinning was performed in 1.3 mm rotors at 60 kHz. An aqueous 1 m LiCl
solution served as a reference for the NMR shift (0 ppm).

Operando Isothermal Microcalorimetry: The determination of the total
heat flow under isothermal conditions was conducted with a TAM IV
microcalorimeter (TA Instruments), equipped with a custom-made
sample holder for coin cells with a Cu-P-bronze wire (36A AWG). For
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the coin cell assembly, electrodes were prepared by manually mixing the
active material and the conductive carbon, before adding the mixture
to a 1.25 wt% solution of CMC in ultrapure water. The weight ratio of
the dry components in the slurry was 75 wt% of the active material,
20 wt% of conductive carbon, and 5 wt% of CMC. The dispersion was
homogenized using a planetary ball-mill. The thus obtained slurry was
cast on dendritic Cu foil (Cu 2 99.9%,; Schlenk) using a laboratory-scale
doctor blade with a wet film thickness of 140 um. Disc-shaped electrodes
with a diameter of 12 mm were cut and dried at 120 °C under vacuum
overnight. The separator and electrolyte were the same as in the previous
paragraph and lithium metal foil served as counter electrode. The cell
assembly was conducted in an argon-filled glove box. Before the actual
experiment an internal calibration of the calorimeter was conducted
using a dummy coin cell with a defined resistance. The galvanostatic
cycling of the coin cells was performed within a potential range from 3.0
to 0.01V versus the lithium counter electrode using a BioLogic VSP. The
uncertainty of the measurements was less than £300 nW.

Polarization and Entropy Analysis: According to the method described
by Huie et al.,5% the overpotential 17 and the entropic heat coefficient
(dEocy)/dT were determined from the voltage relaxation of the GITT
experiments. For this, the coin cells were placed inside an incubator (BD
23; Binder) at a constant temperature of 20 °C. The cells were allowed
to rest for 48 h at OCV before it was dis-/charged at a constant specific
current of 50 mA g7 for 60 min. At the end of the current pulse, the
cell voltage E|o,g Wwas measured. After 40 h of relaxation, the cell voltage
was measured again to determine Egcy. Subsequently, the polarization
was estimated from the difference between Eqcy and E,y,4. After each
relaxation step, the temperature was ramped stepwise from the initial
temperature of 20 °C to 10 °C, 20 °C, 30 °C, and back to 20 °C. Each
temperature step was held constant for 2 h to allow the OCV to relax.
Afterward, the entropic heat coefficient dEqcy/dT was determined by the
changes of the OCV values with respect to the temperature intervals.
This procedure was repeated at different SODs and SOCs to determine
the polarization and entropic heat contributions as a function of the
SOD or SOC.

Electrochemical Half-Cell Microcalorimetry (HCMCQ): The
microcalorimetric half-cell measurements were conducted in a home-
built microcalorimeter,“*5152 attached to a glove box under an argon
atmosphere (O, < 5 ppm; H,O <5 ppm). As the working electrode
(geometrical area of 0.2 cm?) a dendritic Cu foil was used, coated with
the active material, as described above. On top of the working electrode, a
propylene electrochemical cell was mounted, sealed with a Viton O-Ring. Li
bands (approximately 15 x 2 x 1 mm?) were used as reference and counter
electrodes. The cell contained about 500 UL of electrolyte (1 m LiPFg in a
1:1 mixture of EC and DMC; UBE). For determining the heat flux during
the electrochemically driven processes from the temperature transients,
these were deconvoluted by employing the thermal response function of
the electrode-sensor assembly, measured by illumination with a 2 ms laser
pulse.B%2 As discussed above, significant potential relaxation proceeds
up to about 100 ms after the pulse. Thus, to include the reversible heat
exchange during the relaxation processes, the heat flux was integrated
up to 100 ms. To obtain absolute values for the reversible molar heat, the
calorimeter was calibrated by measuring the electron transfer reaction in
0.5 M K3[Fe(CN)g]/0.5 M K [Fe(CN)g], for which the corresponding molar
heat is known from literature.’">3 The data points in Figure 6 were
obtained as the average from a total of 50 single temperature transient
measurements at 10 different potential pulse amplitudes ranging from
—300 to +300 mV. The absolute errors of the molar heat values were
estimated to about 5 k] mol™, mainly due to uncertainties from heat
evolution of the rather strong background processes. The relative errors
for the data points in Figure 6 are much smaller, as can be inferred from
their rather smooth course. The reversible molar heat is referenced to the
moles of elementary charges, which flowed in the outer cell circuit. It is
given for the cathodic direction of the electrochemical processes, i.e., for
the discharge (lithiation) process.

From the reversible molar heat, the reaction entropy of the investigated
electrochemically driven processes can be directly derived. In principle,
since the reversible molar heat of a half-cell reaction was considered,

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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entropic contributions from the ion transport in solution had to be
included.*#2 However, due to the expected small entropy of transport of
Li* and PF4~ in the organic carbonate-based electrolyte, such contributions
were neglected here and the reaction entropy of the half cell process was
obtained by dividing the reversible molar heat by the room temperature
(300 K; see also the discussion!*l and the references cited therein). The
corresponding reaction entropy scale is plotted at the right axis in Figure 6.
The reaction entropy is also given for the cathodic process direction.
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