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Understanding the electrochemical reaction
mechanism to achieve excellent performance of
the conversion-alloying Zn,SnO4 anode for Li-ion

Maciej Mozdzierz, 2 Zhenhe Feng,*® Agnieszka Brzoza-Kos,? Pawet Czaja,°
Boyang Fu® and Konrad Swierczek [ *ad

Conversion-alloying-type compounds offer many new possibilities as anode materials for Li-ion cells, but
also show some drawbacks related to their intrinsic characteristics. To overcome those limitations, the

consecutive steps of electrochemical processes occurring in the selected Zn,SnO, inverse spinel are

studied in detail iie. by operando X-ray diffraction, ex situ X-ray absorption spectroscopy, and

transmission electron microscopy. Decomposition of the spinel phase upon the 1st lithiation proceeds
with the precipitation of Li,O and metallic particles, which further form LiZn and Li,Sn. A

multicomponent matrix is created, which allows for reversible lithium storage. After dealloying upon the

1st delithiation, a LigZnO4/LisZnOs-type phase is formed in the conversion reaction, indicating reactivity

between ZnO and Li,O. Initially, @-Sn is likely precipitated, which is transformed into B-Sn during the 2nd

cycle, indicating aggregation.

Understanding the electrochemical

reaction mechanism allowed

identifying essential issues, important for the practical application of the Zn,SnO, anode: too high

reaction voltage vs. Li*/Li with large hysteresis during the conversion reaction; metallic particle

aggregation; large volume changes during deep (de-)alloying; mechanical problems on prolonged
cycling. While the full-range capacity of the developed anodes reaches 920 mA h g~* after 10 cycles at

Received 28th April 2023
Accepted 31st August 2023

a current of 50 mA gt and over 460 mA h g~ at 1000 mA g%, their operation range has to be limited

in order to overcome the listed problems. This can be achieved by the controlled electrochemical
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1. Introduction

Due to constantly growing electrochemical performance
demands, the ongoing development of next generation Li-ion
batteries is focused mainly on an increase in gravimetric
energy and power densities, with an obvious emphasis on the
safety of their operation.'” From the anode side, despite already
reaching a close-to-theoretical capacity limit, the current
market is still dominated by graphite anodes, with only some
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prelithiation of Zn,SNO,4 anodes before assembling full-cells. For the first time, excellent cycling stability
is reached for micrometer-sized solid-state-synthesized Zn,SnO,4, working in full Li-ion cells.

enhancement achieved by the implementation of a small
amount (on the order of several wt%) of high-capacity silicon
additives.*® Among the many new groups of high-capacity
anode materials being currently developed, the two most
promising ones should be named, the so-called alloying and
conversion materials.”®

Alloying materials (e.g. metallic Si, Sn, Zn) offer extremely
high theoretical gravimetric capacities, even up to
3578 mA h g for Si-based anodes (assuming formation of
Li, 4Si), delivered through the formation of intermetallics with
Li. The alloying process occurs usually at desirably low oper-
ating voltages (considering energy density of a full Li-ion cell),
typically below 0.5 V.” Unfortunately, such anodes suffer from
severe volume changes during the following (de-)lithiation
cycles, leading to a poor cycling stability. While numerous
approaches have been presented to overcome cyclability issues,
with sophisticated synthesis methods used to obtain desired
morphologies” or e.g. by formation of various composites,*"**
as of today, only a small amount of Si could be introduced to
commercial graphite anodes.”

This journal is © The Royal Society of Chemistry 2023
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The other groups of extensively studied alternative anodes
are those working on the basis of the conversion reaction.
Mainly, these are transition metal (TM) oxides (but also phos-
phides, sulfides, nitrides, hydrides, carbonates, and fluorides),
for which a reversible formation of metallic TM nanoparticles
and predominantly amorphous Li,O can be observed on the
course of the reaction with lithium.>***'* While the achievable
capacities for such compounds are lower compared to those for
alloying materials (typically around 1000 mA h g ') and the
operating voltage is higher (usually between 0.5 and 1.0 V?
resulting in a relatively lower energy density, but improved
safety), the volume changes upon cycling are significantly
lower.™ Nevertheless, unresolved problems with a high initial
irreversible Li consumption and an effect of voltage hysteresis,
observed even for optimized compounds, hinder their applica-
tion on a commercial scale.'>*

Searching for synergistic effects, a novel concept to combine
both alloying and conversion reactions within a single material
has been proposed, leading to the emergence of conversion-
alloying materials (CAMs).**"” Similarly to pure conversion
materials, CAMs can be oxides, but also compounds with
various anions.* It can be anticipated for CAMs that products of
the conversion reaction will help mitigate (at least to some
degree) volume changes of the alloying reaction, while the
specific energy density will be greatly increased as compared to
pure conversion-based materials. Among the proposed CAMs,
tin-containing inverse spinel oxides with a general formula of
TM,SnO, (TM = Zn, Co, Mn, but also Mg) have drawn particular
attention.”* This mainly stems from the possibility of
obtaining highly lithiated Li-Sn intermetallics (i.e. Li,4Sn).
Furthermore, as Zn also undergoes alloying with Li, the
Zn,Sn0O, spinel appears to be especially interesting regarding its
reactivity with lithium in a voltage range of 0.01-3.0 V.****** It is
worth noting that while ZnO and SnO, can be used as anode
materials by themselves,***® the mixed single-phase Zn,SnO,
spinel has important advantages. Namely, the ratio between
conversion and alloying reactions (originating froma 2 :1Zn*":
Sn*" ratio) is controlled and optimal, and, even more signifi-
cantly, the mixing at the atomic scale is superior, yielding less
particle aggregation (hence better long-term stability), different
(more smooth) voltage profiles, and possibly the higher
reversibility of electrochemical reactions.?>>°

While there are no unambiguous results published, elec-
trochemical reactions occurring in such a case are expected to
occur as presented below.>*>7?

Initial conversion reaction:

Zn,SnO, + 8Li* + 8¢~ — 2Zn + Sn + 4Li,O (1)
Reversible alloying reactions of Zn and Sn:

Zn + Li* + e~ o LiZn (2)

Sn + xLi" + xe~ < Li,Sn, (0 < x = 4.4) (3)

Reversible conversion reaction of Zn and Sn:

This journal is © The Royal Society of Chemistry 2023
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Sn+Zn+ (1 +)Li,O < SnO, + ZnO + (2 + 2p)Li" + (2 + 2y)e~
1=y=2 (4)

The extent and reversibility, as well as possible coexistence of
different phases occurring for the above reactions are, among
others, highly dependent on the applied voltage range, current
density, and on the morphology of the active material. These
issues are still not properly addressed yet, with discrepancies
regarding the electrochemical reaction mechanisms present in
the literature."®***** For example, the reported electrochemical
performance of solid-state-synthesized Zn,SnO, indicates the
initial lithiation and delithiation capacities being relatively
high, respectively 1150 mA h g ' and 550 mA h g '.®%
However, due to the presence of substantial volumetric
changes, the observed capacity fading was found to be very
strong, yielding unacceptable performance only after several
dozens of cycles.'® Consequently, in most of the reports, solid-
state synthesized Zn,SnO, is not investigated, and, similarly
to other candidate anode materials, literature studies on this
CAM have been focused on developing different, usually very
sophisticated nanostructural architectures, often associated
with the usage of advanced synthesis techniques.?*?%%
Indeed, a considerable improvement in the performance could
be achieved, but to obtain satisfactory long-term cycling
stability, expensive additives and different morphologies had to
be used, e.g. graphene oxide,**?**%*3%3%% panotubes,” metal
organic framework materials,* hollow boxes*” and yolk(core)-
shell design.****** Such Zn,Sn0,/C composites show signifi-
cantly improved electrochemical performance compared with
bare Zn,SnO, electrodes. Specifically, Zn,SnO, nanowires
mixed with reduced graphene oxide display a discharge capacity
of 983 mA h g after 100 cycles at 55 mA g~ .*' Graphene-
wrapped hollow Zn,SnO, boxes were found to exhibit
a capacity of 678 mA h g~ after 45 cycles at 300 mA g
current.’” A Zn,SnO,@V@PC composite, encapsulated within
a porous carbon shell and forming a void structure delivers
438 mA h g~ " capacity after 600 cycles at 1000 mA g~ '.>* Table
S1t gathers recent reported characteristics of the developed
Zn,Sn0O,4-based anodes (with several reference data for other
inverse spinels included). As can be summarized from the
referenced papers, all of the so far proposed strategies to
improve the performance of the Zn,SnO, anode have been
rather focused on the optimization at the material's
morphology level, i.e. complex, composite-type nanostructures
with carbonaceous materials have been developed. Chemical
doping has not been considered yet, while selection of an
appropriate binder and electrolyte additives is rarely discussed
in this case. Regarding micrometer-sized Zn,SnO,, it is gener-
ally considered not suitable for application, because of its
insufficient cycling stability.

Bearing in mind that often the elaborated and complex
preparation techniques are hard to apply on a commercial scale,
and in most cases are too expensive, we instead focus on over-
coming the limitations and utilizing intrinsic advantages of the
Zn,Sn0O, material itself. Initially, the Li-storage and degradation
mechanisms were thoroughly studied using operando X-ray
diffraction (XRD), ex situ X-ray absorption spectroscopy (XAS),
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and ex situ scanning electron microscopy (SEM) methods,
giving a new insight into the actual reactions occurring for the
Zn,Sn0O, CAM and identifying the hindering steps, ie. full
conversion and deep (de-)alloying. Based on these results, we
propose an electrochemical prelithiation of the anodes with
a carefully selected final delithiation voltage. This allows
controlling the range of the reactions, which is crucial for stable
and high electrochemical performance. We also selected an
optimal binder and liquid electrolyte additives, by which for the
first time solid-state-synthesized Zn,SnO, could be used to
develop effectively working Li-ion anodes.

The conducted prelithiation and usage of styrene-butadiene
rubber (SBR)/carboxymethyl cellulose (CMC) binder, as well as
fluoroethylene carbonate (FEC) and vinylene carbonate (VC)
electrolyte additives, together with Super P carbon, all ensure
formation of the desired, rigid and stable anode matrix, buff-
ering the unwanted volume changes, and having the necessary
ionic and electronic charge migration networks. To study
practical performance, the developed anodes were used with
a commercial LiNi; 3Mn;,3C04,30, (NMC111) cathode in Li-ion
full-cells operating in a commercially useful voltage range of
2.25-4.2 V. The optimized cells show very good cyclability, with
79% capacity retention after 300 cycles at 0.5C, and a high
capacity of 124 mA h g™ (referring to the cathode active
material's weight) at a high current of 1C. This is the best re-
ported full-cell performance among the solid-state-synthesized
conversion or conversion-alloying anodes reported so far. We
believe that this work provides useful guidelines for practical
implementation of solid-state-synthesized CAM-type anode
materials in high-energy-density Li-ion batteries.

2. Experimental

2.1. Synthesis

Zn,Sn0O, powder was prepared using a typical solid-state route.
ZnO (Alfa Aesar, 99.99%) and SnO, (Alfa Aesar, 99.9%) starting
chemicals were weighed in a stoichiometric ratio and mixed in
isopropyl alcohol for 20 min using a high-energy ball mill Spex
SamplePrep 8000M and zirconia milling balls. After drying, the
obtained precursor was used to prepare pellets through uniaxial
pressing under a pressure of 250 MPa, which were subsequently
sintered in a tube furnace at 1200 °C for 20 h in air. Before
further studies, the as-obtained sinters were manually ground
for 30 min in an agate mortar.

2.2. Structural characterization

The crystal structure of the synthesized powder was character-
ized by the X-ray diffraction (XRD) method, using a Panalytical
Empyrean diffractometer working in 6-f Bragg-Brentano
geometry with CuKa radiation and equipped with a PIXcel3D
detector. The studies were conducted at room temperature (RT)
in the 10-110 deg range, with one measurement lasting for ca.
50 min and with a resolution of 0.013 deg. The patterns were
qualitatively analyzed using Panalytical HighScore software
(ICDD PDF4+ 2021 database), while GSAS-II software** was used
for the Rietveld refinement.

20688 | J Mater. Chem. A, 2023, 1, 20686-20700
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Raman spectra were measured at RT using a Thermo
Scientific DXR3 Raman Microscope equipped with a 532 nm
laser, 1800 grooves per mm grating, and a long working
distance optical objective (50x). The spectra were collected in
the 50-1800 cm ' range with a resolution of 0.5 cm ' at
different spots on the sample's surface (to check the repro-
ducibility of the measurements).

The morphology and chemical composition of the material
were studied with scanning electron microscopy combined with
energy dispersive X-ray spectroscopy (SEM/EDS) techniques
using a Thermo Fisher Scientific Phenom XL and FEI Nova
NanoSEM 200 apparatus. The experiments were conducted in
secondary electron (SE) and backscattered electron (BSE)
modes.

2.3. Preparation of Zn,SnO, electrodes and electrochemical
studies

Electrodes containing Zn,SnO, were prepared using mixtures of
the active material with Timcal Graphite & Carbon Super P and
a respective binder. Two different types of binders were evalu-
ated: poly(vinylidene fluoride) (PVDF, Kynar Arkema) and car-
boxymethyl cellulose (CMC, MTT) with styrene-butadiene rubber
(SBR, 48% water solution, MTI). In the case of the PVDF binder,
Zn,Sn0,, carbon additive and the binder were mixed in a 70:
20 : 10 weight ratio in N-methyl pyrrolidone (NMP) solvent using
a high-speed Polytron PT 2500E homogenizer. For the CMC/SBR
binder, initially, CMC was dissolved in water and mixed with
the carbon additive and the active material overnight. Then, it
was mixed with a water-based SBR solution to obtain a homo-
geneous slurry. The ratio of Zn,SnO, : carbon : CMC: SBR was
70:20:5:5. In both cases, the obtained electrode slurries were
coated onto 12 pm thick Cu foil using a doctor blade and then
were vacuum-dried. The active material loading was controlled
in a range of 2.1-2.3 mg cm ™ for PVDF and 2.4-2.6 mg cm ™~ for
CMC/SBR (ca. 10 um thickness). Subsequently, 13 mm diameter
discs were punched out, transferred into an Ar-filled glovebox
(UNILab MBraun, Ar, H,O <0.1 ppm, O, <0.1 ppm), and heated
at 100 °C overnight. Inside the glovebox, CR2032 half-cells were
assembled using the prepared electrodes, metallic Li foil (150
pm thick), Whatman (ca. 70 um thickness) and Celgard 2400
(ca. 25 pm thickness) separators (16 mm diameter) and two
different types of the electrolyte: unmodified 1 M LiPFs in 1:1
(v/v) ethylene carbonate (EC): diethyl carbonate (DEC), and the
same liquid electrolyte modified by the addition of 5 wt% of
fluoroethylene carbonate (FEC) and 1 wt% of vinylene carbonate
(va).

All the electrochemical tests, including galvanostatic
discharge/charge (GDC) and cyclic voltammetry (CV) tech-
niques, were conducted using a Biologic VMP3 electrochemical
workstation inside a thermostat set at 23 °C. The specific
currents and capacities in the case of half-cells were calculated
based on the weight of the active material. The voltage range in
the studies was 0.01-2.5 V, while the current density was
200 mA g~ * for the cycling tests and 50-1000 mA g~ ' in the rate
capability measurements. In the CV experiments, the scan rate

was 0.05, 0.1, 0.5, and 1.0 mV s .

This journal is © The Royal Society of Chemistry 2023
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2.4. Preparation and optimization of the full-cells

To fabricate cathodes for the full-cells, the commercial
LiNi;/3sMn4/3C04/30, (NMC111) material was uniformly mixed
with Timcal Graphite & Carbon Super P and PVDF binder, with
a weight ratio of 82.5: 7.5 : 10. The mixture was dispersed in the
NMP solvent and coated onto 15 um thick Al foil using the
doctor blade method. The cast slurry was dried in a vacuum and
finally punched into rounded NMC111 electrodes with 11 mm
diameter. The active material loading was in the range of 8.4-
8.9 mg cm 2 (ca. 120 pm thickness). The obtained discs were
heated at 100 °C overnight.

2.4.1 Prelithiation of the Zn,Sn0, anodes. The CMC/SBR
binder was selected for Zn,SnO, anodes intended for full-
cells. Their preparation was the same as that described in the
previous section. The material loading was in the range of 2.5-
3.2 mg ecm 2. Electrochemical prelithiation of the CAM anodes
to a desired degree was used to compensate for the irreversible
Li" consumption caused by the solid-electrolyte interphase (SEI)
formation. To prepare prelithiated anodes, Zn,SnO,-based half-
cells were (dis-)charged for 3 cycles at 100 mA g~ with a final
charge up t0 0.4 V, 0.6 V, 0.8 V, 1.0 Vor 2.5 V.

2.4.2 Full-cell assembly and electrochemical tests. As
frequently reported, electrode alignment is one of the key
parameters, which must be carefully controlled in the practical
design of Li-ion full-cells. For example, a misaligned cell may
show irreversible Li plating on a coin cell's bottom during the
first charge process.*»** Particular attention was paid to align
the 11 mm diameter cathodes and 13 mm diameter anodes
correctly. The electrodes were assembled inside an Ar-filled
glovebox into 2032 coin cells using the Whatman (ca. 70 um
thickness) and Celgard 2400 (ca. 25 pm thickness) separators
(16 mm diameter) and 1 M LiPF¢ in 1:1 (v/v) EC: DEC electro-
lyte with the 5 wt% FEC and 1 wt% VC addition.

The electrochemical tests through the GDC technique were
conducted using the same equipment as for the half-cells, at
a constant temperature of 23 °C. The specific currents and
capacities were calculated referring to the mass of cathode
active material, assuming that 1C is equal to the practical
capacity of NMC111 (150 mA h g™ '). For the cycling, the
constant current-constant voltage (CC-CV) procedure was used.
The cells were charged up to 4.2 V (CC step), and then the CV
step was applied with the current limitation down to 0.01C. The
discharge was down to 2.25 V (CC). After every full charge and
discharge the cell was relaxed for 10 min.

2.5. Operando XRD and EIS, ex situ XAS, TEM, XRD and SEM
studies

For the operando XRD measurements, a self-standing electrode
was prepared by mixing the Zn,SnO, active material, Timcal
Graphite & Carbon Super P, CMC and SBRina 70:15:7.5:7.5
weight ratio in water used as a solvent. The resulting slurry was
coated onto a glass support using the doctor blade method and
then was air-dried at room temperature (RT). The diameter of
the obtained electrodes was 8 mm, and the active material
loading was close to 4 mg cm ™2 Then, a custom-made elec-
trochemical cell with a beryllium window, compatible with the

This journal is © The Royal Society of Chemistry 2023
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Panalytical Empyrean diffractometer, was assembled in an Ar-
filled glovebox using a Whatman separator, metallic Li foil,
and 1 M LiPFs in 1:1 (v/v) EC:DEC electrolyte. The cell was
galvanostatically (dis-)charged in a range of 0.01-2.5 V at
a specific current of 50 mA g~ '. Each XRD measurement con-
ducted in a 15-80 deg range lasted for 30 min, with a data
resolution of 0.013 deg.

To study the charge transfer capability, the electrochemical
impedance spectroscopy (EIS) measurements were performed
at different (de-)lithiation stages during the 1st lithiation
(discharge), 1st delithiation (charge), and 2nd lithiation
(discharge). Here, this technique is referred to as operando EIS.
A coin cell with the 1 M LiPF4 in 1:1 (v/v) EC: DEC electrolyte
and electrodes with the ratio of Zn,SnO, : carbon : CMC : SBR
setas 70:20:5: 5 were cycled at a specific current of 50 mA g~ *
in the voltage range of 0.01-2.5 V. The EIS measurements were
conducted every 200 mA h g ' during the 1st lithiation
(including the measurement for the fresh cell) and every
100 mA h g™ " for the rest of the cycling, with 3 h of relaxation
prior to each measurement. The spectra were collected in the
10" to 10° Hz frequency range with 10 mV disturbance
amplitude. The analysis was performed using the distribution
of relaxation times (DRT) approach with DRT-tools software.*®
The method allows separating contributions from different
polarization processes, even for similar time constants, and
therefore is extremely useful in studying (de-)lithiation mecha-
nisms. Given the degree of complexity of the collected spectra,
the analysis would be ambiguous and hard to perform by
conventional fitting with equivalent circuits. Details about the
derivation of the method can be found here.*® The interpreta-
tion was based on previous reports on DRT used to study elec-
trode materials for Li-ion cells, including our investigation of
high-entropy CAM spinels.* Based on this, the regularization
parameter was set to 10>, Before applying the DRT method, the
spectra had been validated in terms of Kramers-Kronig rela-
tions using the Lin-KK Tool.*’

For the ex situ SEM and X-ray absorption spectroscopy (XAS)
measurements, the electrodes with the CMC/SBR binder and
different electrolytes were (de-)lithiated for the selected number
of cycles, relaxed for 8 h, disassembled inside the Ar-filled glo-
vebox, and soaked in the DEC solvent overnight. To avoid
oxidation, the samples were transferred to the respective
apparatus inside Ar-filled sealed bags. The same procedure was
used for ex situ SEM studies of different anodes from the full-
cells. Soft XAS experiments were conducted at the end-station
of the XAS beamline at the National Synchrotron Radiation
Centre SOLARIS (Krakow, Poland). Zn L; ,- and O K-edges were
probed. The measurements were performed under high vacuum
(=10~® mbar) in the total electron yield mode (TEY, surface
information up to ca. 10 nm) and in the partial fluorescence
mode (PFY, bulk information up to ca. 100 nm).

For the ex situ XRD and ex situ transition electron microscopy
(TEM) study, the samples were (de-)lithiated to a selected state.
Because in this case the selected voltages were intermediate
(neither full lithiation nor full delithiation), the voltage hold
step was applied for 6 h. The cells were disassembled inside the
Ar-filled glovebox and soaked in the DEC solvent overnight. For
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the XRD measurements, a gas-tight holder compatible with the
Panalytical Empyrean diffractometer was used to prevent air
exposure. The tested 26 range was the 15-50 deg range and the
time was 1 h, with a data resolution of 0.013 deg. For the TEM
measurements, ultrasonication in isopropyl alcohol and drop-
casting on carbon-coated copper grids was applied. A Tecnai
G2 F20 transmission electron microscope was used, operating
at 200 kV accelerating voltage.

3. Results and discussion

3.1. Structure of the solid-state-synthesized Zn,SnO,

The synthesized Zn,SnO, belongs to a group of 4-2 inverse
spinels, with a general formula
[A2+]tetrahedral[A2+B4+]octahedra104‘17,43 The performed Rietveld
refinement of the XRD data (Fig. 1a) confirms presence of the
practically pure Fd3m phase with the unit cell parameter a =
8.6570(1) A. The Raman spectroscopy data (Fig. 1b) further
prove that Zn,SnO, is the fully inverse spinel by showing the
presence of only the expected five active modes for this structure
(A1, Eg and three F,4).* It is worth noting that there are no extra
Raman modes visible on the spectrum, especially in the vicinity
of the A, band, supporting that the Sn cations are occupying
the octahedral positions exclusively.® Previous Mdossbauer
experiments® indicated the presence of Sn cations only at a +4
charge state, which further confirms the stoichiometry of the
obtained material. At the microscale, the conducted SEM/EDS
analysis (Fig. 1c) supports good homogeneity of the synthesized
material, with no visible precipitations or inhomogeneous
regions. The obtained micrometer-sized Zn,SnO, powder has
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grains with a particle size well above 1 pm (see the results of DLS
method studies, Fig. S11).

3.2. Insight into the (de-)lithiation mechanism of Zn,SnO,
by operando XRD, EIS, ex situ XAS, and TEM

It is worth emphasizing that in this work the electrochemical
working mechanisms were studied for the electrodes with
a micrometer-sized Zn,Sn0O, active material, without a complex
nanoarchitecture, in order to minimize the complexity of the
interpretation of the collected data.**

3.2.1 First lithiation of Zn,SnO,. Similarly to other
CAMs,'7***? Zn,Sn0O, was reported to decompose on the first
lithiation, which at the beginning proceeds as the conversion to
Zn, Sn, and (amorphous) Li,O (eqn (1)), and is accompanied by
the SEI formation.”**” This irreversible step is clearly visible in
the operando XRD data as a gradual decrease in intensity of the
spinel phase-related peaks (Fig. 2a), as well as in operando EIS
combined with DRT analysis as a significant change in the
electrode’s transport properties and a change in SEI resistance
(ESI Note 1, Fig. S27). It is also observed as a long plateau in
a lithiation curve at ca. 0.47 V (Fig. 2d), with a corresponding
specific current increase in the CV profile for voltages below ca.
0.5 V vs. Li'/Li (Fig. 2e). Considering eqn (1), a theoretical
capacity can be calculated to be 684 mA h g~ for this step. With
the decreasing intensity of Zn,SnO,-related XRD reflections, Zn
peaks emerge and become distinguishable at lithiation levels
above ca. 20% (ca. 3.2 moles of Li introduced per 1 mol of the
initial material). Data for x = 44% (ca. 7.0 moles of the intro-
duced Li) show a clearly visible, broad signal originating from
metallic Zn particles (Fig. 2a). Notably, no reflections coming

a g e Zn,SnO, - fully inverse spinel (Fd-3m) b Fd-3m A
o —fit 1
—— difference
a=8.6570(1) A
El R,, = 8.73% 5
S, S,
2 2
‘@ @
= c
2 2
£ S
1 1 1 1

26 [deg]
g sn

200 300 400 500 600 700 800

Raman shift [cm™]

Fig. 1 Characterization of the solid-state-synthesized Zn,SnO,. (a) XRD data with Rietveld refinement, (b) Raman spectrum, and (c) SEM/EDS

micrograph and elemental maps.
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Fig. 2 Investigation of the (de-)lithiation mechanism for the Zn,SnO,4 anode (CMC/SBR binder and LiPFg in EC:DEC electrolyte). The selected

results of operando XRD studies for the 1st lithiation (a), 1st delithiation (b), and 2nd lithiation (c). The phases are marked with capital letters, while
the signal from the operando cell and its Be window are marked with an asterisk and a plus sign, respectively (to identify this signal, comparison of
the XRD patterns for the electrode layer outside and inside the cell was performed; the amorphous-like background corresponds to the used
Whatman separator and carbon additive in the electrode). The percentage (x) for each diffractogram indicates the lithiation level based on the
measured capacity. The presented voltage values were taken as the average during each measurement (due to unoptimized electrical contacts in
the operando cell, they differ somewhat from the below reported electrochemical data). (d) Corresponding (de-)lithiation profiles recorded at
the same current density and in the same voltage range. (e) Cyclic voltammetry study. The scan rate was 0.05 mV s* and the voltage range was
0.01-2.5 V. Average voltages of the maxima of the observed peaks are marked on the graph. (f) Zn Ls-edge XAS of the pristine, fully delithiated,
and fully lithiated electrodes in half-cells in the partial fluorescence yield (PFY) mode, giving the bulk information, up to ca. 100 nm, together with

reference data for ZnO and Zn (dashed lines).>®

from metallic Sn could be identified at this stage, which is
surprising, but matches the ex situ data published before for
mechanochemically synthesized Zn,Sn0,."* While the molar
amount of Sn in the considered spinel is two times smaller than
that of Zn, it is a heavier element. It can therefore be expected
that the precipitated tin is rather in the form of well-dispersed
nanoparticles, which are not observable in the operando XRD
data. The behavior of Sn in the following cycles is found to be
essential considering the electrochemical properties of the
material, as documented in the next sections of the paper.

At x = 56% (ca. 9.1 moles of Li), a very weak and broad peak
of the lithiated LiZn phase can be seen for the first time. This
phase forms in the alloying process (eqn (2)), and according to
the literature, it occurs at ca. 0.35 V.** In the reported case
(Fig. 2a), the process rather proceeds continuously from ca.
0.44 V down to ca. 0.13 V. This corresponds to the sloping
voltage decrease below the initial plateau (Fig. 2d), while for the
CV data, it includes the maximum recorded specific current at
ca. 0.26 V (Fig. 2e). As the alloying proceeds, for higher lithiation
levels, the mentioned LiZn peak becomes much stronger, with
more reflections visible originating from the discussed phase.

This journal is © The Royal Society of Chemistry 2023

The calculated contribution to the total capacity, for 2 moles of
Zn per 1 mole of the Zn,Sn0O,4 anode material, is 171 mAh g™ .

A spinel-related signal is not detectable for x = 67% (ca. 10.9
moles of Li) and higher lithium contents in the electrode, and
peaks of Zn are not visible for x > 82%. Very fine, but noticeable
phenomena take place at the final stages of the initial lithiation.
There is a noticeable shift to the lower angles of a broad
reflection present at about 42 deg (Fig. 2a), with a respective
slight change of the lithiation curve slope in this range, at
voltages below ca. 0.18 V (Fig. 2d). Considering the reported
behavior of tin lithiation,>** it can be overall concluded that
(various) Li,Sn phases are being formed in this range (eqn (3)).
Assuming the formation of highly lithiated Li, 4Sn, the multi-
step alloying should contribute up to a maximum capacity of
376 mAhg .

In order to assess charge state changes of zinc and confirm
the presence of the expected phases, XAS spectra (L;-edge) were
recorded and compared for the pristine and fully lithiated
electrodes, as well as with the reference data (Fig. 2f). The initial
charge is +2 for Zn in the spinel phase, while the signal after
lithiation can be interpreted as Zn°.* This is in agreement with
the presence of LiZn intermetallics after reaction with lithium.
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Summarizing the first lithiation, the sequence of the 1-3
reactions could be clearly observed in the operando XRD studies.
The corresponding changes in the lithiation curve are also
apparent; however, for the CV data, all the processes tend to
blur. The observed total capacity is 1326 mA h g%, which is
larger than the sum for the respective reactions 1-3
(1231 mA h g™ "). The difference can be inferred to originate
from the following factors: SEI formation, which likely takes
place throughout most of the lithiation process; a lack of the
(evident) presence of highly lithiated Li, ,Sn; a minor influence
of the carbon additive in the composite electrode. One may also
raise a question about the possible influence of the pseudo-
capacitive nature on Li-storage by the present TM. The anal-
ysis of this phenomenon was based on CV data recorded at
different scan rates and is presented in Fig. S3.1°>*” As expected
for the conversion reaction,* the character of the process is
hybrid (b parameter equal to 0.87(5)), both pseudo-capacitive
and diffusion controlled. Interestingly, while for the (de-)alloy-
ing reaction the Li-storage is still mixed, it is more diffusion
controlled than in the case of conversion (smaller b = 0.66(6)).
Therefore, the pseudo-capacitive storage in the case of the
Zn,SnO, material can also explain the excessive initial lithiation
capacity.

3.2.2 Delithiation of the Li-Zn-Sn-O multicomponent
matrix. The first delithiation of the formed Li,O, LiZn, and
Li,Sn matrix proceeds also through a series of processes
occurring at different voltages (Fig. 2b). Initially, in a reverse
manner in comparison to the lithiation, the broad peak visible
at ca. 41.4 deg shifts to higher angles. This can be interpreted as
dealloying of Li,Sn, as also confirmed by the emergence of
metallic Sn reflections, clearly visible for x = 74-52%. Inter-
estingly, the phase can be interpreted as «-Sn (cubic), which
suggests precipitation of nanoparticles below a critical size of
ca. 17 nm.”® While a-Sn is semiconducting,*®* its influence on
the charge transfer in the anode matrix in the first cycle should
not be significant, as confirmed by the operando EIS data, in
which the total polarization resistance was found not to
increase in a range where this phase emerges (ESI Note 1, Fig.
S27). Simultaneously, the voltage (Fig. 2d) increases up to ca.
0.35 V on the delithiation curve, and there is a broad double
feature visible in CV data, with local maxima at ca. 0.32 V and
0.36 V. All the results indicate multistep dealloying of Li,Sn,
which is rather fully completed at this stage.>*>*%°

In the next step, the signal of LiZn diminishes, while metallic
Zn is already detectable at x = 59%. Importantly, after the initial
increase in intensity, Zn-related peaks remain observable
practically in the whole delithiation range down to x = 0. This
hints at not full reversibility of the following conversion
process. Comparing operando XRD, delithiation curve, and CV
data, it can be assumed that dealloying of LiZn proceeds up to
ca. 0.9-1.0 V, above which this phase is not detectable anymore.
It is also a multistep process.®* Higher polarization of Zn deal-
loying, in comparison to Sn, should be noticed, indicating
hampered kinetics.

The ZnO-related peak, which is detectable for x < 33% at ca.
36.9 deg emerges with two additional reflections, one at ca. 39.4
deg and another one (at the right side of the Zn signal) at 43.6
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deg. This raises the question of whether really ZnO is created, as
can be expected from eqn (4). Alternatively, these emerging
peaks can be interpreted as originating from LigZnO, (PDF 00-
040-0202) and/or Li,ZnO; phases (PDF 00-026-1210). This allows
for proposing a different conversion step of the electrochemical
reaction:

Zn + 4Li,0 < LigZnO,4 + 2Li" + 2e” (5)

Essentially, the above reaction also corresponds to the elec-
trochemical activity of Li,O as shown in eqn (4), but with only
a limited amount of lithium extracted from the electrode. Also,
there is no formation of a pure ZnO phase. Taking into account
the Zn/Li,O ratio in the anode matrix, which is 1:2, this also
explains the presence of residual Zn upon full delithiation, as
there is not enough Li,O for the above reaction to proceed fully.
Furthermore, it can be used to explain low initial coulombic
efficiency, as lithium remains in the electrode not only in the
SEI, but also being immobilized in the LisZn0O,/Li,ZnO; phases.
Importantly, there are no clear detectable signals from SnO or
SnO, phases, similarly to what was reported for the electro-
chemical reactivity of SngoFey;0, or similar cassiterite-
structured oxides®*** and for Zn,SnO, from ex situ XRD
studies.” Consequently, the real extent of the tin conversion
reaction at high voltages remains unresolved.

After full delithiation, the XAS signal of Zn (Fig. 2f) resembles
the initial one (for the pristine sample), but is slightly shifted to
lower energies, and less distinctive peaks (more smooth char-
acter of the spectrum) are present. This confirms that some
amount of Zn® is still remaining in the material, matching the
operando XRD data.

3.2.3 Lithiation of the multicomponent matrix. The second
lithiation (Fig. 2c) begins with an unexpected phenomenon
visible as an increase in intensity of the LigZnO,/Li,ZnO;-
related peaks. This may be possibly explained by the changing
ratio of those phases or by reactivity of the residual ZnO. At x =
36%, a signal from the metallic B-Sn (tetragonal) emerges. Since
at higher voltages tin-related peaks could not be observed,
initially Sn should remain oxidized in SnOj-like amorphous
phases. Looking at the differences in EIS spectra between the
lithiation levels corresponding to the electrode containing Sn
phase during the 1st delithiation (according to operando XRD
data with @-Sn) and the 2nd lithiation (B-Sn, with the rest of the
phases being similar), it can be noticed that the total polariza-
tion resistance is higher in the 1st cycle (ESI Note 1, Fig. S27).
Considering that Sn properties change from semiconducting to
metallic between o and f allotropes, this supports the proposed
polymorphic transition. Because B-Sn is formed in the 2nd
lithiation, the precipitated particles must be larger, inferring
aggregation.®®* Regarding Zn, between x = 21% and 42%, the
content of LisZnO,/Li,ZnO; phases significantly decreases, and
at the same time, the intensity of the metallic Zn-related peaks
at ca. 37.7 deg and at ca. 43.0 deg increases. The processes
described above can be correlated with the broad CV peak
during the 2nd cathodic scan between 1.15 V and 0.65 V (Fig. 2e)
and the sloping voltage plateau in the same voltage range
(Fig. 2d). Then, above the lithiation level of 36%, peaks from the

This journal is © The Royal Society of Chemistry 2023
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LiZn phase start to grow, with a simultaneous decrease of the
metallic Zn reflections, for lithiation levels higher than 42%.
The crystallites of the lithiated Li,Sn phases start to slowly grow
above x = 67%, with an abrupt increase in the main peak
intensity below 0.16 V. These observations are in good agree-
ment with the CV data (Fig. 2e), where the alloying of Zn occurs
at ca. 0.41 V, while the formation of Li,Sn phases takes place at
lower voltages (broad peak centered at ca. 0.09 V). This is also
visible in the 2nd lithiation profile (Fig. 2d) as two different
slopes, one around 0.5 V and the second starting at ca. 0.17 V.

To further corroborate the presence of the phases assigned
in the operando XRD study, a sample was selected and investi-
gated via ex situ TEM (Fig. 3, S4 and Table S27). The phase
composition of the selected sample corresponded to the 2nd
lithiation stage during the operando XRD experiment, charac-
terized by the lithiation level and a voltage of x = 36% and
0.52 V (Fig. 2c). This was confirmed by ex situ XRD and
comparison with the operando XRD pattern, with both the
results matching well (Fig. S5t). According to XRD, the phase
composition is as follows: B-Sn; LiZn; Zn; LigZnO,4/Li,Zn0O3. The
presence of all the expected phases was confirmed by selected
area electron diffraction (SAED, Fig. 3a, b and Table S27).
Additionally, diffuse rings from partially amorphous Li,O (not
visible in the XRD) can be observed. This phase is expected to
form during the conversion reaction and be present at the

B-Sn 14,/amd
z.a. = [001]

View Article Online
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investigated lithiation level. The B-Sn nanoparticles, giving
aweak signal in the XRD patterns (Fig. 2c), were clearly detected
via high-resolution (HR) TEM, with an image of a representative
particle with the corresponding fast Fourier transform (FTT)
and inverse FTT shown in Fig. 3c-e. Importantly, the LisZnO,/
LisZnO3-type phase could be observed in the SAED as well as
HR-TEM mode (Fig. 3b and S4%), proving the proposed new
stage of the conversion reaction (eqn (5)). Also, an attempt was
made to detect the a-Sn particles with ex situ TEM for the
sample taken after the first delithiation (x = 48%), but the
experiment was unsuccessful. It is likely that those metastable,
very small nanoparticles (presumably below 17 nm (ref. 58)),
transform during the sample preparation stage and/or interact
with the high-energy electron beam during the measurement.
Summarizing, it seems like the o-Sn phase can only be detected
in the operando-type experiments.

Overall, while it can be stated that most of the electro-
chemical processes described above occur in a reversible
manner, as evidenced by the similarly looking diffractograms at
the end of the first and second lithiation, two main hindering
effects, affecting practical application of the Zn,SnO, anode,
can be named. At the highest voltages, the Zn conversion
reaction through LigZnO,/Li,ZnO; phases exhibits high polari-
zation, which is proven by a significant increase in charge
transfer resistance during the 1st delithiation when these

b

Fig.3 Exsitu TEM characterization of the selected sample during 2nd lithiation. The sample corresponds to the XRD pattern at x = 36% (0.52 V) in
Fig. 2c. (a) Bright-field TEM image with (b) the corresponding SAED pattern. The measured d-spacing values together with the phase assignment
and PDF database numbers are presented in Table S2.1 Due to overlapping of rings/spots in the measured pattern, some phases are marked
collectively for clarity. The LZO abbreviation refers to the LigZnO,4/Li4ZnO3 phase. (c) High-resolution (HR) TEM image of a single nanoparticle
with (d) the fast Fourier transform (FTT) indexed as the tetragonal B-Sn phase. (e) Inverse FTT for the selected spots marked with circles.

This journal is © The Royal Society of Chemistry 2023
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phases are formed (ESI Note 1, Fig. S21). On the other hand, at
the lowest voltages, there is an unwanted aggregation of Sn and,
to some extent, Zn nanoparticles (visible as the much narrower
and more intense peaks related to Li,Sn and LiZn phases and
the presence of the B-Sn phase, as compared with the 1st cycle).
From this point of view, as well as taking into account huge
volume changes during the formation of the highly lithiated
Li,Sn phases,*”* ie. leading to the SEI instability issues
(increased SEI resistance based on EIS measured at the 2nd full
lithiation, ESI Note 1, Fig. S2t), the optimal operating voltage
range for the Zn,SnO, anode should lie in the intermediate
region, avoiding the highest voltages (full conversion reaction)
and the lowest voltages (deep alloying reaction). The proposed
electrochemical reaction mechanism is presented in the form of
a (simplified) diagram in Scheme 1. It shows the reversible (de-)
alloying of Sn at the lowest voltages, (de-)alloying of Zn at low
voltages, and conversion of both Sn and Zn at higher voltages.
Not shown, the initial irreversible lithiation reaction can be
summarized as a sum of eqn (1)-(3).

3.3. Means of improvement of the electrochemical
performance of Zn,SnO, anodes

A proper selection of a binder and electrolyte additives is crucial
for improving electrochemical performance of Zn,SnO, anodes,
especially regarding cycling stability. As presented in Fig. 4a and
b, as well as in Fig. S6a and b, replacement of the (more
common) PVDF binder with CMC/SBR results in a significantly
improved discharge capacity in the initial cycles. For both
electrodes with the CMS/SBR binder (i.e. with or without FEC
and VC additives), a characteristic behavior of an initial capacity
decrease followed by an increase was observed. This is a well-
known effect, typical for anode materials based on the conver-
sion reaction mechanism, interpreted as originating from
particle activation processes®** and the so-called quasi-
reversible formation of the SEI layer.>® Superiority of the CMC/
SBR binder over PVDF has also been previously reported for
other CAMs®*% and generally for anode materials undergoing
large volume changes during operation, as it allows for stronger
binding with an active material and is more stable mechan-
ically, remaining well-attached to a current collector during
cycling.®**® Moreover, compared to PVDF, homogeneously
distributed CMC provides a more efficient network of carbon,
active material and binder, results in a lowered charge transfer
resistance,*” and influences the SEI composition, enhancing its
stability.” CMC is often mixed with SBR, usually in the 1:1
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Idealized diagram of the reversible electrochemical (de-)lithiation reaction mechanism for the Zn,SnO,4 anode material.

proportion,**”® giving the composite electrode more desired
flexibility and further improving the binding force.®®

A question can also be raised, however, about the actual role
of the electrolyte additives in the improved performance. As can
be seen in Fig. 4b, and also in Fig. 4c, substantial enhancement
of the cyclability could be achieved with FEC and VC addition to
the electrolyte, with the capacity remaining above 640 mA h g~ *
after 100 cycles, as well as largely improved behavior at high
current densities. FEC addition results in the formation of
a more stable SEI,”"”> homogenously distributed over the active
material's particles, and suppresses the degradation of LiPFs.””
Recently, it has been proposed that when FEC is combined with
VC, products of their decomposition (highly cross-linked
poly(ethylene oxide) polymers) prevent the further reduction
of solvents, can easily accommodate the repeated expansion
and contraction, and result in a better ionic conductivity of the
SEI compared with purely EC-based electrolytes.”” Here we
studied the influence of these additives by analyzing the CV data
for the first cycle (Fig. S7at), as well as XAS data for the O K-edge
(Fig. S7b and ct) for the electrodes. It is evident that the current
peak corresponding to the SEI formation (Fig. S7at) is at lower
voltages for both the electrodes with the CMC/SBR binder.
Additionally, it is further decreased when the FEC:VC-
containing electrolyte is used, resulting in a more kinetically
stable film.””* Regarding XAS data (Fig. S7b and ct), the surface
signal (TEY) for the electrode lithiated and delithiated in the
electrolyte with additives shows fewer changes (in comparison
to the unmodified electrolyte), especially at ca. 535 eV, which
further supports the formation of a more stable SEI. At the same
time, the bulk signal (PFY, up to ca. 100 nm) for the electrode
cycled in the modified electrolyte is more similar to the surface
one, in both lithiated and delithiated states, indicating that the
formed SEI is thicker. For the unmodified EC:DEC electrolyte
changes between lithiated and delithiated states are more
prominent, confirming a less stable SEI layer.

Interestingly, for all the considered anodes, an activation-
like phenomenon (ie. a sudden voltage increase and then
decrease) occurs upon the first delithiation (Fig. 4a, Séa and
S6bt). Taking into account the XRD operando data (Fig. 2a—c)
and a sequence of the electrochemical processes, it appears that
it is related to the zinc and/or tin oxidation during conversion,
although the nature of the subsequent polarization decrease
remains unknown (no structural changes in this range could be
identified). Notably, the magnitude of the phenomenon is
smaller for both CMC/SBR anodes.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Electrochemical performance of Zn,SnOy, in half-cells. (@) GDC curves for the cycling stability tests for 100 cycles at a specific current of
200 mA gt inthe voltage range of 0.01-2.5 V for the cell with the CMC/SBR binder and LiPFg in EC:DEC:FEC:VC electrolyte. (b) Collective plot of
discharge capacity as a function of cycle number comparing cells with different binder/electrolyte setups: PVDF/LiPFg in EC:DEC; CMC/SBR/
LiPFe in EC:DEC; CMC/SBR/LiPFg in EC:DEC:FEC:VC. The corresponding GDC curves are presented in Fig. S6a and b.} The bolded blue point
marked on the graph refers to the ex situ SEM data after 50 cycles presented in (e—g), while the bolded green point refers to the ex situ SEM data
after 80 in (hand i). (c) Rate capability tests in the voltage range of 0.01-2.5 V for different binder/electrolyte setups at various specific currents, as
described on the graph. The GDC curves for the best setup are presented in Fig. S6c.t (d—i) Ex situ SEM for electrodes with the CMC/SBR binder
cycled at a current of 200 mA g~ in half-cells with LiPFg EC:DEC:FEC:VC electrolyte: (d) pristine, observed in SE mode, (e) fully lithiated after 50
cycles, observed in BSE mode, (f) fully lithiated after 50 cycles, observed in SE mode, (g) fully delithiated after 50 cycles, observed in SE mode, (h)
fully lithiated after 80 cycles, observed in SE mode, and (i) fully delithiated after 80 cycles, observed in SE mode.
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Fig. 5 Electrochemical performance of Zn,SnO, in full-cells. (a) GDC curves for the Zn,SnO4 anode (0.01-2.5 V, 100 mA gfl) and NMC111
cathode (2.75-4.3 V, 0.05C) measured in half-cells for three cycles with the marked prelithiation voltage for the anode. (b) 1st cycle GDC curves
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The optimized Zn,SnO, anode with the CMC/SBR binder, as
well as with FEC and VC electrolyte additives shows a capacity of
920 mA h g™ ' after 10 cycles at a low current density of
50 mA g~ ' (Fig. 4c). Its capacity stabilizes at 464 mA h g~ " at
a high current of 1000 mA g '. When going back to the low
current, the capacity is almost fully recovered, yielding
a capacity retention value of 99% (comparing discharge capac-
ities after the 52nd and 2nd cycles). Also, a cycling test at
a specific current of 500 mA g~ ' revealed relatively high values
of capacity exceeding 500 mA h g~ " during the initial 125 cycles.
However, a capacity degradation, similar to that presented in
Fig. 4c, could be observed in the following cycles. Concerning
the previously reported data (Table S1t), the registered rate
capability outperforms most of the results presented for bare
Zn,Sn0O, electrodes, even for the nanosized material and elec-
trodes with the PVDF**”> or CMC binder.***® Noteworthily, such
good stability has never been achieved for spinel-type CAMs,
even for more advanced synthesis methods and resulting
microstructures, unless the material was coated/combined with
carbonaceous materials (e.g. reduced graphene oxide, nano-
wires, etc., please see Table S1f for a detailed
Comparison).22,26,30—39,60,69,76

More insight into the morphology changes for the best per-
forming Zn,SnO, anode was provided by SEM studies, as pre-
sented in Fig. 4d-i. It is evident that after 50 cycles the
electrode's morphology becomes coarser in comparison to the
pristine one, but still no cracks could be seen. Nevertheless, the
larger magnification presented in Fig. 4e reveals an ongoing
aggregation of the metallic nanoparticles (for comparison with
the high magnification image of the not-agglomerated pristine
electrode see Fig. S81), being in agreement with operando XRD
data. However, a substantial change could be observed after 80
cycles, with obvious cracks visible in the delithiated state
(Fig. 4i), but surprisingly, the micrograph of the lithiated anode
(Fig. 4h) shows a microstructure with much smaller, almost
unnoticeable cracks. This indicates that most of the cracking
occurs at high voltages and at deeper delithiation levels, sug-
gesting that such a range should be excluded from the opera-
tional range. In fact, the improved stability of the Zn,SnO,
electrode could be obtained previously by cycling in the limited
voltage range (up to 1.5 V) and therefore preventing full
delithiation.**

Summarizing the above findings, as well as taking into
account the mechanism of the electrochemical reaction, as
studied in the previous subchapter, it is evident that achieving
stable performance of the Zn,SnO, anode must be related to the
limitation of the high delithiation range (to avoid cracking and
exclude large voltage hysteresis), and the deep lithiation degree
should be excluded, due to the ongoing aggregation of metallic
nanoparticles and large volume changes for highly lithiated
intermetallics (increasing the total volume change between
discharge and charge).
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3.4. Development of high-energy-density Li-ion full-cells
with the Zn,Sn0O,-based anode

For the tests in the Li-ion full-cells (CR2032), the designed
7Zn,Sn0O, anode with the CMC/SBR binder was taken. A
commercial NMC111 cathode was selected, and the used elec-
trolyte had FEC and VC additions. Initially, the recorded stable
specific capacities of about 800 mA h g~' for Zn,Sn0O, (0.01-
2.5V, 100 mA g ') and 160 mA h g * for NMC111 (2.75-4.3 V,
0.05C) electrodes were confirmed in the half-cells (Fig. 5a). As
mentioned in the Experimental section, electrochemical pre-
lithiation was applied to the Zn,SnO, anodes, during which Li/
Li'/Zn,Sn0O, half-cells were discharged (lithiation) down to
0.01 V and charged (delithiation) up to 2.5 V vs. Li/Li" for three
cycles. During such processes the active material undergoes
decomposition and the precipitated phases are reversibly
lithiated, which enables the formation of a Li,O matrix with
a well-connected network of metallic particles. At the same
time, the mechanical stability of the electrode is not an issue
during initial cycles, while the problem of the still insufficient
initial coulombic efficiency (ICE), which is ca. 59% for the used
electrodes, can be mitigated. The final step of the prelithiation
involved a charge up to a selected voltage from the 0.4-2.5 V
range. According to Scheme 1, this corresponds to different
phase compositions of the Zn,SnO,-based electrodes taken for
preparation of the full-cells. In particular, it can be summarized
as follows: the electrode prelithiated to 0.4 V: Sn, LiZn, and
Li,O; 0.6 V: Sn, LiZn/Zn, and Li,O; 0.8 V: SnO,, Zn, LicZnO,/
Li,Zn0O;, and Li,O; 1.0 V: SnO,, Zn, LigZn0,/Li,Zn0O3, and Li,O
(more TM oxide phases); 2.5 V: Sn0O,, Zn, and LigZnO,/Li,ZnO;
(even more TM oxides).

Regarding the practical, prolonged operation of the
Zn,SnO,-based electrode, the findings from the mechanism
study (Section 3.2) showed the necessity of exclusion of the
unwanted high voltage range vs. Li'/Li, while utilization of the
lower voltage alloying process is desired, as it yields high energy
density. The above mentioned (voltage) controlled prelithiation
enabled for the first time a proper control of the operation range
of the Zn,Sn0O, electrode. This is clearly visible in the 1st cycle
voltage profiles measured for the Li-ion full-cells with different
anodes (Fig. 5b). While the cycling voltage range for all the full-
cells was kept in the useful range between 2.25 V and 4.2 V, the
registered profiles vary significantly depending on the pre-
lithiation voltage. If the final prelithiation voltage was set at
2.5 V and 1.0 V, the 1st discharge specific capacities (Fig. 5b,
calculated considering the cathode active material mass) are
clearly lower than the available cathode capacity, making these
cells anode limited. This corresponds to a situation in which
a part of the anode's capacity lies at too high voltages vs. Li*/Li,
so it cannot be utilized (unless going to lower voltages, below
2.25 V). On the other hand, if the prelithiation voltage is too low
(0.4 V), the anode is initially highly lithiated and all the available
Li" from the cathode cannot be stored. In this case the cell is

2.25-4.2 V range at a current of 0.5C for 300 cycles. (f and g) Ex situ SEM analysis in SE mode after 300 cycles. (h) Rate capability tests at various
specific currents in the voltage range of 2.25-4.2 V. All the presented specific capacities and currents for the full-cells were calculated

considering the mass of cathode active material.
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also anode limited. Since the goal in this work was to make the
full-cells cathode limited and have high capacity (the configu-
ration used in the commercial Li-ion batteries”), this could be
achieved only for the cells with the anodes prelithiated to 0.6 V
and 0.8 V. Of importance, we decided not to utilize the lower
voltage range of the full-cells, as sometimes reported in the
literature.”®®® Looking at the long-term cycling stability (Fig.
S97), the 0.8 V prelithiation is superior to 0.6 V prelithiation. In
this particular case, upon the first full-cell charge (anode lith-
iation), the anode changed its lithiation level from ca. 48.4% up
to 93.3% (presented schematically in Fig. 5c). On the following
discharge, the lithiation level was 41.0%. This reflects the
utilization of almost exclusively the alloying part of the elec-
trochemical processes (Scheme 1, Fig. 2), but without going to
the lowest voltages vs. Li'/Li, which, according to our previous
discussion, should be avoided. For prelithiation voltages of
0.4 V and 0.6 V, the formation of highly lithiated intermetallics
on too deep alloying resulted in worsened cycling stability. On
the other hand, for prelithiation to 1.0 V the discharge capacity
and average reaction voltage were lower, as the operation range
is shifted toward greater utilization of the conversion process.
As expected, the prelithiation to 2.5 V led to the worst electro-
chemical performance because the anode operates only in the
conversion reaction regime (quite good cycling stability but very
poor energy density, both due to the lack of an alloying-type
reaction). Based on all these results, in the following section
we provide detailed analysis only for the 0.8 V prelithiation
voltage.

The recorded initial three (dis-)charge cycles at 0.05C for the
full-cell are presented in Fig. 5d. Notably, only a small CV part of
the charge can be seen after the initial CC charge. A specific
capacity of about 168 mA h g ' was achieved in the 3rd
discharge cycle for this cell (at 23 °C), as calculated in relation to
the weight of NMC111. Notably, the specific energy density for
the cell was calculated to be 367 W h kg™ " (based on the total
weight of the cathode and pristine anode active materials) in the
first discharge. This value is higher than the energy density of
the full-cells utilizing e.g. high-entropy oxide-based conversion
anodes (ca. 240 W h kg™ ")** and exceeds that of most CAM cell
systems listed in Table S3.}

The recorded cycling performance for 300 cycles is displayed
in Fig. 5e. Evidently, the cell shows very good cycling stability,
with 120 mA h g ' capacity (in relation to the cathode)
remaining after 300 cycles, and with a capacity fade rate of only
0.26% per cycle. During the whole cycling process, the
coulombic efficiency was stabilized at above 99.6%. To assess
the contribution of the performance degradation from both
electrodes, the full-cell was disassembled and the cathode was
tested again in a new half-cell. It was found that the capacity
fade after 300 cycles for the cathode was ca. 10 mA h g~ (from
ca. 159 mA h ¢! down to 149 mA h g™, as shown in Fig. $107),
indicating that the remaining contribution comes from the
anode.

To further elaborate on the degradation mechanism, SEM
observations of the Zn,SnO, anode were conducted after 300
cycles (Fig. 5f). It is evident that no obvious cracks are present,
contrary to the full range operation in the half-cell (Fig. 4i),
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proving the effectiveness of the proposed approach in this
paper. Higher magnification reveals some morphological
changes after prolonged cycling, but with only a limited aggre-
gation of the nanoparticles (Fig. 5g). Finally, Fig. 5h depicts the
rate performance of the considered full-cell over current
densities ranging from 0.05C to 1C. The cell delivers
123.8 mA h g~ ! after 5 cycles at a 1C rate, which is still 76% of
that at a 0.05C rate. Moreover, it can recover a high capacity of
163.9 mA h g~ ' again after 5 cycles when the current density is
back to 0.05C, indicating very good rate performance.

4. Conclusions

Summarizing the paper, it can be stated that effectively working
conversion-alloying anodes can be developed on the basis of the
solid-state-synthesized Zn,SnO, spinel. It is possible to over-
come the intrinsic limitations of the material, which could be
successfully identified through comprehensive investigations
on the nature of the (de-)lithiation mechanism (operando XRD
and EIS, ex situ XAS, SEM and TEM), by the selection of an
appropriate binder and liquid electrolyte additives, as well as
uncovering the causes of performance degradation. The new
findings allowed for a careful choice of the prelithiation voltage
(0.8 V), which enables usage of the desired range of the elec-
trochemical reaction at the almost exclusively (de-)alloying
reaction part but without going to the lowest voltages vs. Li'/Li.
This is the key parameter for obtaining good full-cell perfor-
mance from the Zn,SnO, anode. High-energy-density Li-ion
full-cells (CR2032) were manufactured and tested, with the
specific energy density above 360 W h kg™ " (first discharge,
calculated in relation to the total weight of the pristine anode
and cathode materials), and with almost 80% capacity retention
after 300 cycles. All this emphasizes the fact that Li-ion batteries
with CAM-type anodes can and should be optimized, not only by
the modification of the active material itself but also by
considering numerous different parameters.
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