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Self-Activation of Inorganic-Organic Hybrids Derived
through Continuous Synthesis of Polyoxomolybdate and
para-Phenylenediamine Enables Very High Lithium-lon

Storage Capacity

Mana Abdirahman Mohamed,™ Stefanie Arnold,” ! Oliver Janka,” Antje Quade,™

Volker Presser,*™ <9 and Guido Kickelbick*™

Inorganic-organic hybrid materials with redox-active compo-
nents were prepared by an aqueous precipitation reaction of
ammonium heptamolybdate (AHM) with para-phenylenedi-
amine (PPD). A scalable and low-energy continuous wet
chemical synthesis process, known as the microjet process, was
used to prepare particles with large surface area in the
submicrometer range with high purity and reproducibility on a
large scale. Two different crystalline hybrid products were
formed depending on the ratio of molybdate to organic ligand
and pH. A ratio of para-phenylenediamine to ammonium
heptamolybdate from 1:1 to 5:1 resulted in the compound

Introduction

The ever-growing demand for portable electronic devices and
larger energy storage systems requires optimization and
continuous expansion of lithium-ion battery (LIB) technology.
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[CeH10N,1,IM0gO4] -6 H,O, while higher PPD ratios from 9:1 to
30:1 yielded a composition of [C4sHsN,],[NH,],[M0o,0,,]-3 H,0.
The electrochemical behavior of the two products was tested in
a battery cell environment. Only the second of the two hybrid
materials showed an exceptionally high capacity of
1084 mAhg™' at 100 mAg™' after 150 cycles. The maximum
capacity was reached after an induction phase, which can be
explained by a combination of a conversion reaction with
lithium to Li,MoO, and an additional in situ polymerization of
PPD. The final hybrid material is a promising material for
lithium-ion battery (LIB) applications.

The success of this technology is based on its superior energy
density, long cycle life, and reliable stability, explaining the
dominance of LIB among present-day electrochemical energy
storage devices. The most often used anode material in LIBs is
graphite, which is limited to a delithiation capacity of
372 mAhg™" (with a stoichiometry of LiCy)." Therefore, other
materials, such as mixed metal oxides e.g. Li,Ti;O;, (LTO),” or
nanoparticles of transition metal oxides, such as CoO, CuO, and
Fe,0;, are currently under investigation for an improved battery
performance.®™ One of the major problems with some new
electrode materials is the significant volume change during
lithiation and delithiation, which can lead to fractures in the
electrode and often results in capacity fading."”
Inorganic-organic hybrid materials exhibiting redox activity
are promising candidates for simultaneously solving several
problems, for example, lower energy consumption during
production or lower volume expansion during intercalation
compared to traditional pure inorganic materials. Polyoxometa-
lates (POMs), with their unique electrochemical redox properties
and high stability with distinct oxidation and reduction states,
are ideally suited as the inorganic component in such
materials.”? One of the most prominent examples is the
phosphomolybdate anion, especially [PMo,,0,,]> with a Keggin
structure that shows fast and reversible electron transfer
reactions without changing its molecular geometry.”® Pure
polyoxomolybdates [Mo,0,,]*” and [MogO,]* show redox
activity and are readily available through acidifying an aqueous
molybdate solution.”’ Particularly, the heptamolybdate anion
[Mo,0,,0°" is an exceptionally redox-active polycounterion
showing metal-centered redox processes.'>'? One strategy to
increase capacity is to blend POMs with redox-active organic

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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molecules to yield inorganic-organic hybrid materials. para-
Phenylenediamine (PPD) represents an excellent redox media-
tor through a two-electron oxidation-reduction reaction. More-
over, PPD can polymerize under electrochemical
conditions.*'® Furthermore, the two nitrogen atoms provide a
possible coordination site for Li™ during the lithiation-delithia-
tion process. Therefore, they can improve the Li mobility of
hybrid materials made of this organic compound. An example
of a redox-active inorganic-organic hybrid system is the
combination of phosphomolybdate polyanion [PMo,,0,,]* and
a polyaniline matrix, which was applied as cathode materials for
LIBs.® Also, POM-based metal-organic frameworks (POMOFs)
materials,"” a POM-incorporated metallapillararene metal-or-
ganic framework (MOF),"™® and metallacalixarene MOFs with
different Keggin type polyoxometalates showed already promis-
ing electrochemical performance as LIB anode materials."®
Porous POMOF anode materials revealed high chemical stability
and reached a capacity of 710 mAhg™' after 50 cycles with a
specific current of 100 mAg™". The likewise promising capacity
retention of 82% at a high rate of 800 mAg™"' after 500 cycles
complement these findings."” A stable chiral three-dimensional
POM-based MOF built by achiral 1,3-bis-(4-pyridyl)propane
(BPP) and Zn-g-Keggin showed an enhanced electrochemical
activity as an anode of LIBs reaching a highly reversible capacity
of 1004 mAhg™' at 100 mAhg™' after 100 cycles.”™ Finally,
Zhang etal. presented a new redox-active poly-counterion
doping concept that improves the capacity performance of
conducting polymers.'

To further advance LIB technology, improved performance
of electrode materials must be combined with the possibility of
large-scale production processes. Our previous studies have
shown that precipitation methods, usually carried out in batch
processes, can be converted into a continuous process by using
a so-called microjet reactor.”’?? This opens up the possibility
for large-scale and low-energy-consuming production of well-
defined (nano)particles. In this process, two reactant solutions
are fed under high pressure into a reaction chamber where
rapid mixing takes place and the nucleation process is initiated.
A gas jet then removes the product from the mixing chamber,
and particle growth takes place on the way to the collection
vessel. The separation of nucleation and growth allows good
control of particle properties and has already been used in the
production of silicon oxycarbides for LIB applications.”>** The
main advantages of this process in the production of energy
materials are its scalability, low energy consumption, and
avoidance of additional additives.”

In this work, we present a systematic study of the formation
of an inorganic-organic hybrid material precipitated from para-
phenylenediamine (PPD) and ammonium heptamolybdate
(AHM). PPD fulfills two roles here, firstly it can be protonated
during the acid precipitation process and replaces the charge
balancing ammonium ions, secondly it can support the electro-
chemical activity of the hybrid materials formed by its own
redox activity. Hybrid materials with similar composition were
known from literature as precursors for pyrolytic preparation of
Mo,C.*” In contrast to previously published work in which the
hybrid materials were thermally decomposed, we asked
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ourselves whether the thermally untreated materials could
already be used as potential electrode materials. It was
important to find out whether the ratio between organic and
inorganic components in the precipitation reaction also has an
effect on the composition of the precipitated product and its
electrochemical activity.

Results and Discussion
Precipitation reaction of inorganic-organic hybrid material

Inorganic-organic hybrid materials are formed by a precipitation
reaction in an aqueous solution by mixing AHM as a
molybdenum source with PPD under acidic conditions (Fig-
ure 1).

For the precipitation of the hybrid material, the organic
molecules must have Lewis-basic functional groups that allow
the formation of cations under acidic conditions and allow a full
or partial exchange of the ammonium ions in the starting
material. The resulting precipitate forms a salt between the
molybdate anions and PPD cations.

Prior to the use of the microjet, various molar ratios
between the organic compounds and the molybdenum source
(1:1 to 30:1) were applied in initial batch reactions to
investigate the correlation between the formation of inorganic-
organic hybrid materials and the reactants used. These studies
were transferred to the continuous production of the inorganic-
organic hybrid materials with a microjet reactor, which allows

the continuous formation of these precipitates.?'?? Reactant
B
HPLC pump N,
| A B B
| I | L le‘ - :
(" educt solution B ) miraet
) reactor
aqueous solution of
suspension
+
y (NH,)sMo; 054
o S
HPLG centrifugation
A pump + washing
& o * g
educt solution A
aqueous HCI PRI _
sieses” particles
opvisy

Figure 1. General reaction scheme for the production of the PPD/molybdate
products.
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solutions 1 contained AHM and PPD in addition to a diluted
solution of HCI (reactant solution 2, see experimental section).

Various analytical methods were used to characterize the
product formed. For example, FTIR spectroscopy detected a
broad band at 3550-3350 cm™', which can be assigned to the
stretching vibration of the N—H group of PPD.” In addition, a
broad band at 3600-3200cm™' indicates the presence of
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water.”” The vibrations at 1650-1550 cm™' are based on the
bands of N-H deformation vibrations. In addition, there are
C=C stretching vibrations at 1500-1480 cm~'. Moreover, the
typical bands of molybdate entities are found between
935 cm™' and 810 cm™' (Figure 2a). These observations confirm
the incorporation of the organic and the inorganic components
in the precipitates.®*>* A comparison of the FTIR spectra of the
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Figure 2. Material characterization: (a) FTIR spectra of PPD/molybdate precipitates in different ratios compared to their reactants. (b) FTIR spectra of PPD/
molybdate in different ratios. (c,d): X-ray diffractograms of two different PPD/molybdate precipitates (ratios 10:1 and 1:1). (c) Rietveld refinement of PPD/
molybdate (1:1). (d) Le Bail fit of PPD/molybdate (10:1). Differences in the intensities can be attributed to texture problems or preferred orientation. (e,f): *C
CP-MAS NMR spectra. (g) Scanning electron micrograph of PPD/molybdate (1:1). (h) Scanning electron micrograph of PPD/molybdate (10:1).
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PPD/molybdate precipitates revealed that the samples with the
ratios 1:1, 2:1, and 5:1 containing low amounts of PPD differ
from those with higher organic ligand content (Figure 2b).

Elemental analyses for the precipitates (see Supporting
Information, Table S1) reveal two regions with different compo-
sitions depending on the mixing ratio, indicating the formation
of at least two different compounds. The samples with ratios of
1:1, 2:1, and 5:1 correspond to the composition
[CeH1oN,1,IM05056] - 6 H,0. In contrast, the samples with a mixing
ratio from 9:1 to 30:1 indicate a composition in line with
[CeHoN,1,INH,],[M0,0,,] - 3 H,0.

Powder X-ray diffraction confirmed the existence of the
literature known product [CHoN,]5[M0gO,6]-6 H,O in the pre-
cipitate of the PPD to AHM ratios 1:1 up to 5:1 (Figure S2a). No
other phases corresponding to side products were observed in
all those diffractograms. [C¢H;oN,],[M0gO54] -6 H,0 crystallizes in
the monoclinic crystal system with the space group P2,/n and
lattice parameters a=2834.31(9), b=2145.8(3), c=1027.6(1) pm,
and 8=99.415(2).°" The structure of the compound, which was
previously characterized by single-crystal X-ray analysis, showed
the existence of two octamolybdate anions, [MogO,l*, four
double-protonated PPD cations, and twelve water molecules
per unit cell. The octamolybdate clusters [MogO,* are
surrounded by H,PPD*" cations with an open channel structure
and octamolybdate clusters as guests (Figure S1).29 Larger
amounts of PPD (mixing ratio from 9:1 to 30:1) lead to
different diffraction patterns (Figure S2a) and significantly differ-
ent composition, based on the data from elemental analysis.
Structural investigations on single crystals of this compound are
extremely difficult since it crystallizes as very thin hexagonal
platelets (Figure S3), which are very fragile and show a high
degree of stacking faults. From the obtained dataset, a
monoclinic structure with a space group C2/m and lattice
parameters of a=2029.9(1) pm, b=1819.6(1)pm, c=
2521.2(1) pm, and 8=90.6(1)° and the presence of four HPPD*
and one [Mo,0,,]°" anion per formula unit can be deduced
(Figure S4). The monoprotonated PPD cations can be unambig-
uously deduced when measuring the pH value of the super-
natant from which the crystals were obtained. The measured
pH was 4.4, therefore, when using the pK, values from the
literature (pK,,=2.67, pK,,=6.2),"" only the first protonation
can take place. For reasons of electroneutrality, two NH,"
cations must be present in the crystal structure. From the
difference Fourier maps, the remaining electron density was
attributed to these two ammonium cations and water mole-
cules with the NH,* cations being arbitrarily located. A total of
3 H,0 molecules could be derived, however, severe disorder of
these is present. This results in a sum formula of
[CeHoN,1,INH,],[IM0,0,,]1-3 H,O. Details on the structural deter-
mination can be found in the Supporting Information (Tables S2
and S3).

The information obtained from the structural analysis agrees
well with combination of the previously discussed CHN
(Table S1), X-ray data (Figure S2a), and TGA-FTIR data (thermog-
ravimetric analysis coupled with Fourier-transform infrared
spectroscopy; Figure S7).
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The transition range 5:1 to 9:1 between the observed
formation of the two compounds was studied in more detail.
For this purpose, the mixing ratios 6:1, 7:1, and 8:1 were
investigated. At the mixing ratio of 6:1, the formation of
[CeH1oNL1,IM0g0,61-6 H,O  occurs, but there are also new
reflections indicating the formation of a new component. At a
mixing ratio of 7:1, the reflections of
[C¢HoN,1,INH,]1,[M0,0,,]1-3 H,O are observed, along with some
new reflections that were also visible at 6:1. Finally, at a mixing
ratio of 8:1, only [C¢HoN,],INH,],[Mo,0,,]-3 H,O appears to form
(Figure S2b). Rietveld refinement based on the single-crystal
data from the literature was performed for the PPD/molybdate
precipitate with mixing ratios from 1:1 to 5:1 (Figure 2c). For
mixing ratios of 9:1 to 30:1, Le Bail refinements were
performed using the structural information obtained from the
single crystal investigations (Figure 2d).

Since the reaction conditions (temperature, total volume,
amount of hydrochloric acid) were kept constant and only the
AHM to PPD ratio was varied, the synthesis of the inorganic-
organic hybrid material seems to depend mainly on two
parameters: (I) the content of organic components and thus (Il)
the pH of the solution. It is known that an acidic reaction leads
to the condensation of ortho-molybdates enabling the forma-
tion of larger molybdate clusters [Eq. (1)].°%****" An increasing
PPD content results in an increase of the pH, thus removing
protons from the system, and subsequently hampering the
formation of the octa-molybdate cluster, underlining the
observation of a hepta-molybdate cluster in the precipitate of
the reactions containing a high PPD to molybdate ratio.

+8H* +Mo0,%, 4 H*
Mo;0,4]%
[Mo7024] 21,0

7 [MoO4]% [MogOag]* (M

-4 H,0

3C CP-MAS NMR spectra (cross polarization-magic angle
spinning nuclear magnetic resonance spectra) of the PPD/
molybdate (Figure 2e,f) confirm the presence of double proto-
nated diamines in PPD/molybdate (1:1) (H,PPD**) (Figure 2e)
and mono-protonated diamines in PPD/molybdate (10:1)
(HPPD™) (Figure 2f). The presence of two different compounds
forming in the respective precipitates is supported by scanning
electron microscopy (SEM; Figure 2g,h). Variations of morpholo-
gies of the crystals were observed for different precipitates
(Figure S3). Smaller amounts of PPD lead to anisotropic rod-
shaped morphologies. In comparison, larger PPD amounts lead
to sheet-like morphologies, which underpins the formation of
different compositions depending on the AHM:PPD ratio
obtained by CHN analysis. The temperature in the microjet
synthesis influences the particle size. Thus, increasing temper-
ature leads to smaller particle sizes (Figure S5).

Thermogravimetric analysis (TGA) provides valuable infor-
mation on the synthesized inorganic-organic hybrid material
(Figure S6). Pristine AHM shows three mass loss events up to
300°C, based on the loss of water and ammonia.*® According
to the literature, after the decomposition of the precipitate,
MoO; has formed, which sublimes and leads to the observed
mass loss.*® The sublimation of MoQ; starting at 600°C can be
explained by its relatively high vapor pressure.***? For the

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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PPD/molybdate precipitates, two different trends of the TGA
curves are visible. At low PPD concentration (exemplarily shown
for the 1:1 ratio), the TGA curve show three mass losses, while
at higher concentrations (10:1) only two mass losses were
observed. For the 1:1 ratio, the first mass loss originates from
the desorption of adsorbed surface water and the second from
the loss of crystal water. The decompositions of the precipitates
show similar thermal behavior to carbon-supported ammonium
molybdate decomposition.*” These conclusions are supported
by TGA-FTIR measurements (Figure S7). According to the
chemical composition [C4H;oN,1,IM0gO5] -6 H,O the loss of six
water molecules fits the value of the second mass loss. The
third mass loss at around 700 °C shows the loss of CO and CO,,
leading to carbide phase formation. In contrast, the first mass
loss observed at higher PPD concentrations results from the
release of water and ammonia at around 192 °C, and the second
mass loss is again the decomposition of the organic compo-
nent, proven by the detection of CO and CO,.

Electrochemical characterization of PPD/molybdate as LIB
anode

The various synthesized hybrid materials were investigated for
their suitability for energy storage systems. The materials were
subjected to conventional LIB processing, namely, casting after
compounding with carbon black conductive additive and
polyvinylidene fluoride binder. Cyclic voltammetry was per-
formed at different scan rates (0.1-10 mVs™') in the voltage
range from 0.01 V to 3.00 V vs. Li/Li to evaluate the underlying
lithium-storage mechanism in the obtained electrodes (Figur-
es 3a,b and S8). For both hybrid systems (PPD/molybdate (1:1)
and PPD/molybdate (10:1)), one clear reduction/oxidation peak
couple is found at 1.3V and 1.5V vs. Li*/Li, respectively. The
transformation reaction, involving the formation of amorphous
Li,O0 and complete reduction of the molybdates, can be
attributed to the obtained region when the lithiation potential
decreases from 1.5 V to 0.05 V vs. Li*/Li."*

The pseudocapacitive feature can be further investigated by
a kinetic analysis that includes an analysis of the rate-depend-
ent current signal. The relationship between the current (i) and
scan rate (v) is given by i=av” where a and b characterize the
fitting parameters. Thereby obtained b-values of 0.5 correspond
to an ideal diffusion-limited charge storage process typical for
battery-like behavior. At the same time, a b-value of 1 indicates
a perfect surface-limited charge storage process typical for
electrosorption processes/capacitive processes.***¢ The b-value
analysis conducted on cyclic voltammetry is shown in Figure S9.
The pronounced lithiation-delithiation peak of PPD/molybdate
(1:1) shows a b-value of 0.82 and 0.79, respectively. The more
pseudocapacitive regions at 0.62 V and 2.75 V vs. Li*/Li exhibit
slightly enhanced b-values of 0.94 and 0.82 for delithiation,
respectively. For the same regions in the lithiation curve,
however, we obtain lower values of 0.71 and especially 0.56,
which are closer to the values for the ideal diffusion-limited
charge storage process. The b-value analysis of PPD/molybdate
(10:1) provides for the pronounced lithiation-delithiation peak
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of PPD/molybdate (10:1) a b-value of 0.63 and 0.74. The
additional values obtained at 0.62V and 2.75V vs. Li*/Li
characterize significantly more pseudocapacitive regions with
much higher b-values of 0.91 and 0.93 for delithiation and 0.73
as 0.86 for lithiation, respectively.

To further investigate the electrochemical performance and
associated conversion reaction of the different hybrid samples,
galvanostatic charge and discharge experiments were per-
formed. The obtained reduction and oxidation peaks from cyclic
voltammetry are consistent with the galvanostatic discharge
and charge curves (Figure 3c,d). No clear plateaus can be
detected for the PPD/molybdate (1:1) sample, which cannot be
assigned to associated (redox) reactions. In the sample with a
higher insertion of PPD, there is no pronounced plateau in the
first cycles, but after a while, there are two clear plateaus at
1.35V and 0.8 V vs. Li*/Li. This indicates that different reactions
occur during cycling, supported by continuously increased
capacity observed during the first cycles. In general, an increase
in capacity is attributed to pre-activation of the material.*’*¥
However, this cannot explain the persistent increase during
more than 120 cycles, which started with a delithiation capacity
of 195 mAhg™' and reached a very high value of 1084 mAhg™'
in the 150" cycle (Figure 3e). This 556% increase must be
related to a change in the electrode material. This behavior can
be confirmed by post-mortem analysis, which shows a
complete degradation of the material and the formation of
crystalline Li,Mo00,, as shown by the powder X-ray diffraction
pattern in Figure 4b.

It is difficult to separate the theoretical specific capacity of
the two components and infer the hybrid materials, because
the capacity is not simply the combination of the two
components, but depends on many different factors, such as
the particle size, the morphology, the homogeneous distribu-
tion of the different components and on the interaction of the
different components. This is a principle that is often observed
in hybrid materials.

Our data suggests a mechanism characterized initially by
ion intercalation and a gradual transition to a process
dominated by the transformation reaction. This can be con-
firmed in the plateaus in the later cycle curves. This trend is
seen to a lesser extent in the PPD/molybdate (1:1) sample and
very pronounced in the PPD/molybdate (10:1) sample. More-
over, the galvanostatic lithiation-delithiation curves show a
potential drift during the electrochemical measurement of the
battery cell. The plateau of the lithiation curve shifts toward
higher capacity, while the plateau of the delithiation curve also
shifts slightly in that direction. The reasons for these shifts may
be a change in kinetics, undesirable side reactions, and a
change in the reaction mechanism. During cycling, the slope of
the discharge curves of the PPD/molybdate (10:1) sample also
changed, i.e,, flattened. This may be associated with a reduction
in the grain size of the electrode material during cycling.””!
Although the charge storage process is Faradaic, the charge
transfer and storage are kinetically much faster than conven-
tional battery materials with significantly different redox
peaks.**” The hybrid PPD/molybdate (10:1) material clearly
indicates that the structure obtained directly after the reaction
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Figure 3. Electrochemical performance of PPD/molybdate hybrid materials: (a,b) Cyclic voltammograms at different scanning rates and potential range
between 0.01 V and 3.00 V vs. Li*/Li for (a) PPD/molybdate (1:1), and (b) PPD/molybdate (10:1). (c,d) Galvanostatic charge and discharge profiles at an
applied specific current of 100 mAg™~' between 0.01 V and 3.00 V vs. Li*/Li of (c) PPD/molybdate (1:1), and (d) PPD/molybdate (10:1). (e) Galvanostatic
charge—discharge cycling performance showing the electrochemical stability with corresponding Coulombic efficiency values at a specific current of

100 mAg™' for PPD/molybdate (1:1), PPD/molybdate (10:1).

). (f) Rate performance evaluated from galvanostatic charge-discharge cycling at different specific

currents with corresponding Coulombic efficiencies for PPD/molybdate (1:1), PPD/molybdate (10:1).

in the microjet reactor is electrochemically very active and is
further activated during cycling, making it a promising high
capacity material for application in lithium-ion batteries. These
observations can also be confirmed by the rate tests performed
(Figure 3f), which show that the hybrid materials exhibit very
unstable performances. This is especially true for the PPD/
molybdate (10:1) sample, since pre-activation cannot occur and
the capacities grow towards the fifth cycle of a rate. In contrast,

ChemSusChem 2023, 16, €202202213 (6 of 15)

the PPD/molybdate (1:1) sample shows poor Coulombic
efficiency above a specific current of 2 Ag™

Compared to other hybrid and composite MoO, systems
(Table 1), the optimized inorganic-organic hybrid materials
presented in this work provide very favorable electrochemical
performance values (e.g., 1084 mAhg™' after 150 cycles) for
[CeHoN,14INH,]1,[M0,0,,]1-3 H,O which can compete with results
reported in “state-of-the-art” literature, with straightforward

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH

35U9017] SUOLIWIOD SAITERID 3|edtdde U} AQ oAb 92 SDDIE WO ‘SN JO S9N J0) ARG UIIUO AS11A UO (SUO1PUCO-PUE-SLLLBYWOD" A3 1M AR |pU 1 UO//SAIY) SUOTIPUOD PUE SULB 18U} 89S *[E202/S0/7T] U0 A%eigi8UliuO ASIM ‘SOpLe|iees s9a IBeNSIBAIN Ad ETZZ02202 95S9/200T OT/10p/0o A i Akelq 1 puijuoadoine-Alisiwey;/sdny wouy papeojumod ‘2 ‘0z X95v98T



ChemSusChem

Research Article

doi.org/10.1002/cssc.202202213

Chemistry
Europe

European Chemical
Societies Publishing

Figure 4. (a) X-ray diffractograms of PPD/molybdate (10:1), pristine electrode, and the electrode after cycling. (b) Rietveld analysis of the cycled PPD/
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(10:1), pristine electrode material, and the electrode after cycling.

Table 1. Summary of the different electrochemical performances and properties of various molybdenum oxide hybrid or composite materials. Data from
literature sources that are not available are indicated as “n.a.”. EC=ethylene carbonate; DEC=diethyl carbonate; EMC=ethyl methyl carbonate; DMC=
dimethyl carbonates; PVdF = polyvinylidene fluoride; LiPFs=lithium hexafluorophosphate; CMC=carboxymethyl cellulose; CNT = carbon nanotubes; rGO =
reduced graphene oxide.
Ref. Material Total electrode Potential  Electrolyte Normalization ~Capacity Cycles
composition V] [mAh g7']
Han MoO,/CNT MoOx/CNTs: Super P, PVdF 0.01-3.0 1 m LiPF4 in EC/DEC n.a. 500 at 90
et al.®” 8:1:1 (1:1 by volume) 0.1Ag™
Chen Amorphous MoO, Thin Films n.a. 0.01-3.0 1 m LiPFgin EC/EMC/ n.a. 845 at 100
et al® DMC (1:1:1 by vol- 90 pA cm 2
ume)
Han nanoporous graphene/molyb-  n.a. 0.01-3.0 1 m LiPFg in EC/DMC n.a. 710 at 150
et al.®? denum oxide (1:1 by volume) 1Ag™
Larson Molybdenum oxide nanopo- 52% MoO, 48% C 0.01-3.0 1 m LiPFg in EC/DMC/ n.a. 480 at 150
et al.*¥ rous asymmetric membranes DEC (1:1:1 by volume) 0.12Ag™'
Naresh MoO; /rGO active material: Super P: PVdF  0.1-2.5 1 m LiPF4 in EC/DMC n.a. 568 at 100
et al®” 8:1:1 (1:1 by volume) 05Ag™"
Xin Mo,C@C core-shell nanocrys- active material: acetylene 0.01-3.0 1 m LiPF4 in EC/EMC/ n.a. 1089 at 100
et al.™¥ tals black: sodium alginate 7:2:1 DMC (1:1:1 by vol- 0.1Ag™
ume)
Yang MoO,—Mo,C—C MoO,~Mo,C—C: acetylene 0.01-3.0 1 m LiPFsin EC/DC (1:1  n.a. 1188 at 250
et al.*? black: CMC 7:2:1 by volume) 0.1Ag™
Gao MoO,/C hybrid MoO,/C hybrid: acetylene: 0.01-3.0 1 Mm LiPF4 in EC/DEC n.a. 700 at 100
et al.*® PVdF 8:1:1 (1:1 by volume) 02Ag™
Our [CeHoN,1,INH,],[M0,0,,]-3 H,O0  Mo-hybrid: conductive car- 0.01-3.0 1 m LiPF4 in EC/DMC Total hybrid 1084 at 150
work hybrid bon additive: PVdF 8:1:1 (1:1 by volume) 0.1Ag™

processing. For example, the optimized MoO, and MoO;/CNTs
nanocomposites in the work of Han et al®" provide less than
half of our capacity (500 mAhg™") with very low cycling stability
(90 cycles). The MoO,—Mo,C—C microspheres in the work of
Yang et al.®? were based on a one-step annealing approach
and provided an excellent reversible capacity of 1188 mAhg™'

ChemSusChem 2023, 16, €202202213 (7 of 15)

after 250 cycles at a specific current of 100 mAg~'. The
electrochemical behavior is very similar to our hybrid material
even with the persistent increase in capacity, which is likely
related to a change in the material and/or reaction mechanism.
While slightly higher delithiation capacity is obtained after 250
cycles compared to our system, the capacities are very similar
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after 150 cycles when comparing the two systems (~
1000 mAhg™). The coupled Mo,C@C core-shell nanocrystals on
3D graphene fabricated in the work of Xin et al®® also show
very comparable capacity values (reversible capacity of
1090 mAh g™ after 100 cycles at 0.1 Ag™").

After continuous microjet reactor synthesis, the materials
obtained can directly achieve high electrochemical performance
without additional thermal or chemical processing. By fine-
tuning the synthesis conditions, a characteristic electrochemical
behavior similar to that described in the literature for
molybdenum oxides could be achieved. The possibility to
further modify these components makes this type of inorganic-
organic hybrid synthesis very promising for electrochemical
storage.

Material characterization of PPD/molybdate LIB anodes

To explain the unexpected improvement in electrochemical
performance of PPD/molybdate (10:1) during cycling, the
original electrode and the post-cycling electrode were charac-
terized by powder X-ray diffraction, FTIR spectroscopy, and
Raman spectroscopy (Figure 4a-d). These measurements were
compared with the as-synthesized PPD/molybdate (10:1). For
this purpose, the electrodes were prepared after cycling by
stopping the cells in the delithiated state after 100 cycles, and
the obtained electrode was rinsed with DMC to remove the
residual salt. The X-ray diffractograms (Figure 4a) show a clear
change comparing the PPD/molybdate and the electrode. The
diffraction pattern of the electrode seems to shift and the
reflections broaden considerably, as would be expected if a
reduction is associated with a decrease in crystallite size (see
above). The crystallite size of PPD/molybdate (10:1) is 48(1) nm
and decreases to 40(10) nm (average over eight reflections)
after electrode preparation. After cycling, the X-ray diffracto-
grams change significantly, confirming the formation of lithium
molybdate (Li,MoO,; Figure 4b), which crystallizes in the
trigonal crystal system with space group R3 (a=1433.0(2) pm,
¢=958.4(2) pm).5*

In the FTIR spectra (Figure 4c), the observed bands in the
as-prepared electrode are still at the same positions, indicating
that the same structure must be present. However, the broad
water band in the range 3600-3200 cm™' has disappeared.?”
This indicates that solvent exchange occurred during the
electrode preparation. The FTIR spectrum of the cycled sample
shows that the N—H bands at 1650-1550 cm™' are no longer
present. One possible reason for this is the deprotonation of
the amine groups. This would make the nitrogen atom a
possible coordination site for Li* during the lithiation-delithia-
tion process. It is possible that PPD is involved in a redox
reaction. In this case, p-benzoquinone diimine may be formed
by a two-electron redox reaction. PPD can also be electrochemi-
cally polymerized in situ.*'® The splitting of the C=C band in
the cycled sample can be assigned to C=C and C=N vibrations.
This is consistent with the work on polymerized PPD found in
the literature.['%505"

ChemSusChem 2023, 16, €202202213 (8 of 15)

Comparison of the different Raman spectra (Figure 4d)
shows a clear change in the PPD/molybdate (10:1) and the
cycled sample, indicating a polymerization. In PPD/molybdate
(10:1), a band at 1556 cm™' is observed, assigned to C=C
vibrations. After cycling, the band shifts to 1547 cm™, and a
new band appears at the shoulder at 1614 cm™' corresponding
to C(=C and (=N vibrations. Other additional peaks at
1511 cm™, 1400 cm™, 1326 cm™', and 1162 cm™' correspond to
C—C, C—N, C—N*, and C—H vibrations of the quinoid ring,
respectively. The equivalent bands of the C—H and C—N
vibrations are shifted to 1317 cm™ and 1154 cm™' in the PPD/
molybdate (10:1) sample."®®" The Mo—O vibrations are visible
at 972cm™' in the PPD/molybdate (10:1) sample, and after
cycling the band shifts to 955cm™". That highlights the
observed change of the molybdate unit. The band at 972 cm™
is assigned to Mo,0,,°" units, while the band at 955cm™
corresponds to MoO,>” units.®?

X-ray photoelectron spectroscopy (XPS) measurements were
performed to obtain information on the oxidation states of the
Mo-species and the oxygen-bonding states. The Mo3d peaks
were fitted with three components (Figure5). The Mo®"
component has the highest binding energy with a binding
energy of 232.6eV. The signal caused by a reduced Mo™"
(presumably Mo>") species was fitted with a constant binding
energy distance of —1.3 eV to Mo®*, while Mo"" (presumably
Mo**) was fitted with a constant binding energy distance of
—3 eV with respect to Mo®* [

The samples PPD/molybdate (1:1) (Figure 5a) and PPD/
molybdate (10:1) (Figure 5b) were compared with the pristine
electrode and the electrode after cycling to obtain further
information about the redox processes taking place. Due to the
high surface sensitivity of XPS spectroscopy, the information
depth is about 10 nm. Therefore, only qualitative information is
obtained. The precipitates PPD/molybdate (1:1) and PPD/
molybdate (10:1) show the presence of Mo®" (Figure 5a,b). In
the pristine electrode of both samples, molybdenum species
with lower oxidation numbers appear (Figure 5¢,d). This
indicates that the molybdenum has already been reduced
during the electrode preparation step. After cycling, the content
of Mo-species with a lower oxidation number increases in both
samples. In addition, small contributions of even further
reduced Mo*" appear (Figure 5¢,f). Thus, further reduction of
the molybdenum species is observed, which can be attributed
to electrochemical processes in the cell. A similar trend occurs
for both samples PPD/molybdate (1:1) and PPD/molybdate
(10:1), compared to their electrodes and the electrodes after
cycling. These investigations show that both components the
molybdenum species as well as the organic species contribute
to the redox process.

The O1s peaks were fitted with four signals (Figure 6). The
signal at 530.6 eV was used for calibration, which is due to the
O-Mo®" interaction. The O—Mo®* contribution was observed at
a binding energy of 531.2 eV. The binding energies assigned to
0=C and O—Mo"" bonds overlap at 532.0 eV, and the contribu-
tion originating from the O—C bond has a binding energy of
5333 eV."® These binding energies agree well with the
literature values. They can be explained by the higher electron

1
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Figure 5. Fitted XPS Mo3d spectra: (a) PPD/molybdate (1:1); (b) PPD/molybdate (10:1); (c) pristine electrode PPD/molybdate (1:1); (d) pristine electrode of
PPD/molybdate (10:1); (e) electrode after cycling of PPD/molybdate (1:1); (f) electrode after cycling of PPD/molybdate (10:1).

density of the more electronegative oxygen when the metal
atom is more oxidized, leading to a decrease in binding
energy.® PPD/molybdate (1:1) (Figure 6a) and PPD/molybdate
(10:1) (Figure 6b) have mainly O—Mo®* bonds. In the pristine
electrodes (Figure 6¢,d) the proportion of O—Mo’" increases,
which correlates with the results of the Mo3d peaks. The
observed O=C and C-O bonds may originate from the
conductive additive (carbon black) used for the electrode
preparation.

The cycled electrode of PPD/molybdate (1:1) (Figure 6e)
exhibits O—Mo** and C-O bonds. The O1s peak of the cycled
electrode of PPD/molybdate (10:1) (Figure 6f) is broader. It
shows less O—Mo®* and more O=C and C-O bonds, which is

ChemSusChem 2023, 16, €202202213 (9 of 15)

due to the formation of lithium carbonate during the cycling
process through the formation of a solid electrolyte interphase
(SEI).*™ The original electrode of PPD/molybdate (1:1) contains
the highest amount of O—Mo’", which correlates with the Mo
bonds in Mo3d spectra. The amounts of O=C and O—C are
comparable to those of other samples.

During electrode preparation, a change in the material is
observed, as explained earlier. This change can be attributed to
a chemical reaction of the material when treated with DMSO.
The analyses (Figure S10) show that this leads to solvent
exchange and a redox reaction. In the redox reaction induced
this way, the PPD is partially oxidized and the DMSO and the
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Figure 6. Fitted XPS O1s spectra: (a) PPD/molybdate (1:1); (b) PPD/molybdate (10:1); (c) pristine electrode PPD/molybdate (1:1); (d) pristine electrode of PPD/
molybdate (10:1); (e) electrode after cycling of PPD/molybdate (1:1); (f) electrode after cycling of PPD/molybdate (10:1).

molybdenum are partially reduced. This shows that the material
is very redox-active.

Post-mortem analyses of the product were difficult due to
the limited amount of material and the high content of various
components. Therefore, we decided to carry out a model study
applying a chemical lithiation instead of an electrochemically
driven process. In this way, we obtained evidence for the
description of electrochemical lithiation. PPD/molybdate treated
with DMSO was subsequently chemically lithiated with n-
butyllithium (n-BulLi) to produce a sample as close as possible
to electrochemical lithiation (Figure 7). The product was then
characterized by powder X-ray diffraction, FTIR spectroscopy
and *C CP-MAS NMR spectroscopy. It can be concluded that a

ChemSusChem 2023, 16, €202202213 (10 of 15)

redox-induced polymerization of the PPD takes place, resulting
in a redox-active, positively charged poly(p-phenylenediamine)
(Scheme 1). Composites of such polymers with metal species
have proven to be highly conductive.””

Comparison of the X-ray diffraction patterns of DMSO-
treated and chemically lithiated PPD/molybdate (10:1) after
cycling, and PPD/molybdate (1:1) after cycling (Figure 7a)
reveals the formation of the same phase. Using the structural
data of trigonal Li,MoO,*” the Rietveld analysis (Figure 7b)
shows good agreement.

After chemical lithiation or electrochemical cycling, the
molybdate component of the inorganic-organic hybrid material
converts to Li,MoO,. This indicates that the electrochemical
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molybdate.

cycling is reproducible by chemical lithiation with n-BulLi. It can
be concluded that the molybdenum species contribute to the
electrochemical activity, but the organic component seems to
play a significant factor. Subsequently, the organic component
was investigated in more detail by FTIR spectroscopy (Figure 7c)
and *C CP-MAS NMR spectroscopy (Figure 7d). The FTIR spectra
reveal that the bands of the DMSO-treated and chemically
lithiated PPD/molybdate (10:1) and the PPD/molybdate (10:1)
(Figure 7c) remain at the same position after cycling, indicating
that the same organic species was formed. In the DMSO-treated
PPD/molybdate (10:1) anode material used, a partial reduction
of DMSO to DMS as well as Mo(VI) to Mo(V) takes place, which
leads to partial oxidation of PPD to the corresponding
benzoquinone diimine. The oxidative polymerization is acti-
vated during the electrochemical cycling. The '*C CP-MAS NMR
spectrum of DMSO-treated and chemically lithiated PPD/
molybdate (Figure 7d) reveals the formation of a PPD trimer.
The PPD dimer forms by recombination of the PPD cation
radicals (Scheme 1). An N coupling of the PPD cation radical
(IHPPD]**") (1) is dominant upon dimerization. After dimeriza-
tion, a new coupling with [HPPD]*>" and PPD dimer (2) occurs
to form a PPD trimers (3). The peak at 169.6 ppm belongs to
the carbon cation double-bonded to nitrogen (C=NH ).
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Conclusions

In this work, a sustainable, continuous approach for the
preparation of inorganic-organic hybrid materials with remark-
able electrochemical properties using a microjet reactor is
presented. Two inorganic-organic hybrid materials were synthe-
sized from aqueous solutions of PPD and AHM at room
temperature. The inorganic-organic hybrid material precipitated
at low PPD:AHM ratios has the  composition
[CeH10N,1,IM0gO4¢] - 6 H,O, while the one at high PPD:AHM ratios
contains a heptamolybdate anion and exhibits the composition
[C¢HoN,1,INH, 1, [M0,0,,]1-3 H,O. The electrochemical measure-
ments of PPD/molybdate (10:1) showed that an optimized
electrode material could be produced by simply adjusting the
synthesis parameters. Without further treatment, this material
shows exceptional delithiation capacities through conversion
reactions up to 1084 mAhg™'. For reaching this high capacity
the material requires an induction phase, which can be
explained by several conversion reactions in the material during
the redox processes. Both, the formation of Li,MoO, and the
polymerization of the PPD could be detected. The combination
of inorganic and organic redox-active species in a hybrid
material opens a large playground for the adjustment of
specific properties. Moreover, the microjet approach represents
a sustainable, energy-saving production method for such LIB
materials.

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Scheme 1. Proposed polymerization mechanism of PPD. Reproduced and
modified from reference [61] with permission from John Wiley and Sons.

Experimental Section

Materials

Ammonium heptamolybdate tetrahydrate (AHM; >99%) was
obtained from Carl Roth. Para-phenylenediamine (PPD; 97 %) and n-
Butyllithium (n-BuLi; 2.5 m in hexane, packaged under nitrogen in
resealable AcroSeal bottles) were purchased from Alfa Aesar. The
concentration of n-butyllithium was determined by titration to
2.27 m. The hydrochloric acid (HCl; 37%) was obtained from Bernd
Kraft GmbH. Ethanol (99% denatured with 1% PE) and 2-propanol
(97 %) were received from BCD Chemie GmbH. Dimethyl sulfoxide
(DMSO; 99 %) was supplied from Fisher Scientific GmbH. Conductive
carbon additive (Type C65) was purchased from IMERYS Graph-
ite&Carbon, polyvinylidene fluoride (PVdF, 99.5%), dimethyl
sulfoxide (DMSO, anhydrous, >99.9%), and lithium hexafluorophos-
phate (LiPF¢) (LP30; 1 m in an ethylene carbonate (EC) and dimethyl
carbonate (DMC) mixture in the ratio ECCDMC (1:1 by volume) as
electrolyte from Sigma Aldrich. All chemicals were used without
further purification. VWR International GmbH provided n-hexane (>
97 %). It was dried in a solvent purifying system SPS 5 (MBraun).

Synthesis

Beaker synthesis of precipitates

The general procedure for the precipitation formation was that
AHM was dissolved in water (500 mL). The amine (these were
added in different ratios; Table S4) was then dissolved in water
(500 mL) and the two solutions were mixed, then dilute HCI
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solution (1L) was added, which led to the formation of a
precipitate. Finally, the precipitates obtained from beaker synthesis
were isolated by centrifugation (8000 rpm, 15 min). The products
were washed with ethanol and dried at 80°C.

Microjet synthesis

A diluted solution of HCl (solution A) and a mixture of AHM and the
amines in water (solution B; Table S5) were used. AHM and the
required amount of PPD were each dissolved in water (500 mL) to
obtain solution B. For the microjet experiments, 1 L of each solution
was used. Two high-performance liquid chromatography (HPLC)
pumps (LaPrep P110 preparative HPLC pump, VWR) were used to
transport the solutions with a flow rate of 250 mLmin~". The
reaction took place in the microjet reactor, where the solutions
were forced through a nozzle with a diameter of 300 micrometers
with high pressure into a reaction chamber. Nitrogen gas was used
to remove the here-formed particles.?" After the syntheses in the
microjet reactor, the particles were isolated by centrifugation
(8000 rpm, 15 min). The products were washed with ethanol and
dried at 80°C.

Chemical lithiation

For the chemical lithiation, PPD/molybdate (10:1)_DMSO (0.5 g)
was first added to hexane (20 mL) under an argon atmosphere. To
this was added 74 equivalents of n-butyllithium (227 m in n-
hexane) with stirring. The reaction was stirred at 80°C for 6 h. The
reaction was terminated by the addition of 2-propanol to quench
the remaining n-butyllithium. The product was separated by
filtration. Finally, the product was washed with 2-propanol and
dried at 80°C.

Structural and chemical characterization

Fourier-transform infrared spectroscopy (FTIR) measurements of
dried samples were recorded in attenuated total reflectance (ATR)
mode using a Bruker Vertex 70 spectrometer. Each spectrum was
performed in the wavenumber range 370-4500cm™' and by
averaging 16 scans with a spectral resolution of 4 cm™'. Thermogra-
vimetric Analyses (TGA) were performed on a Netzsch TG F1 Iris
under a constant flow of N, (40 mLmin~") with a heating rate of
20°Cmin~' to a maximum of 900 °C. During the measurements, the
samples were placed in an open alumina crucible. The TG-FTIR
measurements were performed under the same conditions. The
elemental analyses were conducted on an Elementar Vario Micro
cube.

Powder X-ray diffraction (XRD) patterns of the pulverized samples
were recorded at room temperature on a D8-A25-Advance
diffractometer (Bruker) in Bragg-Brentano 6—6 geometry (goniom-
eter radius 280 mm) with Cuy,-radiation (A=154.0596 pm). A 12 um
Ni foil working as K; filter and a variable divergence slit were
mounted at the primary beam side. An LYNXEYE detector with 192
channels was used at the secondary beam side. Experiments were
carried out in a 26 range of 6° to 130° with a step size of 0.013° and
a total scan time of 1 or 4 h. The recorded data was evaluated using
the Bruker TOPAS 5.1 software, with the observed reflections being
treated via single-line fits.

The single-crystal data set was collected using a Bruker D8 Venture
diffractometer with a microfocus sealed tube and a Photon II
detector. Monochromated Cuy, radiation (A=1.54178 A) was used.
Data was collected at 133(2) K and corrected for absorption effects
using the multi-scan method. The structure was solved by direct
methods using SHELXT®? and was refined by full matrix least
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squares calculations on F? (SHELXL2018"®) in the graphical user
interface Shelxle.® Details on the single-crystal X-ray diffraction
experiments is given in the Supporting Information. Deposition
Number 2226468 contains the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

SEM images were recorded using a JEOL JSM-7000 F microscope
with a working distance of 10 mm and operating at 20 kV. For the
sample preparation, a small amount was placed on a specimen
stub covered with a carbon adhesive foil, followed by the
deposition of a gold layer.

Solid-state CP-MAS NMR spectra were recorded using a Bruker
AV400WB spectrometer. A resonance frequency of 100.65 MHz for
3C NMR spectra was used. The spinning frequency for the MAS
experiments was 13 kHz. X-ray photoelectron spectroscopy (XPS)
was performed with an Axis Supra (Kratos Analytical) spectrometer.
Wide and elemental scans were acquired employing Aly, radiation
with 150 W power with a pass energy of 160eV and 80 eV,
respectively, while for high-resolution measurements, 225 W with
10 eV were used. The data processing was done with CasaXPS (Casa
Software, version 2.3.15).

Raman spectra were recorded with a Renishaw inVia Raman
Microscope equipped with a neodymium-doped yttrium aluminum
garnet laser with an excitation wavelength of 532 nm and a laser
power of approximately 0.05 mW at the surface of the sample, a
2400 mm™' grating, and a 50xobjective lens with a numeric
aperture of 0.75. Five different spots from each sample were
recorded with five accumulations and 30s acquisition time. All
spectra were normalized to 100 %.

Electrochemical characterization

Electrode materials and preparation

The hybrid material working electrodes were prepared by mixing
80 mass% [CeH1oN,1,[M0gO4] -6 H,O or the
[CeHoN,1,INH, ], [M0,0,,]-3 H,O powders, respectively, with 10 mass
% conductive carbon additive (Type C65, IMERYS Graphite&Carbon)
and 10 mass% polyvinylidene fluoride (PVdF, Sigma Aldrich),
dissolved in dimethyl sulfoxide (DMSO, anhydrous, Sigma Aldrich),
in a SpeedMixer DAC 150 SP from Hauschild. First, the active
material and the conductive carbon were combined in a mortar
and ground carefully. The dry powder mix was then dry-mixed for
5 min at 1000 rpm. Drop by drop, DMSO solvent was added to the
mixture until the slurry reached the desired viscosity. This paste
was again mixed at 1500 rpm for 5 min, following 2500 rpm for
5 min. Finally, the PVdF binder solution (10 mass% PVdF in DMSO)
was added, and the viscous electrode past kept mixing for 10 min
at 800 rpm. To obtain a homogenous electrode slurry, the
suspension was agitated for 12 h using a magnetic stirrer. The
obtained slurries were doctor-blade cast on copper foil with a wet
thickness of 200 um. The electrodes were initially dried at ambient
conditions overnight. Then, a further vacuum drying step at 110°C
for 12 h was conducted to remove the remaining solvent. Dry-
pressing in a rolling machine ((HRO1 hot rolling machine, MTI) was
used to regulate the electrode packing density. After that, utilizing
press-punch (EL-CELL), 10 mm diameter discs were punched from
the coating and used as the working electrode (WE). The resulting
electrode thickness of the dried electrodes was 100+ 10 pm with a

material loading of 3.04+0.5 mgcm 2.
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Cell preparation and electrochemical characterization

For electrochemical testing in an organic electrolyte, 2032-type
coin cells were assembled in an argon-filled glove box (MBraun
Labmaster 130; O, and H,0 < 0.1 ppm) using a hydraulic crimper
(MSK-110, MTI corp.). Both the counter electrode (CE) and the
reference electrode (RE) were made from a pressed and punched
lithium metal disc (MTI corp.) with a diameter of 11 mm and a
uniform thickness of 0.45 mm (RE). To separate the working and
counter/reference electrodes, vacuum-dried glass-fiber separator
(GF/F, Whatman) discs of 18 mm diameter were utilized. A stainless-
steel spacer/-current collector was placed on the backside of each
counter electrode. The cells were filled with 150 uL 1 m lithium
hexafluorophosphate (LiPF;) in an ethylene carbonate (EC) and
dimethyl carbonate (DMC) mixture in the ratio EC:DMC (1:1 by
volume) as electrolyte (LP30, Sigma Aldrich).

All electrochemical measurements were carried out at a climate
chamber (Binder) with a constant temperature of 254 1°C. Cyclic
voltammetry (CV) measurements were performed with a multi-
channel potentiostat/galvanostat VMP300 (Bio-Logic Science Instru-
ment), equipped with the EC-Lab software. All CV measurements
were carried out with different scan rates of 0.10/0.25/0.50/0.75/
1.00/2.50/5.00/7.50/10.00 mVs™" in a potential window of 0.01-
3.00V vs. Li*/Li. Galvanostatic charge-discharge cycling with
potential limitation (GCPL) tests in the range of 0.01-3.00 V vs. Li*/
Li with a charge-discharge current of 100 mAg™' were carried out
using an Arbin system. The mass of active material was utilized to
normalize the specific current and specific capacity calculations.
Cells prepared for post-mortem analysis were stopped after 100
cycles in the de*-lithiated state, and the obtained electrode was
rinsed with DMC to remove the remaining salt. Rate performance
experiments were carried out in the same potential window at
different currents to obtain more information about the half-cell
rate capacity and higher currents. To get more information about
the half-cell rate capability and higher currents, rate performance
measurements were conducted by using the same potential
window for different currents. The applied specific currents were
0.1Ag',02Ag ", 05Ag, 1.0Ag ", 20Ag ", 40Ag ", 80Ag™,
and (again) 0.1 Ag™".
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