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Magnesium-lon Battery Anode from Polymer-Derived SiOC

Nanobeads

Wugqi Guo, Oyku Icin, Cekdar Vakifahmetoglu,* Delf Kober, Aleksander Gurlo,

and Maged F. Bekheet

Tin-containing silicon oxycarbide (SiOC/Sn) nanobeads are synthesized with
different carbon/tin content and tested as electrodes for magnesium-ion
batteries. The synthesized ceramics are characterized by
thermogravimetric-mass spectroscopy, Fourier-transform infrared
spectroscopy, X-ray diffraction (XRD), Raman spectroscopy, N, sorption
analysis, scanning electron microscope, energy-dispersive X-ray, and
elemental analysis. Galvanostatic cycling tests, rate performance tests,
electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) tests,
and ex situ XRD measurements are conducted. Results of battery
performance tests present a high capacity of 198.2 mAh g~ after the first
discharging and a reversible capacity of 144.5 mAh g~ after 100 cycles at
500 mA g~. Excellent rate performance efficiency of 85.2% is achieved.
Battery performances in this research are influenced by surface area, and tin
contentof the SiOC/Sn nanobeads. EIS, CV tests, and ex situ XRD
measurements reveal that higher surface area contributes to higher capacity
by providing more accessible Mg?* ion storage sites and higher rate capability
by improving the diffusion process. Higher Sn content increases battery
capacity through reversible Mg-Mg,Sn-Mg alloying/dealloying process and
improves the rate performances by increasing electrical conductivity. Besides,

1. Introduction

Lithium-ion batteries (LIBs) are essential
power sources in our daily life. Graphite
with a theoretical capacity of 372 mAh g™
is usually practiced as the anode in LIBs.!"]
But such capacity cannot meet the high en-
ergy demands. One promising anode ma-
terial for LIBs is silicon (Si), with a theo-
retical capacity of around 3600 mAh g7,
i.e.,, nearly ten times that of graphite.?!
However, the use of silicon anodes re-
mains limited because of significant vol-
ume expansion and pulverization during
battery cycling, leading to structural dete-
rioration and poor performance stability.*!
Polymer-derived ceramics (PDCs), mainly
with Si-backbone, can be an excellent candi-
date to remedy the problems mentioned.[*]
Of those, silicon oxycarbide (SiOC), with
silicon tetrahedrally coordinated to oxygen
and carbon, has already been investigated
as electrodes in rechargeable LIBs.>>®

SiOC advances cycling stability by preventing electrode collapse and
enhances the capacity due to higher surface capacitive effects.
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This material can easily be produced on
a large scale by the pyrolysis of polysilox-
ane preceramic polymers.[*1% What is be-
lieved in SiOC is that the microstruc-
ture with a silica-rich network and car-
bon phase results in particular viscoelastic
behavior, which is beneficial for preventing large expansion
and contraction during battery cycling.'!! Besides the SiOC
ceramic network, the free carbon precipitates in SiOC pro-
vide active sites for ion storage and may increase electrical
conductivity.['?!

Generally speaking, due to low electrical conductivity, additives
are provided to improve the reversible capacity, cycling stability,
and rate performance of SiOC electrodes.['*! One such additive is
metallic tin with a theoretical capacity of 994 mAh g=! (for Li-ion
storage) and a high electrical conductivity of 91 000 S cm=1.114]
It was shown for the Li-ion batteries that the higher reversible
capacity was obtained in the first cycles when Sn was present
in the tested anode. In addition, it is known that Sn contributes
to crosslinking of some siloxane precursors.['!] Tt should also be
underlined that, like Si electrodes, metallic Sn electrodes suffer
from intense volume expansion and particle aggregation, leading
to poor cycling stability.'>] Thus, SiOC ceramics are suitable ac-
tive matrices to buffer volume change and agglomeration of Sn
during battery cycling.[1216-18]

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. SEM images of a) SIOC-M1, b) SiOC-M2, c) SiOC-H1, and d) SiOC-H2 nanobeads.

In contrast to lithium, whose sources are of limited geologi-
cal availability, magnesium has a high abundance in the Earth’s
crust (=2 wt%)."] Considering the battery performance, mag-
nesium as an electrode possesses advantages, including a high
theoretical volumetric energy density of 3832 mAh mL™! (vs
2046 mAh mL™! for Li-metal anode) and a high gravimetric
capacity of 2205 mAh g, alongside a lower tendency for an-
odic dendrite formation, alleviating one of the critical safety con-
cerns associated with Li-ion batteries.?’] Besides, magnesium
electrodes have a negative reduction potential of —2.3 V versus
a standard hydrogen electrode.?!]

It is pertinent to note that Si-based inorganic materials have
been extensively tested for LIBs over the previous few decades.[*!
However, the same is not the case for magnesium. Similarly, al-
though Si-based PDCs have already been studied as electrodes
in rechargeable LIBs,*] there are no reports to explore their po-
tential for MIBs. One of the most significant advantages of ap-
plying the synthesized tin-containing SiOC nanobeads as an-
odes/cathodes in magnesium batteries is they provide several po-
tential Mg ion storage ways in a stable SIOC matrix with free car-
bon, enhanced electrical conductivity from Sn and surface area
from the nanobeads morphology. Besides, homogenously dis-
tributed tin particles can be immobilized in the SiIOC matrix,
which prevents their tendency to form agglomeration under bat-
tery cycling.l'>17] The Mg insertion might also result in the cleav-
age of some Si—C or Si—O bonds in the SiOC matrix and the
expansion, providing favorable sites for the subsequent ion in-
sertion in the network. At the same time, the Mg?* ions could re-
act rapidly with a metal tin, free carbon, and possibly Si to form
different Mg-based alloys such as Mg,Sn, Mg, C, and Mg-Si.

In this context, spherical SiOC/Sn nanobeads were synthe-
sized with different C/Sn content via facile oil in water (o/w)
emulsion technique; in addition, irregular particles having the
same composition but lower surface area were also synthesized
for comparison. Following in-depth characterization, samples
were evaluated for their performance correlated with chemical
composition (carbon/tin) differences and particle characteristics
(surface area/particle shape) to validate their potential for the first
time in magnesium batteries.
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2. Results and Discussion

Figure 1 presents scanning electron microscope (SEM) images
of the synthesized SiOC-M1 & M2, SiOC-H1 & H2 samples,
and corresponding energy-dispersive X-ray (EDX) mappings are
given in Figure S1 (Supporting Information). Although all four
samples consist of spherical sub-micrometer sized beads, they
differ slightly in their size and shape regularity. The nanobeads in
the SiIOC-M set possess ideal spherical shapes with broader dis-
tribution, while SiOC-H samples consist of somewhat nonideal
spherical nanobeads with narrow size distribution. The average
spherical size of the SiOC-M samples was measured as 280 +
140 nm, very close to the value for the SiOC-H set with 285 +
90 nm (Figure S2, Supporting Information). While poly(methyl-
siloxane) (PMS) has x4 mole % reactive groups (—OH and C,Hs),
poly(methyl-phenyl-siloxane) (PMPS) includes 7-10 mole% of
those contributing further for crosslinking behavior,?! resulting
in a narrower particle size distribution since the thermoset bead
morphology was set earlier. Transmission electron microscopy
(TEM) characterization of SiOC-M2 (Figure 2a—c) and SiOC-H2
(Figure 2d,e) samples confirms the results of SEM characteriza-
tion and shows the homogeneous distribution of spherical crys-
talline Sn nanoparticles within the amorphous ceramic matrices.
The Sn nanoparticles in the SIOC-M2 sample have a particle size
with an average diameter of 29.9 + 5 nm. In contrast, the SiOC-
H2 sample contains many ultrafine Sn particles with sizes below
10 nm and a few with larger sizes due to the particle agglom-
erations. The uniform particle size distribution and low extent
of agglomeration observed in the SiOC-M2 sample might be ex-
plained by the encapsulation of the Sn nanoparticles by protective
layers of turbostratic carbon, which is indicated by its interplanar
distance of d;, ~ 0.34 nm (see Figure 2c). The presence of metal-
lic Sn in SiOC matrix is confirmed from the interplanar distance
of dyy; #0.279 nm and SAED pattern (inset of Figure 2c) showing
diffraction ring corresponding to the lattice planes of its tetrago-
nal structure (space group [4,/amd).

As shown in Figure S3a (Supporting Information), the N, ph-
ysisorption isotherms of the SiOC-M1 and SiOC-M2 samples de-
rived from PMS polymer exhibit reversible Type IV isotherms
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Figure 2. TEM images of a,b) SIOC-M2, and d,e) SiOC-H2. c) High-resolution TEM image of the SiOC-M2 sample shows the encapsulation of one Sn
nanoparticle by several layers of turbostratic carbon. The corresponding SAED pattern for this Sn nanoparticle is shown in the insets.

based on IUPAC classification, while the SIOC-H1 and SiOC-H2
samples derived from PMPS polymer show Type II. In addition to
the hysteresis loops, i.e., mesoporosity, all samples also show an
increased N, adsorption at a high relative pressure (p/p, > 0.8),
which might be due to the formation of macroporosity between
particles. The calculated Brunauer—-Emmett-Teller (BET) specific
surface area (SSA) values of SIOC-M1 (39 m? g~!) and SiOC-M2
(36 m? g~') were higher than that of the SIOC-H1 (10 m? g~!) and
SiOC-H2 (8 m? g~!). These results agree with previous studies
reported that the formation and stability of micro/mesoporosity
in PDCs depend on the initial preceramic precursors and the
amount and type of gaseous species (H,, CO,, CH,, and other
hydrocarbons, see later) released during the polymer-to-ceramic
transformation process.[3-%

While both M and H samples had similar external surface area
values, it can be seen (see Figure S2, Supporting Information)
from the particle size distribution data that M-samples comprise
smaller particles in higher volume, contributing to the surface
area rise. Besides, in previous work,[?’] SiOC nanosized beads
were formed via sol-gel chemistry using different initial precur-
sors. The authors showed that while methyl-triethoxysilane-made
samples maintained their spherical shape, phenyl-based precur-
sors yielded a siloxane network with a lower glass transition tem-
perature, preventing shape retention during pyrolysis. Similarly,
phenyl-siloxane-based H-samples had a shape distortion, deliver-
ing ellipsoid-like forms and partial sintering in segregated areas.
Accordingly, it is highly possible to assume that these samples
experienced a partial pore closure, yielding different surface area
values between M and H samples.

Polymer-to-ceramic transformation of Sn-containing PMS and
PMPS polymeric precursor-made nanobeads were analyzed by
thermogravimetry analysis (TGA) coupled with in situ mass spec-
trometry (MS) up to 1200 °C in Ar, and the data are given
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in Figure 3a,b. The most significant weight loss occurred be-
tween 400 and 800 °C because of the ceramization process.[>?’]
Polymeric M1/M2 and H1/H2 beads had a weight loss of
18.1/19.4 and 35.6/42.3, corresponding to a final ceramic yield
0f 81.9%/80.6% and 64.4%/57.7% at the highest applied temper-
ature (1200 °C).

According to in situ MS studies applied on the cured polymeric
nanobeads, in the first step (from 200 to 360 °C), the release of
H,0 (m/z = 18) and CO, (m/z = 44) occurred. Following that,
during the second step between 360 and 680 °C, ceramization
was indicated with the release of CH; (m/z = 15), CH, (m/z
= 16), and C,H, (m/z = 28). During the last step from 650 to
1100 °C, the transfer from polymer to ceramic was completed
upon the release of H, (m/z = 2), CH, (m/z=15), and CH, (m/z
— 16)_[27,28]

The Fourier transform infrared spectroscopy (FTIR) spectra of
the SiOC samples are given in Figure S3b (Supporting Informa-
tion). All SiOC samples obtained after pyrolysis at 1100 °C had a
similar spectrum with Si—C and Si—O stretching vibration cen-
tering around 805 cm ™! and a broad peak belonging to the Si—O
stretching due to Si—O—Si vibrations ~1070 cm™! of the SiOC
network.[2%30]

The X-ray diffraction (XRD) patterns of SiOC ceramic
nanobeads are shown in Figure 3c. While SiOC was expected to
exhibit only broad diffuse scattering reflection for 26 between 10°
and 30°, related to amorphous silicate,!?*3!l reflections attributed
to metallic tin (ICDD PDF No. 01-086-2264) were observed in all
SiOC samples analyzed. These results suggest that the used tin
catalyst yielded metallic tin on the surface of SiOC nanobeads
during pyrolysis.[121617:32]

Raman spectroscopy (Figure 3d) was used to acquire infor-
mation on the carbon phase dispersed within the SiOC matrix.
When comparing SiOCs, it is possible to see two in-plane modes
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Figure 3. Results of simultaneous thermal gravimetric and mass spectrometry analysis of a) PMS-derived polymeric nanobeads and b) PMPS-derived
polymeric nanobeads; c¢) XRD patterns of PMS and PMPS-derived SiOC/Sn ceramic nanobeads. At the top of the experimental data, reference reflection
marks for metallic Sn (ICDD PDF No. 01-086-2264) are given; and d) Raman spectra of the PMS and PMPS-derived SiOC/Sn ceramic nanobeads.

only for high carbon SiOC samples (H1/H2): D-band and G-band
around 1306 and 1584 cm™!, respectively.****l While pronounced
fluorescence prevents the identification of the free carbon phase
in SiOC obtained at lower pyrolysis temperatures (<1400 °C), it
seems that the free carbon network was not developed well in
the M samples compared to that of the H samples due probably
to the reduction of the carbon precipitation caused by water dur-
ing synthesis, and relatively low carbon in the used preceramic
polymer, akin to previous data.[353¢]

Table 1 shows the elemental analysis results for all obtained
SiOC/Sn ceramic nanobeads. The chemical formula normalized
to 1 mole Si was quantified using literature.’”! All SiOC sam-
ples contained Sn, corroborating the XRD results (Figure 3c). The
SiOC-M2 and SiOC-H2 samples prepared with a high concentra-
tion of tin catalyst (800 uL g~! of resin) had higher Sn (5.9-6.3
wt%) in comparison with the SiOC-M1 and SiOC-H1 samples

(i-e., 2.8-2.6 wt%) prepared with a lower catalyst concentration
(400 pL g7! of resin). These results suggest that the Sn content
in the ceramics is linked to the concentration of the used tin
catalyst.

In contrast, the amount of carbon content decreased in the
SiOC-M2 and SiOC-H2 samples, compared with the SiOC-M1
and SiOC-H1, respectively, i.e., with increased Sn content. The
tin oxide was expected to be formed first due to the thermal de-
composition of Sn-containing preceramic precursor when tem-
perature increased. The formed oxide was then reduced into the
metallic Sn, causing the oxidation of carbon and silicon, aiding
the formation of higher [SiO,] units and reducing the carbon
content.['®17] As expected, the SIOC-H samples derived from C-
rich PMPS polymer contained higher total carbon and free car-
bon than those in the SIOC-M samples. In other terms, higher Si
and O were found in the SiOC-M samples.

Table 1. Chemical composition (neglecting the hydrogen) of the synthesized SiOC/Sn nanobeads. The explanation of the calculations of SiC,0(1_),

Cheer SO, and SiC contents is given in the Experimental Section.

Sample Elemental composition [wt%)] Chemical formula Weight fraction [wt%)]

Si o C Sn SiC,0,01_2 Chee Sio, SiC Chree Sn
SIOC-M1 44.72 39.13 13.33 2.82 Si0;53Co2s 0.46 73.47 14.83 3.38 2.82
SIOC-M2 49.06 33.86 .16 5.92 Si0; 1Co0 0.14 63.58 27.62 2.89 5.92
SIOC-H1 33.13 29.59 34.64 2.64 Si0, 57Co 223 55.58 10.23 31.56 2.64
SIOC-H2 38.18 30.02 25.53 6.27 Si0137Co 3 1.25 56.37 16.90 20.46 6.27

Adv. Funct. Mater. 2023, 33, 2304933 2304933 (4 0f11)
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Figure 4. a) Cyclic voltammetry plots of SIOC-M1, SiOC-M2, SiOC-H1, and SiOC-H2 (second cycle); b) the charge—discharge profiles in the 0-2 V
window (vs Mg/Mg) for the first and second cycle of SIOC-M 1, SIOC-M2, SiOC-H 1, and SiOC-H2 as magnesium battery anodes in THF/PhMgCl/AICl,
electrolyte at a current density of 50 mA g‘1; c) rate performances of SIOC-M1, SiOC-M2, SiOC-H1, and SiOC-H2 as magnesium battery anodes at
different current rates in THF/PhMgCI/AICl; electrolyte; d) cycling stability tests of SIOC-M1, SIOC-M2, SiIOC-H1, and SiOC-H2 as magnesium battery
anodes at different current rates in THF/PhMgCI/AICl; electrolyte at a current density of 500 mA g~ .

Figure 4 illustrates the results of the electrochemical tests,
which are also summarized in Table S2 (Supporting Informa-
tion). Before testing battery performances, CV tests were per-
formed to evaluate the electrochemical activities. Figure 4a shows
the recorded CV curves for the second cycle. Two electrochemi-
cal peaks can be observed at around 0.15 V (reduction peak) and
0.25 V (oxidation peak) on the cathodic and anodic sites, respec-
tively, attributed to the magnesiation and de-magnesiation of Sn.
As shown, the SiIOC-M2 electrode exhibits the most significant
specific current response, while the trend can be given as SiOC-
M2 > SiOC-M1 > SiOC-H2 > SiOC-H1, similarly expected for
the specific capacity.

Figure 4b depicts the galvanostatic discharge—charge profiles
(first and second) at a current density of 50 mA g=! in the 0-
2 V window (vs Mg/Mg?*). A considerable capacity loss in the
first cycle was observed for all electrodes. This capacity loss has
been commonly observed for most SiOC anodes in Li- and Na-ion
Dbatteries, explained by the irreversible insertion of these ions in
SiOC. Besides, the formation of the solid-electrolyte interphase
(SEI) layer on the electrode surface is due to the electrochem-
ical reactions and decomposition of the electrolyte.['216:17:38] Tn
accordance with CV curves, there were three noticeable voltage
regions for the insertion of Mg?* ions in the Sn/SiOC electrodes;
two sloping voltage regions at low (<0.15 V) and high voltage
(>0.25 V), separated by a plateau voltage region between 0.15 and
0.25 V. The two sloping voltage regions can be attributed to the in-
sertion of Mg* ions into the micropores, defect sites, active chem-
ical constituents, and between carbon layers. At the same time,

Adv. Funct. Mater. 2023, 33, 2304933 2304933 (5 Of11)

the plateau region between 0.15 and 0.25 V could be assigned to
the formation of Mg, Sn.[39-*3]

As seen in Figure 4b, the SiOC-M2 anode showed the high-
est first cycle magnesiation capacity (C,,,) of 198.2 mAh g/,
compared to the SiOC-M1, SiOC-H1, and SiOC-H2 anodes that
possess 164.9, 108.9, and 137.1 mAh g! capacities, respectively.
The magnesiation capacity decreases in the order of SiOC-M2 >
SiOC-M1 > SiOC-H2 > SiOC-H1, which agrees with the reduc-
ing order of the current response as revealed from the CV curves
(Figure 4a). While the capacity difference between the Sn/SiOC
samples could be attributed to the combination of factors, includ-
ing microporosity, SSA, metallic Sn, and free carbon contents, it
is still possible to speculate that the effect of Sn content was lim-
ited (M1 vs M2, and H1 vs H2). Instead, when the Sn content
was invariable (M1 vs H1), and (M2 vs H2), the higher the mi-
croporosity (also SSA), and Si—O—C tetrahedral units, the higher
the specific capacity was observed. This agrees with the differ-
ence observed in the sloping voltage regions if one compares
the plateau voltage region attributed to the insertion of Mg?* in
metallic Sn (Figure 4b). The high SSA and porosity allow fast
ion diffusion and accommodate the structural changes during
the charging/discharging process.[*]

Mg?* ion is smaller than Li* and Na*, but its storage mecha-
nisms in the SiOC matrix might be similar to those of Li* and Na*
ions. These ions first occupy the available micropores in the SiOC
matrix, followed by their insertion into the SiOC network.[*+45-48]
This insertion might result in the cleavage of some Si—C or Si—O
bonds, resulting in the expansion of the network for additional
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Figure 5. SEM images of SiOC-M2 electrode a) before the first cycle and b)

www.afm-journal.de

after the 100th cycle. Note that the small-sized particulates seen between

the beads are black carbon particles added as conductive agents in the electrode preparation process.

favorable sites for the subsequent ion insertion in SiOC.[*l How-
ever, the experimental storage capacity of SiOC for Mg?* ions de-
termined in this work is still much lower than those reported for
Li* jons. Such an issue might be explained by the additional stor-
age sites in SiOC for Li* ions due to the favorable formation of
Li-rich Si compounds and Li-Si alloy compared to Na* and Mg?*
ions.[384950 Incorporating Sn nanoparticles in the SiOC network
not only increases the capacity by alloying with magnesium but
also enhances the magnesium ion insertion in the SiOC network
by facilitating the diffusion rate of Mg?* ions, as also explained
below.

Figure 4c compares rate test performances at charge/discharge
different current densities. SiOC-M2 anode exhibited a superior
rate capability among all electrodes with a discharge capacity
of 170.0 mAh g™! in the fifth cycle at the current density of
50 mA g7!, decreasing to 162.8, 155.2, and 144.8 mAh g!
with increasing the current density to 100, 200, and
500 mA g~!, respectively. SiIOC-H1 anode showed the low-
est discharge capacity with 86.6 mAh g! in the fifth cycle at the
current density of 50 mA g~!, dropping to 80.8, 73.4, and 64.7
mAh g™ with increasing the current density to 100, 200, and
500 mA g~!, respectively. Moreover, when a low current density
50 mA g~! was reapplied at the end of the high current series,
the discharge capacity of 137.3, 168.4, 85.4, and 112.2 mAh g~!
was recovered for SiOC-M1, SiOC-M2, SiOC-H1, and SiOC-H2,
respectively.

Figure 4d depicts the cycling performances and Coulombic ef-
ficiencies at the current density of 500 mA g~!. The Coulombic
efficiencies were almost 100% for all samples after several cycles.
SiOC-M2 showed the highest stability of 144.5 mAh g=! after 100
cycles with a capacity retention of 98.1%. As shown in Table S2
(Supporting Information), the Coulombic efficiency of Sn/SiOC
anodes decreased in the order SiOC-M2 > SiOC-M1 > SiOC-H2
> SiOC-H1.

Figure 5a,b presents the SEM images of the best-performed
sample, SiOC-M2, electrode before and after 100 cycles. The cor-
responding EDX mappings and XRD data after 100 cycles are
shown in Figures S4 and S5 (Supporting Information). No sur-
face or structural deterioration was observed on the electrode
nanobeads after 100 cycles of charging/discharging, supporting
the cycling stability test results (see Figure 4d) and suggesting
that SiOC ceramic matrix prevented the collapse seen for other
systems.[+1213.17)

Figure S6 (Supporting Information) gives the characteriza-
tion and battery performance data of the SiOC-M2-ir sample.
The sample comprises irregularly shaped micron-sized parti-
cles (Figure S6a, Supporting Information), but similar to oth-
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ers, it had metallic Sn as revealed by XRD analysis (Figure
S6b, Supporting Information). In contrast to the SiOC-M2,
the SiOC-M2-ir possessed a low SSA value of 0.31 m? g
(Figure S6¢c, Supporting Information); concurrently, it showed
much lower battery performance compared to SiOC-M2, see
Figure S6d,e (Supporting Information). Irregularly shaped SiOC
particulates yielded a low capacity of 18 mAh g~ and poor
rate capability, indicating the importance of the microstructural
characteristics.

To further investigate the mechanisms and kinetics of battery
reactions, electrochemical impedance spectroscopy (EIS) mea-
surements were conducted. Figure 6a presents EIS results at the
current density of 50 mA g™', similarly summarized in Table 2.
In Figure 6a, the depressed semicircles in the high-frequency
region shown in all Nyquist plots represent the electrode—
electrolyte interface charge-transfer resistance (Ry). 7 is the re-
laxation time constant of charge transfer, calculated from the fre-
quencies at the minimum of the charge transfer semicircles in
the high-frequency region with the equation = = 1/2xf, .. (fi.x
is the peak frequency of the semicircle in the high-frequency
region).

As shown in Table 2, R, and t values of SiOC-M samples
were lower than the SiOC-H, implying that the SiOC-M sam-
ples present faster interface charge transfer than those of the
SiOC-H group. These results could be explained by the higher
SSA of the SiOC-M samples, allowing for lower interface polar-
ization and faster interface reactions.®!! It was also noticed that
the samples with higher tin content showed smaller R /7 val-
ues, which could facilitate interface charge transfer due to its
high metallic electrical conductivity.'?! Since R, and 7 values
are closely related to rate capability,!'3] SiOC rate performances
could be improved by increasing the microporosity, SSA, and tin
content.

In the low-frequency region of Figure 6a, the slope repre-
sents the Warburg impedance (Z,) caused by the diffusion
of Mg?* ions in the electrode, which can be calculated from
Equation (1)P%

Z,=ocw /? - jow/? 1

where o is the angular frequency (w = 2xf), and o is the Warburg
coefficient (calculated from the slope of the line Z' ~ @~1/2). The
cell diffusion process can be represented by the diffusion coeffi-
cient D, estimated based on the following Equation (2)[>]

R2T?

- - 2
2A’n*F4+C20? @)
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Figure 6. a) Nyquist impedance plots of SIOC-M1, SIOC-M2, SiOC-H1, and SiOC-H2 after pausing discharge at 0.5 V for 3 h; b) ex situ XRD patterns of

SiOC-M2 anodes during the first magnesiation—demagnesiation cycle.

where A is the SSA of the electrode 2.011 X 10~* m?, n is the
number of electrons per molecule attending the electronic trans-
fer reaction, F is the Faraday constant 96 500 C mol~!, C is the
concentration of magnesium ion in the electrode (C = p/M), Ris
the gas constant 8314 ] Kmol™!, Tis 293 K, and ¢ is the Warburg
coefficient. From the results in Table 2, the Z_, of the electrodes in-
creases in the order of SIOC-M2 < SiOC-M1 < SiOC-H2 < SiOC-
H1, while the diffusion coefficient D gives reverse order. Higher
SSA and porosity of the SIOC-M sample group aided the Mg?*
ion diffusion due probably to shortening diffusion pathways.!!
From Figure 6a, the Warburg slope line of all electrodes has
angles slightly higher than 45°, indicating that Faradaic Mg?* in-
tercalation in Sn/SiOC played a significant role in Mg?* ion stor-
age and the surface capacitive effects were present in all cells.!3]
The higher slope angle means faster penetration of Mg?* ions
into electrodes due to more surface capacitive effects.>* As dis-
cussed above, Mg?* ions could be capacitively inserted in micro-
pores of SiOC. In the inset of Figure 6a, the slope angle decreases
in the order of SIOC-M2 > SiOC-M1 > SiOC-H2 > SiOC-H1, im-
plying higher SSA and porosity of the SIOC matrix can contribute
to faster Mg?* ion diffusion because of more capacitive storage.
Compared with the R values, the Z, values are close, indicating
that the diffusion process is equally crucial in determining bat-
tery performances with the interface charge transfer process. In
summary, the high SSA, porosity, and Sn content of the SiOC ce-
ramic may decrease the Z,, and improve the battery performance.

Table 2. Characteristic parameters from impedance spectra from EIS mea-
surement and the relaxation voltage preceding EIS measurement.

Samples R [Q] 74 [ms] Z, €] (50 D (Mg?*) [cm?
mHz) s7]
SiOC-M1 176 1.0 (159 Hz) 156 132 x 107"
SiOC-M2 151 0.8 (198 Hz) 133 1.81x 107"
SIOC-H1 209 1.5 (106 Hz) 193 8.64 x 10712
SiOC-H2 183 1.1 (145 Hz) 176 1.04 x 107"
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The results of EIS measurements for the SiOC-M1, SiOC-M2,
SiOC-H1, and SiOC-H2 electrodes after 100 cycles at 500 mA g=!
are shown in Figure S7 and Table S3 (Supporting Information)
for comparison. Similar to the results before cycling, SIOC-M2
shows the smallest impedance value, and SiOC-H1 presents the
highest impedance value. The SiOC-M2 exhibits a small increase
of both charge-transfer resistance (R_,) and diffusion impedance
(Z,,) before and after cycling, confirming the good structural sta-
bility as revealed by cycling stability test (Figure 4d), SEM and
XRD characterizations (Figure 5 and Figures S4 and S5, Support-
ing Information).

To validate the alloying between magnesium and tin in the
Sn/SiOC electrode, ex situ XRD measurements were conducted
on the SIOC-M2 anode at various charge states at a current den-
sity of 50 mA g~'. As shown in Figure 6b, the XRD reflections
corresponding to the Mg,Sn phase (ICDD PDF No. 07-0274)
appeared when the discharging curve reached the end in the
first cycle (after the small plateau at 0.15 V). When the battery
is recharged after the small obscure plateau at around 0.25 V,
the Mg, Sn XRD peaks disappear. Besides, no other XRD peaks
can be observed. The magnesiation plateau observed at around
0.15 V corresponds to the formation of Mg, Sn based on the elec-
trochemical reaction shown in Equation (3)!

Sn +2Mg’*+4e” — Mg,Sn 3)

The plateau observed at around 0.25 V corresponds to the ex-
traction of Mg?* from Mg, Sn, indicating that the storage mech-
anism Mg?* into the Sn/SiOC was capacitive through the micro-
pores and via intercalation with metallic Sn. The observations
aligned with previously reported works investigating Sn-based
electrodes for magnesium-ion batteries.??40-#] In addition, the
voltage required to extract Mg?* from Mg,Sn was only 0.1 V
more positive than the voltage needed to insert Mg?* into Sn.
Such low hysteresis suggests the introduction of Sn in the SiOC
ceramic matrix may decrease the electrode polarization and im-
prove the battery performance analogous to the electrochemical
performance results discussed above.>]
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Table 3. Summary of the electrochemical performance of recently reported anode materials for magnesium-ion batteries and the comparison with this

work.
Material Reversible capacity Cycles Power density Energy density Reference
[mAh g'] W kg™'] [Whkg™']
Sn 25 50 10 24 [36]
Eutectic Bi-Sn 133 200 81 105 [39]
Mg,Sn 115 50 31 49 [52]
Bi 170 150 45 - [50]
Mg, Bi, 109 200 69 102 [51]
In 125 10 17 23 [49]
Mgin 140 6 2 34 [49]
SnSb/graphite 300 200 105 84 [53]
SIOC-M2 (this work) 144.5 (500 mA g") 100 232 124 -

SiOC-M2 anode was additionally analyzed by X-ray photoelec-
tron spectroscopy (XPS), see Figure S8 (Supporting Informa-
tion). Mg 1s, 2s, and 2p peaks appeared at 1303.8, 89.3, and
50.4 eV, respectively, in the XPS spectra after magnesiation. Such
peaks, corresponding to Mg, Sn alloy, disappeared after the bat-
tery demagnesiation. Moreover, as shown in Figure S9 (Support-
ing Information), the Sn 3d;, spectra, before magnesiation, can
be deconvoluted into two peaks at 484.63 and 486.92 eV, corre-
sponding to Sn® and SnO,, respectively. The latter, which was
due to the high oxidation tendency of Sn, i.e., surface oxidation,
has already been discussed in the literature,’®5’] as others re-
ported the detection of metal oxides on the surface of metal-
containing SiOC composites via XPS.[%®! The peak corresponding
to Sn’ is shifted to lower binding energy (484.2 eV) after magnesi-
ation due to the formation of Mg, Sn,*®! before shifting to higher
binding energy again after demagnesiation (i.e., formation of
metallic Sn® again). The results corroborate the ex situ XRD data
from magnesiation-demagnesiation cycle (see Figure 6b).

As shown in Table 3, SiOC/Sn nanobeads synthesized in
this work exhibit excellent battery performance for magnesium-
ion batteries compared with the recently reported anode
materials.[394160-641 SiOC reveals at least two advantages. The first
is the excellent reversible capacity after many cycles, i.e., the de-
mand for practical battery use. The second is the much higher
power and energy density, essential for many practical applica-
tions like electric vehicles and grid energy storage. Future work
could focus on determining the appropriate Sn/SiOC ratio with
tunable microstructure and morphology.

3. Conclusions

Polymer-derived ceramic SiOC/Sn nanobeads with different car-
bon/tin contents were synthesized and tested as an anode
in magnesium-ion batteries for the first time. Results of bat-
tery performance tests presented the highest capacity of 198.2
mAh g! after the first discharging and a reversible capacity of
144.5 mAh g~ after 100 cycles. Excellent rate capability efficiency
of 85.2% was achieved. Various factors influenced battery perfor-
mances, including microporosity, SSA, metallic Sn, and free car-
bon contents. EIS, CV tests, and ex situ XRD measurements re-
vealed that enhanced surface area contributed to higher capacity
by providing more accessible Mg?* ion storage sites and higher
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rate capability via improving the diffusion process. While the re-
sistivity of the samples ranged from ~150 to 210 , and the War-
burg impedance values from 133 to 193 Q (50 mHz), the high-
est diffusion constant (Dy,,,) was observed as 1.81 x 107" cm?
s7! from the sample having the highest surface area and tin con-
tent. The formation of magnesium stannide (Mg,Sn), and re-
versible electrochemical Mg* extraction/insertion occurring in
the polymer-derived SiOC nanobead matrices were additionally
demonstrated.

4. Experimental Section

Materials:  For ceramics synthesis: two economic, commercially avail-
able silicon resins with different compositions in terms of total carbon
content—PMS and PMPS, respectively (Wacker GmbH, Burghausen, Ger-
many) were used as low and high carbon SiOC precursors. Deionized
water (Ultrapure Type-l, 18.2 MQ cm at 25°C, Millipak Direct-Q 8 UV
water purification system) and surfactant (Pluronic F127, Sigma, CAS:
9003-11-6, USA) were used. Toluene (Merck, EMSURE grade, CAS: 108-
88-3, Germany) and xylene (ACS reagent > 99.8%, Merck, CAS:1330-20-7,
Germany) were used as solvents. Tin(ll) 2-ethylhexanoate (Sigma-Aldrich,
CAS: 301-10-0, USA) was used as a catalyst and source for the in situ for-
mation of tin in the SIOC matrix after pyrolysis.

For battery testing: nickel (99.9%) and magnesium (99.9%) foils were
acquired from Goodfellow. Phenylmagnesium chloride solution (PhMgCl;
2.0 M in THF), anhydrous AICl;, and Whatman glass fiber filter pa-
per (GF/A) were ordered from Sigma Aldrich. Carbon black, anhydrous
tetrahydrofuran (THF), and T1-methyl-2-pyrrolidinone (NMP) were pur-
chased from Alfa Aesar. Coin cell cases (CR2032) were obtained from Mit-
subishi.

Synthesis of Sn-Containing SiOC Nanobeads: Tin-containing silicon
oxycarbide ceramic nanobeads (Sn/SiOC) were synthesized via the oil in
water (o/w) emulsion method by using silicon resins (PMS and PMPS).
Detailed synthesis procedure can be found elsewhere;*%] briefly, 80 mL
of deionized (DI) water and 0.8 g of surfactant were mixed in a typical
synthesis. 5 g of silicon resin and 7 mL of toluene were mixed in another
beaker. Then the oil phase was added to the water phase. An ultrasonic
probe sonication (QSonica, Q500 system Sonicator, Newtown, CT) with
50% amplitude (for 5 min, 5 s on/off) was applied to obtain an emulsion.
Different amounts (400 and 800 uL) of diluted catalysts (15 vol% in xy-
lene) were used per gram of silicon resin. The curing was conducted for
18 h at 150 °C in an atmospheric oven, followed by pyrolysis at 1100 °C in
an alumina tube furnace under Ar flow with a heating rate of 2 °C min~', a
flow rate of 200 mL min~", and 2 h dwelling time. While the effect of pro-
cessing parameters on the size alteration was not the focus in the present
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work, it is possible to tailor it via time/amplitude change and/or catalyst
amount. Depending on the silicon resin used for SIOC nanobeads syn-
thesis, samples are labeled “M” and “H” for those prepared by using PMS
(low carbon content) and PMPS (high carbon content) as preceramic poly-
mers, respectively. The related sample codes were listed in Table S1 (Sup-
porting Information); accordingly, preceramic polymer types and tin cata-
lyst per gram of silicon resin for synthesized SiOC nanobeads in this re-
search (400/resin (uL g~') was named SiOC-M1 and SiOC-H1; 800/resin
(uL g~") was named SiOC-M2 and SiOC-H2). The sample SiOC-M2-ir, is
the same material SIOC-M2 but not having spherical morphology; instead,
it comprises irregularly shaped particulates prepared merely for compar-
ison. SIOC-M2-ir was produced by mixing (via magnetic stirrer) identical
amounts of silicon resin, toluene, and tin catalyst, followed by the same
curing and pyrolysis schedule used for emulsion-made spherical particles.

Characterization: TGA-MS) was performed for the polymeric beads on
an STA 409 PC LUXX (Netzsch, Selb, Germany) connected with a mass
spectrometer OMNi Star GSD 320 (Pfeiffer Vacuum, Asslar, Germany)
with a heating rate of 5 °C min~! in inert Ar atmosphere.

Attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) measurements of the synthesized Sn-containing SiOC ceramic
nanocomposites were measured from 4000 to 450 cm™" in glove box us-
ing Nicolet iS5 (Thermo Fisher Scientific, MA, USA) and Specac Golden
Gate (Waltham, MA) with a diamond plate.

XRD patterns were collected using a Bruker D8 diffractometer (AXS D8
ADVANCE X-ray diffractometer, Bruker, Billerica, MA) equipped with CuKa
radiation (A =0.154 nm) over 26 range from 20° to 90° using step counting
time of 3 s and scanning rate of 0.05°.

XPS measurements were conducted on an ESCALAB 250Xi instrument
(Thermo Fisher Scientific, Waltham, MA). The X-ray spot size was 100 m.
Powders were sprinkled on the carbon conductive tape in the glove box to
prepare samples for analysis. The C Ts core line with a binding energy of
284.8 eV was used to calibrate all XPS spectra. The data were processed by
using XPS Peak software. The Lorentzian-Gaussian ratios in peak fitting
have been constrained between 20 and 30. Shirley backgrounds were used
in all fittings.

Raman spectroscopic measurements were performed in backscatter-
ing configuration with optical excitation at a wavelength of 473 nm
(solid-state laser). A microscope objective focused the incident laser light
onto the surface of the sample powder (spot diameter of ~1 um). The
backscattered light was collected by the same purpose (confocal configu-
ration), spectrally dispersed by an 80-cm spectrograph (LabRam HR Evo-
lution, Horiba/Jobin Yvon, Palaiseau, France), and detected with a liquid-
nitrogen-cooled charge-coupled device (CCD). A bandpass filter with ultra-
narrow spectral bandwidth was used for Rayleigh light suppression.

Morphological characterization of samples was performed using a
SEM (FEI Quanta 250 FEG, Hillsboro, OR) coupled with an EDX detec-
tor (Thermo Fisher Scientific, MA, USA). All samples were sputter-coated
with ~4 nm layer of Au (Emitech K550X sputter coater, Quorum Technolo-
gies, Laughton, East Sussex, UK) before the SEM characterization. Average
sample particle size was then obtained from 100 measurements using the
Image) software (Image) 1.52a, National Institutes of Health, USA) ap-
plied to the SEM images. The stereological equation Dsphere = Dcircle/
0.78566 was then used to convert the data to 3D.[2°]

TEM images of the Sn/SiOC nanospheres were acquired using FEI
TECNAI G2 20 S-TWIN equipped with a LaB6-source at 200 kV accel-
eration voltage (Hillsboro, OR). High-resolution transmission electron
microscopy (HRTEM) images were acquired using a 300 kV cold FEG
and probe-corrected JEM-ARM300F2 from JEOL Ltd. (Freising, Germany).
Samples were prepared by dispersing the Sn/SiOC powders in ethanol us-
ing ultrasonication, followed by dropping them onto a copper grid covered
with carbon film.

Nitrogen sorption was applied using a QuadraSorb Station 4 apparatus
(Quantachrome, Boynton Beach, FL). Isotherms were recorded at 77 K af-
ter degassing under a vacuum at 200 °C for 24 h before the measurement.
The SSA was acquired using BET calculations.

Elemental analyses for silicon (Si) and tin (Sn) were performed with
inductively coupled plasma optical emission spectroscopy (ICP-OES) by
using a Horiba Scientific ICP Ultima2 (Horiba, Kyoto, Japan). Prior to anal-
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yses, powder samples were digested in an aqueous suspension of HNO;
and HF acid mixture at 200 °C for 5 h in a Teflon-lined autoclave. The car-
bon contents of the synthesized samples were measured by a Carbon an-
alyzer CS744 (Leco Corporation, MI, USA). The weight fraction of oxygen
was calculated as the difference to 100 wt% of the sum of the wt% values
of C, Si, and Sn, assuming no other elements were present in the samples.
The chemical composition of synthesized materials was normalized to 1
Si (i.e., SiO,C,). The free carbon content in the samples was determined
considering the chemical formula SiC,0, (;_,) for the matrix, where the
mole fraction of free carbon (mCg.e) = C, — C,. The mole fraction of SiC,
SiO,, and Cg, in the samples was calculated considering the composi-
tion of the synthesized samples as nSiC:(1—n)SiO,:mCq., Where n (i.e.,
1-0.5x) refers to the ratio of SiC to SiO,, and m (i.e., 0.5x +y — 1) is the
mole fraction of free carbon.[*’]

Battery assembling procedures were conducted in an argon-filled glove
box following previously reported guidelines.[®] Coin cell cases, spacers,
springs, and o-rings produced by Mitsubishi were used. A slurry of 80 wt%
active material, 10 wt% Super-P carbon black, and 10 wt% polyvinylidene
fluoride dispersed in NMP were prepared by wet grinding for 1 h. For fab-
rication of the working electrodes, this slurry was then tape-cast on nickel
foil and dried, first in the air at 50 °C and then under vacuum at 100 °C.
The resulting mass loading of the active electrode material was 1.2 mg
cm™2. The coated working electrodes were then pressed at a pressure of
80-120 kg cm~2 and were cut into circular forms of 14 mm in diameter.
Magnesium foil with a diameter of 16 mm and a thickness of 0.25 mm was
adopted as the counter electrode. GF/A was adopted as a cell separator.

The electrolyte was synthesized in a glove box under Ar following the
procedure described in refs.[19,65! First, 1.34 g AICl; was added slowly
to 15 mL THF solvent under vigorous stirring to obtain the targeted con-
centration. Subsequently, the acquired solution was dropwise added to a
10 mL PhMgCl/THF solution (2.0 M PhMgCl), followed by stirring for 16
h at room temperature (RT).

CV tests were carried out in assembled coin cells on a CHI660D electro-
chemical workstation (Chenhua, Shanghai, China) in the potential range
of 0-2 V and at the scanning rate of 0.1 mV s~

Battery performance tests were conducted using a CT2001A battery
tester system (Wuhan LAND, Wuhan, China). Galvanostatic discharge—
charge measurements were performed in the potential range of 0.05-2 V
versus Mg?* /Mg. Data points were collected every 3 s. The battery cycling
stability tests were conducted at a current density of 500 mA g~ for 100
cycles. The following current densities were applied for the rate perfor-
mance tests: 5 X 50, 5 X 100, 5 X 200, and 5 x 500 mA g’1 followed by 5 x
50mAg".

EIS measurements were conducted on coin cells with SiOC-M2 anodes
using a Gamry EIS box (Gamry, PA, USA) in potentiostatic mode with 5 mV
amplitude between 50 mHz and 1 MHz. The cell was discharged to 5 mV
and then charged to 2.0V at a current density of 50 mA g~ . Cells were dis-
charged and charged with pausing intervals at specific cell potentials (0.5,
1.0, 1.5, and 2.0 V) and were relaxed for 3 h before EIS measurements.
Ex situ XRD characterization was additionally performed on the electrode
materials at different states of charge/discharge by stopping battery cy-
cling and taking out anodes during the discharging (2, 0.3, and 0 V) and
charging (0, 0.3, and 2 V) process.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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