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1 | INTRODUCTION

Lithium-ion batteries (LIBs) have become the most widely
used electrochemical energy storage devices due to their
high energy density, long cycling lives, temperature inde-
pendence, and low self-discharge rates.! As the research
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Abstract

Herein, we report the synthesis of TiO,-SnO,-C/carbide hybrid electrode mate-
rials for Li-ion batteries (LIBs) via two different methods of controlled oxidation
of layered Ti,SnC. The material was partially oxidized in an open-air furnace
(OAF) or using a rapid thermal annealing (RTA) approach to obtain the desired
TiO,-SnO,-C/carbide hybrid material; the carbide phase encompassed both
residual Ti,SnC and TiC as a reaction product. We tested the oxidized materi-
als as an anode in a half cell to investigate their electrochemical performance
in LIBs. Analysis of the various oxidation conditions indicated the highest ini-
tial lithiation capacity of 838 mAh/g at 100 mA/g for the sample oxidized in the
OAF at 700°C for 1 h. Still, the delithiation capacity dropped to 427 mAh/g and
faded over cycling. Long-term cycling demonstrated that the RTA sample treated
at 800°C for 30 s was the most efficient, as it demonstrated a reversible capac-
ity of around 270 mAh/g after 150 cycles, as well as a specific capacity of about
150 mAh/g under high cycling rate (2000 mA/g). Given the materials’ promis-
ing performance, this processing method could likely be applied to many other
members of the MAX family, with a wide range of energy storage applications.

KEYWORDS
energy storage, MAX phase, metal oxide, tin oxide

community explores materials based on abundance, envi-
ronmental impact, and safety, transition metal oxides have
emerged as a promising choice for LIB anodes. These metal
oxides are simple to synthesize and have low production
costs while demonstrating remarkable electrochemical
stability.z’3 Usage of nanostructures, such as nanotubes
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and nanowires, of these transition metal oxides can fur-
ther improve their performance in LIBs.* For example,
titania nanotube arrays have demonstrated high capacity
retention and improved durability of LIBs.?

Titanium dioxide (TiO,) is an attractive LIB anode
material due to its safe operation potential and limited
volume change with lithium insertion and de-insertion.
However, its relatively low electric conductivity and low
specific capacity limit its use.>"® When utilized as an anode
material, TiO, exhibits a capacity well below its theoret-
ical capacity of 335 mAh/g due to its low conductivity
and slow insertion rates.”"® The insertion of lithium is a
diffusion-controlled process,'*> so modifying the TiO,
morphology can aid in the demonstrated capacities.'®"”
Further, SnO, has gathered attention as an anode mate-
rial due to the high theoretical capacity of Lis4Sn
(944 mAh/g)."® Yet, the large volume expansion associ-
ated with lithium insertion in tin'” leads to stress on the
anode, limiting the long-term cycling stability associated
with the material.’*?! Due to these limitations of TiO, and
SnO,, both are utilized as components of composite anode
material, typically alongside graphene.?” >

MAX phases are a group of hexagonal, layered car-
bides/nitrides of the formula M,,,;AX,,, where M is an
early transition metal, A is a group 13 or 14 element, X is
carbon and/or nitrogen, and n = 1-4.26 Acid etching of
MAX phases results in their two-dimensional derivative
MZXenes (M,,1X,,Ty; where T, stands for different sur-
face terminations).”” Due to their high electrical and low
diffusion barrier of Li on their surfaces,?® MXenes have
demonstrated a promising performance as electrode mate-
rial in LIBs, especially at high cycling rates.?”*° To improve
the cycle life and increase the capacity of MXene elec-
trodes, controlled oxidation of the multilayer MXene has
been studied as a processing method. For example, heating
TizC,T, MXene in air leads to TiO, nanocrystals enmeshed
in graphitic carbon sheets, allowing extremely high cycling
rates in LIBs.>! Zhao et al. also demonstrated that vari-
ous other methods, including alternating filtration, in situ
wet chemistry, and spray coating, can form hybrid materi-
als of Ti;C,T, MXene and TMOs like Co;0,4 and NiCo,0,
for LIB anodes.>> MXenes can be considered the build-
ing blocks for MAX phases, and these building blocks are
bonded through A metal layers (e.g., Al, Sn, Ga, and Ge).
The successful synthesis of TMO-MXene or TMO-carbon
hybrids by controlled oxidation of MXene indicates that
hybrids coexisting with A metal oxide (i.e., A,O;) could
be derived directly from MAX phases without a hazardous
etching process to synthesize MXene from the MAX phase
before oxidation.

Many elements constituting A layers in MAX phases,
like Sn, have high specific capacities for Li. However,
when tested as anode material, the Sn in Nb,SnC does

not deliver the theoretical capacity of Sn, although Zhao
et al. found that the capacity nearly doubles (from 87
to 150 mAh/g) over the cycling period.>* The increase
in capacity was also found in a study on V,SnC (from
about 100 to about 300 mAh/g over the course of 900
cycles at 1 A/g).** The lack of changes in the structure of
both Nb,SnC and V,SnC upon lithiation and del-lithiation
suggests that the Li storage is limited to the surface of
the MAX phases.>* Electrochemical oxidation of MAX
phases exposes a larger surface area to lithium with par-
tial oxidation of M and/or A components, allowing for
the creation of hybrid materials of oxides and carbides.
For example, the anodization of Ti;SiC, with HF elec-
trolyte results in titania, silica, and carbide hybrid with
high performance as a negative electrode in thin-film
LIBs.>> Combining these oxidation methods with a tin-
containing MAX phase could help harness more capacity
from tin than is accessible in as-synthesized M, ,;SnC,.
Carbides can be attractive precursors for the synthesis
of oxides with unique morphology, hybridization, and/or
structure.**?’

Studying the oxidation behavior of Ti,Al;_,Sn,C and
Ti,SnC versus Ti,AlC has indicated that adding Sn
leads to accelerated oxidation of the MAX phase.*®
Dong et al. observed minimal oxidation resistance of
Ti,SnC in air.*® The latter work identified an oxida-
tion/decomposition/oxidation system where below 500°C,
oxidation of Ti,SnC was the primary reaction, whereas,
above 500°C, the decomposition of Ti,SnC followed by
oxidation of TiC, and Sn governed.*’ Zhou et al. later
studied the isothermal oxidation behaviors of Ti,SnC from
500 to 800°C and found that it is led by the inward dif-
fusion of oxygen and outward diffusion of titanium. At
the same time, tin stays relatively static within the matrix,
thus explaining the observed presence of unreacted metal-
lic tin in the formed composite material.*® This suggests
that mild oxidation conditions might be sufficient to form
a hybrid structure of transition metal oxide, tin oxide with
carbide, and/or carbon. However, the impact of oxidation
of the Sn-containing MAX phase on its electrochemical
performance regarding LIBs has not been investigated.
Based on the combined success of oxidation of MAX
phases (and their MXene counterparts), the high theo-
retical capacity of tin, and the electrochemical properties
of SnO, and TiO,, we hypothesize that the controlled
oxidation of Ti,SnC would produce an interesting anode
material for LIBs. The present study explored the MAX
phase as a precursor for electrochemically viable hybrids
of metal oxides and conductive carbon/carbide. In addi-
tion to electrochemical testing, X-ray diffraction (XRD),
scanning and transmission electron microscopes (TEM),
as well as Raman spectroscopy were utilized to investigate
the oxidation products of Ti,SnC in air.
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2 | EXPERIMENTAL SECTION

2.1 | MAX phase synthesis and
characterization

To synthesize the initial Ti,SnC MAX phase, powders of
titanium (>99.5% purity, <45 um size, Alfa Aesar), tin
(=99.85% purity, <150 um size, Alfa Aesar), and graphite
(=99% purity, 7-11 um size, Alfa Aesar) were combined
in the molar ratio of 2:1:1 and then mixed with yttria-
stabilized zirconia balls in a Turbula powder mixer for 3 h
at 46 rpm. This powder mixture was then transferred to
an alumina crucible, placed in a Sentrotech tube furnace
under flowing argon, and heated at 10°C/min to 1250°C.
The temperature was held for 2 h, and then the system was
allowed to cool to room temperature. The sintered material
was ground via mortar and pestle to particle sizes under
45 um.

We used XRD to characterize the obtained powders. Our
results indicated successful Ti,SnC formation, along with
some unreacted tin. To remove the unreacted tin, 10 g of the
furnaced powder was stirred in 100 mL of 10% HCI (37%,
Fisher Scientific) solution for 24 h at room temperature.
Following this acid treatment, the powder was washed
using deionized water to a pH of 7 and then dried onto filter
paper via vacuum-assisted filtration. XRD confirmed the
successful removal of all elemental tin from the material.
Following the synthesis of the pure Ti,SnC, these samples
were oxidized in a controlled manner via open-air furnace
(OAF) heating or rapid thermal annealing (RTA).

2.2 | Open-air furnace (OAF) treatment
After the successful synthesis of Ti,SnC, powder aliquots
of 0.5 g were placed into alumina crucibles and heated in
a box furnace under ambient oxygen. The samples were
heated at 10°C/min to various temperatures (500, 600,
and 700°C) and held for 1 or 2 h before cooling to room
temperature.

2.3 | Rapid thermal annealing (RTA)

For this oxidation mechanism, 0.3 g of the Ti,SnC pow-
ders were evenly spread onto a silicon wafer and then
loaded into an AG Heatpulse 610 Rapid Thermal Annealer
under an open atmosphere. The system heated within 30 s
until the set temperature was reached, and then the set
temperature was held for a specified time before rapidly
cooling to room temperature. All synthesis parameters (set
temperature and holding times) are provided in Table 1.

2.4 | Material analysis and
electrochemical testing

The MAX phase-containing powders were analyzed at
each step with a copper K, powder XRD (Rigaku D/MAX-
2000) from 26 of 3°-80° with a 0.02 step and recording rate
of 1°/min. Phase analysis was done with DIFFRAC.EVA
(Bruker AXS) and qualitative Rieveld refinement by HKL
fits of the matching phases using the software TOPAS 6
from Bru. The MAX oxidation was studied by thermogravi-
metric analysis (TGA) (Netzsch TG 209 F1 Libra system) by
heating up to 1000°C at 10°C/min under CO, or synthetic
air atmosphere (20 mL/min) and holding temperature for
1h.

Raman spectroscopy was performed to characterize fur-
ther the composition of the oxidized Ti,SnC powders using
a Renishaw InVia microscope with an objective lens of a
numeric aperture of 0.75 and an excitation wavelength of
532 nm at 0.5 mW power on the sample. The spectra were
acquired with 20 s grating time for 3 accumulations at each
point, with a minimum of 10 spectra collected for each
sample. The depicted spectra are representative of the sam-
ples. An Sistandard was used for spectral calibration before
the measurements.

Scanning electron microscopy (SEM) and TEM images
were taken to visualize the microstructure of the oxidized
powders. SEM was carried out with a ZEISS Gemini 500
microscope with 0.5 kV acceleration voltage and an in-lens
secondary electron detector. The powder samples were
directly mounted to an aluminum stub with a Cu double-
sided tape, and no conductive sputtering was used. TEM
images were acquired with a 2100F JEOL microscope at an
acceleration voltage of 200 kV. The samples were dispersed
in ethanol and drop cast on copper grids coated with lacey
carbon.

We studied the obtained oxidized material as a lithium-
ion battery electrode. To this end, we prepared half-cell
coin cells (CR2032). The working electrode was com-
posed of the oxidized material with added conductive
carbon black (acetylene black, >99.9%, Alfa Aesar) and
the polymer binder polyvinylidene difluoride (PVDF, EQ-
Lib-PVDF, MTI Corp.) in a mass ratio of 8:1:1. These
components were vigorously mixed in a mortar and pestle
until fully homogenous. N-methyl-2-pyrrolidone of 1 mL
was added while continuously mixing until a smooth
slurry was formed. The slurries were then drop-casted
onto copper foil at approximate loading of ~1 mg/cm? and
allowed to dry at 80°C, before being moved into a glove box
of inert argon atmosphere (O, and H,O levels <1 ppm).

The working electrodes were placed in a coin-cell
case; a glass microfiber (GF/D, Whatman) separator was
placed and saturated with an electrolyte of 1 M lithium

85U8917 SUOLILIOD aAIERID 9|gedldde ay) Ag pausenob ae Sajoile YO 8sn Jo o Joj Arelg1 8UIUQ 431N UO (SUONIPUOD-pUe-SLLR) W0 A3 | ImAte.d 1 putuo//sdny) SUOHIPUOD pue sWB | 8y} 8eS *[7202/50/90] Uo Akeiqiauljuo A3|Im ‘0TO6T 928 (/TTTT 0T/I0p/Woo A8 |im Alelq 1jpul U0 SO ILLEIRD//SA1Y WoJ ) pepeo umod 'S ‘€202 ‘9T6ZTSST



3264 Journal JOLLY ET AL.
sAmerican Ceramic Society
TABLE 1 Thermal treatment conditions for rapid treatment annealing.
Set temperature 500°C 600°C 700°C 800°C 1000°C

Holding time (min:s) 5:00 10:00 5:00 10:00

hexafluorophosphate (LiPFy) in ethylene carbonate (EC)
and ethyl methyl carbonate (EMC) solvents with a ratio
of EC:EMC = 3:7 (LP 57, Gotion). A cleaned lithium foil
was then placed on the saturated separator, followed by a
spacer and wave spring. The coin-cell case was then placed
into an automated crimping machine to seal them. The
cells were removed from the glove box and immediately
loaded into a temperature-controlled chamber for elec-
trochemical testing at 30°C. Specific capacity and cycling
measurements were gathered using LANHE LAND Bat-
tery Testing System CT2001A, whereas cyclic voltammetry
at 0.1 mV/s and electrochemical impedance spectroscopy
(EIS) at the open-circuit voltage at frequencies between
200 kHz and 10 mHz were gathered via BioLogic VMP3
potentiostat. All potential values reported here are ver-
sus Li/Li* because Li was used as a counter/reference
electrode.

3 | RESULTS AND DISCUSSION

3.1 | Material characterization

The starting material for our battery-material synthesis
was Ti,SnC, which we obtained by thermal processing.
The initial XRD of the synthesized MAX powder after
heating the elemental precursors at 1250°C under Ar
indicated the successful formation of Ti,SnC (PDF 01-085-
6647), along with a small TiC impurity, and unreacted Sn
(Figure SI). An XRD pattern of the product after etching
indicated the successful removal of the unreacted Sn with-
out affecting Ti,SnC (Figure S1). TGA was performed to
observe the oxidation behavior of the material (Supporting
Information, Figure 1). The oxidation of the MAX phase
slowly starts at 320°C. Pronounced oxidation occurs within
the temperature range of 400-836°C, with a maximum
slope at 714°C. The oxidation of Ti and Sn leads to a total
mass gain of 33%, close to the theoretical mass gain for a full
conversion of Ti,SnC into TiO, and SnO, (37%). This curve
shows that a temperature above 800°C in air yields a com-
pletely oxidized MAX phase. A similar trend is expected for
the OAF thermal treatments because heating was carried
out at the same rate as the one that was used for TGA. RTA
in air with short holding times (30 s to 10 min) at any tem-
perature may deviate from the TGA-predicted outcomes
due to diffusion kinetic limitations. Our results indicated
that partial oxidation of the initial Ti,SnC MAX phase was
achieved even at 1000°C when the high heating rate and

5:00 10:00 0:30 2:00 5:00 0:30 5:00
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FIGURE 1
under synthetic air atmosphere (20 mL/min) acquired at a heating
rate of 10°C/min.

Thermogravimetric analysis (TGA) of Ti,SnC

short holding time (only 30 s at 1000°C) of RTA treat-
ments are employed. Our study label samples according to
temperature, time, and oxidation method (e.g., 700-1hOAF
refers to Ti,SnC oxidized via OAF treatment at 700°C for
1h).

Following the oxidation of the Ti,SnC powders, XRDs
were obtained (Figure 2A,B). The analysis of the XRDs
indicates the gradual reduction in the MAX phase and
appearance of TiO, and SnO, with increasing heating tem-
perature and time. For a further qualitative assessment of
the phases present in each sample, the patterns were ana-
lyzed by Rietveld refinement. The phases present in each
sample are displayed in Figure 2C. The fittings of 800-
30sRTA with the present phases and estimation of average
composition are presented in Figure S2. The fitting of all
samples is seen in Figure S3. The values of mass% are to
be understood in a semiquantitative context because the
preferential orientation of the layered MAX phase leads to
overestimating and underestimating certain phases and an
overall inaccuracy in the fitting, as observed from the high
residual factor of sample 500-2hOAF composed solely of
Ti,SnC.

The OAF samples show no evidence of Ti,SnC oxida-
tion with heating to 500°C for 1 or 2 h, but a change in the
XRD indicates the beginning of oxidation at 600°C for 1 h.
At this condition, new oxide peaks begin to appear at the
cost of reducing the Ti,SnC (002) diffraction peak inten-
sity. Ti,SnC and metallic tin are present together with the
mixture of TiO, and SnO,. Prolonged oxidation times at

85U8917 SUOLILIOD aAIERID 9|gedldde ay) Ag pausenob ae Sajoile YO 8sn Jo o Joj Arelg1 8UIUQ 431N UO (SUONIPUOD-pUe-SLLR) W0 A3 | ImAte.d 1 putuo//sdny) SUOHIPUOD pue sWB | 8y} 8eS *[7202/50/90] Uo Akeiqiauljuo A3|Im ‘0TO6T 928 (/TTTT 0T/I0p/Woo A8 |im Alelq 1jpul U0 SO ILLEIRD//SA1Y WoJ ) pepeo umod 'S ‘€202 ‘9T6ZTSST



JO nal 3265

JOLLY ET AL.
American Ceramic Society
AY T T (B) | i Ti,SnC — Sn + 2TiCy 5 2
= . 1000-30sRTA
5 |roo-moar L | | 5 soosmRTA TiCy 5 + 1.50, — TiO, + 0.5CO, (3)
g /*U 2hOAF . I ) E SOU-ZTRTA A
§ 600-ThOAF T N :t:: ¢ |
2 W 2 S B Y| PR Sn + O, — SnO, 4)
g § L700-10mRTA A
B 500-1hOAF Jl - {
| RN SoomRTA I According to Equation (1), the reaction occurs at lower
8 16 24 m 40 48 6 64 6 16 24 32 40 48 B 6 temperatures. The decomposition of Ti,SnC (Equation
c 20 (degrees) 26 (degrees) 2) and the following oxidation reactions according to
© Equations (3) and (4) take place at higher temperatures.
T e This system’s threshold between oxidation and decompo-
$no, sition of Ti,SnC seems to occur at 800°C. This is higher
Sn .
Tic A than what has often been reported for this system (500-
¢ ¢ ¢ 8¢ &k EEEEEEEE 600°C).*>*! This upshift in the threshold temperature is
8§88 F R 432 d4{s 8 8 ¢ due mainly to the reduced oxygen content and exposure
time to the MAX phase.
FIGURE 2 X-ray diffractograms of Ti,SnC after oxidation via When the treatment times are increased from 30 s to 2

open-air furnacing (OAF) (A) and rapid thermal annealing (RTA)
(B). The circle marker represents the peaks position of Ti,SnC (PDF
01-085-6647), the black dash for TiO, (PDF 01-079-5860), the green
dash for TiC (PDF 01-070-7697), the pink dash for Sn (PDF
01-085-4244), and the blue dash for SnO, (PDF 01-075-9494). Phases
identified in the Ti,SnC MAX phase oxidized at different conditions
obtained by Rietveld refinement of the X-ray diffractograms (C).

600°C led to the further decomposition of the MAX phase
and the gradual increase of both oxides. The increase of the
oxidation peak intensity and decrease of the Ti,SnC peaks
continues until temperatures at or above 700°C, at which
there is the complete removal of Ti,SnC and total oxidation
is achieved, producing a sample composed of approxi-
mately 67 mass% rutile and 33 mass% SnO,. The RTA
samples show a relative increase in oxidation peaks and a
decrease in Ti,SnC peaks from 600°C 10 min to 800°C 30s.
Longer holding times display a higher peak intensity ratio
of oxide to Ti,SnC than lower holding times at the same
temperature. The (002) Ti,SnC peak only fully disappears
after treatment at 1000°C for 5 min. Nevertheless, the RTA
oxidation leads to more complex compositions. At lower
temperatures of 600 and 700°C, the samples are mainly
composed of rutile and SnO,. Compared to the OAF treat-
ment, the reduced treatment time of RTA (30 s of heating
and a maximum of 10 min of holding time) causes oxygen
depletion. Thus, no complete oxidation is achieved, and
residual Ti,SnC and metallic Sn are present.

At 800°C and above, TiC emerges as a significant phase
in the samples’ composition. The mechanism of Ti,SnC
oxidation occurs through an oxidation—decomposition-
oxidation process, according to the following equations:*°

TiZSnC + 402 - Sn02 + 2T102 + C02 (1)

or 5 min, there is a decrease in the amount of TiC (from
>35 mass% at 30 s to <15 mass% at 5 min), followed by an
increase in the oxide content. The effect of the temperature
can be observed by a pronounced decomposition (in 30 s)
with the increase in TiC and Sn contents, and oxidation (in
5 min) with consumption of these phases and increase of
oxides content from 800 to 900 and 1000°C. Even though
tin is known to oxidize already at 150°C, metallic Sn is
present even at higher temperatures or prolonged times.
Cross-sectional analysis of bulk oxidized Ti,SnC samples
indicates that Sn-rich regions are formed at the interface
between Ti,SnC and TiO,/SnO,, trapped and protected
from oxidation.’® In general, there is a higher content of
SnO, in the samples oxidized at lower temperatures. This
is because reaction (1), taking place at lower temperatures,
is driven by the oxidation of Sn, which has a weaker bond
to TigC octahedra. With the increase in temperature, an
increase in the diffusion of Ti and C, and the Sn inter-
layer leads to a swap in the oxidation process that favors
Ti rather than Sn.***° It is worth noting that, according to
the Ellingham diagram, the oxidation reaction of Ti is ther-
modynamically more favorable than that of Sn. Thus, in
the presence of limited O, content diffused in the material,
TiO, is preferentially formed first.

In addition to XRD, we also carried out Raman spec-
troscopy. The recorded Raman spectra (Figure 3A,B)
further illustrate the gradual oxidation and decomposi-
tion of the MAX phase. After thermal treatments, the
spectral region between 1200 and 1700 cm~! features sig-
nals related to carbon vibrational modes. The band at ca.
1350 cm™! is the D-band and is assigned disordered car-
bon. The band at ca. 1600 cm™~! is the G-band and relates
to sp?-hybridization carbon. Upon the heat treatment and
oxidation of the metal species, these bands start to arise
due to the formation of free carbon. For the OAF process,
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FIGURE 3
open-air furnacing (A) and rapid thermal annealing (B). The black
tie-line represents anatase TiO, (RRUFF R070582), the blue
represents rutile TiO, (RRUFF R050031), and the pink represents
SnO, (RRUFF R050502). The black diamond and black circle
indicate the D- and G-bands of carbon, respectively.

Raman spectra of Ti,SnC after oxidation via

the samples treated at lower temperatures present broader
bands characteristic of amorphized species. The increase
in temperature and holding time led to a higher graphitiza-
tion degree with a well-defined G-band in the 700-1hOAF
sample. However, due to high temperature and oxidizing
conditions, further oxidation with prolonged time led to
the complete removal of carbon species in 700-2hOAF.
The RTA samples also feature a carbon signal, and carbon
is retained in all samples for temperatures of 700°C and
above.

Another set of spectral changes occurs in the region
below 900 cm ™. The pristine MAX phase shows bands at
247 and 347 cm™! corresponding to the Ejg and A;; modes,
respectively.*> After the thermal treatments, these bands
are replaced by characteristic oxide signals. Rutile TiO,
shows distinctive bands at 440 cm™! (Eg) and 610 cm™!
(Ajg), besides a broad band at ca. 235 cm™! assigned to the
disordered-induced multi-phonon process.** Meanwhile,
SnO, is characterized by a low-intensity band at about
560 cm™, an intense band at 630 cm™ (A, mode), and
a broader signal at about 770 cm™! (B,).** Most spectra
show a characteristic profile of the TiO, rutile phase, espe-
cially for the treatments at higher temperatures/holding
times. For the RTA samples at reduced treatment times,
there is band broadening or the emergence of a shoulder
corresponding to the presence of SnO, in the sample. Sev-
eral works observed similar behaviors where mixtures of
TiO, and SnO, with Ti content as little as 9 mass% led to a
complete eclipse of SnO, bands.*>*’

For further characterization and electrochemical inves-
tigations, we chose the following samples: 600-1h-OAF,
600-2hOAF, 700-1hOAF, 800-30sRTA, and 800-5minRTA.
These samples possessed the desired composition of SnO,,
TiO,, and residual MAX carbide, with approximate total
oxide weight percentages of at least 50% and Ti,SnC weight

FIGURE 4

Scanning electron micrographs of the pristine
Ti,SnC (A) and oxidized samples 600-1hOAF (B), 600-2hOAF (C),
700-1hOAF (D), 800-30sRTA with inset showing a higher
magnification of the same sample (E), 800-5minRTA (F).

percentages below 30% (excluding 700-1hOAF, which indi-
cated no Ti,SnC presence) according to the Rietveld fit
analysis of XRD patterns (Figures S2 and S3).

In the next step, we investigated the morphology of the
oxidized samples by SEM (Figure 4). The SEMs reveal
oxidized particles coating the tops and edges of the lay-
ered MAX sheets in the range of 0.2-2 um. These oxide
particles are crystalline (with the size of <200 nm) and
much smaller than the MAX phase particle size, allow-
ing for a relatively uniform coating of the MAX layers. As
expected, 700-1hOAF had no layered morphology, display-
ing only oxide particles supporting the absence of Ti,SnC
in Rietveld analysis and XRD. Raman spectroscopy also
indicates the presence of amorphous carbon. 800-30sRTA
showed the most uniform coating of oxide particles among
the samples.

The nanostructure of the hybrid material is seen more
clearly at higher resolution using TEM. We exemplify
this by choosing 800-30sRTA. It showed the most promis-
ing microstructure using SEM (Figure 4E), a complex
composition indicated by XRD, and (as shown in a later
section) provided attractive electrochemical performance.
TEMs (Figure 5) of 800-30sRTA show sheetlike parti-
cles composed of smaller particles agglomerates, which
constitute most of the sample. The smaller particles
present crystalline domains below 20 nm and are homo-
geneously distributed in an incompletely crystalline. The
lattice fringe spacings in these domains correspond to the
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FIGURE 6 Electrochemical data for 800-30sRTA: cyclic voltammograms recorded at 0.1 mV/s over 50 cycles (A), electrochemical
impedance spectrum (B), and galvanostatic charge/discharge voltage profile at 100 mA/g (C).

d-spacing of 3.24 A for (110) of rutile (PDF 01-1291), 3.40 A
for (110), and 2.67 A for (101) of SnO, (PDF 01-0625), and
2.91 A for (200) of tin (PDF 01-0926).

3.2 | Electrochemical performance

Our study aims to establish the electrochemical perfor-
mance of oxidized Ti,SnC hybrid materials as lithium-ion
battery electrodes. To this end, we conducted a series of
electrochemical benchmarking experiments in alignment
with the state-of-the-art. To study the electrochemical
performance of this anode material, cyclic voltammetry
between 0.001 and 3.0 V versus Li/Li* at 0.1 mV/s and
EIS were performed (Figure 6 and Figures S4-S7). Cyclic
voltammetry over 50 cycles (Figure 6A) indicates the
primary reversible oxidation peaks between 0.4 and 0.7 V
versus Li/Lit and two secondary sharp oxidation peaks
between 0.70 and 0.85 V versus Li/Li*. Furthermore, there

is a secondary reduction peak around 0.9 versus Li/Lit.
These secondary peaks can be attributed to reactions
alongside the primary oxidation and reduction typical
to Sn0,.**° The phases responsible for these reactions
are consumed over time. Thus, the peaks are no longer
present beyond the 10th cycle. A reduction in the redox
peaks’ intensity over cycling was also observed in the other
oxidized samples (Figures S4-S7), with various heating
times, indicating no relative change of side reactions
between shorter and longer heating times.

Previous work has demonstrated that SnO, has a single
primary oxidation peak around 0.75 V, a broad secondary
oxidation peak around 1.3 V, and a secondary reduc-
tion peak around 0.80 V.*° Similarly, SnO, shows two
primary oxidation peaks between 0.50 and 0.65 V, two
secondary oxidation peaks between 0.70 and 0.80 V, and
a secondary reduction peak at 0.90 V.°° Rutile-type TiO,
typically presents oxidation and reduction peaks between
2.6 and 1.0 V with very broad redox processes, leading
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to a continuous charge/discharge slope with no defined
plateaus.”?

The electrochemical impedance spectra (Figure 6B)
show a system resistance of approximately 4.1 Q and
a semicircle showing a charge transfer resistance of
approximately 46.1 Q. Of the other investigated sam-
ples, 600-1hOAF and 600-2hOAF, show a higher sys-
tem resistance but comparable charge transfer resistance
(Figures S4B-S5B), 700-1hOAF shows a comparable sys-
tem resistance, but a larger charge transfer resistance
(Figure S6B), and 800-5mRTA shows higher charge trans-
fer resistance of ca. 117 Q (Figure S7). A direct comparison
of 800-30sRTA to 800-5mRTA and 600-1hOAF is shown
in Figure S8 as well as the circuit fitting parameters in
Table S1. Besides the presence of TiC and more Ti,SnC,
this sample also presents a smaller content of TiO,, which
could lead to better charge transport within the sample, as
is observed that small amounts of TiO, in SnO, samples
can decrease its bandgap.”

In the next step, we investigated the electrochemical
charge/discharge behavior at varying rates. To study the
rate handling capability, the assembled coin cells were
electrochemically cycled between 1 mV and 3 V versus
Li/Li* at specific currents of 50, 100, 200, 1000, 2000, and
50 mA/g to observe the specific capacity and cycling stabil-
ity of the electrodes (Figure 7A and Figure S9A). At initial
low rates of 50 mA/g, capacity values ranged from about
200 mAh/g (600-1hOAF) to approximately 400 mAh/g
(800-5minRTA). At very high rates of 2000 mA/g, among
all tested samples, the 800-30sRTA sample exhibited the
highest capacity of 150 mAh/g. This excellent rate handling
capability for the 800-30sRTA sample can be attributed to
its mixed composition, where residual Ti,SnC alongside
TiC and metallic Sn and carbon byproducts provide high
electrical conductivity.

The coin cells were further investigated at a constant
current density of 100 mA/g to determine the longevity
and stability of the anodes (Figure 7B). Initial lithia-
tion and delithiation capacities for 600-1ThOAF were 502
and 357 mAh/g, respectively, whereas they were 383 and
202 mAh/g for 600°C at 2 h, and 838 and 427 mAh/g for
700°C at 1 h, but these values dropped to values below
100 mAh/g after 100 cycles. Electrodes from 800-5minRTA
displayed an initial lithiation capacity of 735 mAh/g and
a delithiation capacity of 463 mAh/g, both of which
degraded substantially over 100 cycles. However, RTA
800-30sRTA displayed initial lithiation and delithiation
capacities of 408 and 309 mAh/g, which only reduced to
a reversible capacity of around 230 mAh/g after 100 cycles
that increased then to around 270 mAh/g after 150 cycles.

The values of Coulombic efficiency remain at around
97% until approximately 60 cycles. It increases to 98.5%
after 150 cycles, confirming the expected decrease in lost
Li* with increased cycling. The initial Coulombic effi-
ciency displayed by this material is low. This may align
with lithium consumption from irreversible side reactions
caused by the synthesis procedure, which could likely
be eliminated with further optimization of the synthesis
methodology. For clarity, the Coulombic efficiency val-
ues of the remaining stability curves are presented in
Figure S9B.

Direct comparison between the same temperature con-
ditions indicates that the samples with longer holding
times exhibit higher specific capacities. Still, these val-
ues degrade more rapidly than in their lower-holding time
counterparts. We attribute this increased initial value and
quick degradation to the higher ratio of metal oxides to
unoxidized Ti,SnC in the longer heating time samples,
as SnO, has a high theoretical capacity (782 mAh/g),*®
but it displays capacity degradation due to the stress of
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lithium insertion.””-?! This trend is even more intense
between samples of two oxidation temperatures with the
same holding time, meaning that the higher temperature
is associated with a lower relative concentration of Ti,SnC.
For example, Ti,SnC content dropped from ~28 mass% in
600-1hOAF to =~0% in 700-1hOAF, and this drop is accom-
panied by a drop of cyclability as the specific capacity faded
less than 20 mAh/g after 40 cycles for 700-1hOAF, whereas
it was still around 206 mAh/g for 600-1hOAF despite the
higher initial specific capacity of 700-1hOAF (838 mAh/g)
than that of 600-1hOAF (503 mAh/g).

Although a further investigation into the specific mech-
anisms of lithium storage present in these composites is
necessary, previous literature provides an understanding
of the likely pathways. The low experimental capacities
of Sn-containing MAX phases align with nonsignificant
changes in the morphology and structure of the ceramic
material.**>* It is well established that the electroactivity
of TiO, comes from the intercalation and deintercala-
tion of lithium. However, this diffusion-limited process
can vary among forms of TiO,.'**!>17 Sn0, also under-
goes an alloying reaction with lithium, causing the volume
expansion issues associated with pure SnO, anodes.'®!” As
the pure Ti,SnC samples demonstrated very low capaci-
ties, our composite materials exhibit lithiation via Li-ion
intercalation into TiO, and an alloying reaction with SnO,.

These capacity results align with previous work on tin
and titanium oxide anodes, which typically demonstrate
capacity values between 150 and 250 mAh/g for TiO, (Refs.
[7, 9-12, 16, 17, 54, 55]) and 400 and 800 mAh/g for SnO,
(Refs. [20, 56-58]). Materials like SnO,-modified TiO,
have demonstrated initial capacity values between 350 and
450 mAh/g at 100 mA/g,” which is very well aligned
with the results of this study. However, M,SnX phases
have demonstrated capacities below the theoretical capac-
ity of Sn, with Nb,SnC showing capacities below 200 mA/g
when used as an anode for LIBs.**** Currently, most com-
mercially available anodes are made of graphite, with a
theoretical capacity of 372 mAh/g.>® Although this value
is still marginally higher than the experimentally observed
capacity of 800-30sRTA, likely, further development of the
structure and composition of this composite material could
easily allow the outperformance of graphite. Based on
these results, 800-30sRTA shows a preferable composition
of carbide and oxides for an anode material, as it displays
the best combination of high capacity and stability over
time.

4 | CONCLUSIONS

Thermal oxidation of Ti,SnC in air using slow and
rapid heating conditions resulted in the TiO,-SnO,-

Ti,SnC/TiC/C hybrid materials, as confirmed and char-
acterized by XRD, Raman spectroscopy, and electron
microscopy. The structure, composition, and respective
phase content within these hybrid materials strongly
depend on the oxidation conditions. Lower temperatures
allowed for slow direct oxidation of Ti,SnC to form
a coating of small TiO, and SnO, particles, whereas
higher temperatures and limited oxygen supply facilitated
a rapid decomposition of Ti,SnC to also form TiC and
bound metallic Sn. Combining conductive materials (car-
bide/carbon) and electrochemically active metal oxides
(namely, titania and tin oxide) makes the hybrid materials
highly attractive for use as LIB anodes.

Among the tested samples, 800-5minRTA (consisted
of mainly TiO,-SnO,-C with about 15 mass% TiC and
<2 mass% Ti,SnC) achieved 735 mAh/g capacity at
100 mA/g, but it was not stable as the capacity faded to
117 mAh/g after 100 cycles. RTA of Ti,SnC in air at 800°C
for 30 s that exhibited more Ti,SnC (10 mass%) than
800-5minRTA produced the electrochemically most effi-
cient composition of carbides and oxides for LIBs as it
displayed a stable reversible capacity of around 270 mAh/g
after 150 cycles. This sample also showed an excellent
capability to handle a high cycling rate; demonstrating
a specific capacity of 150 mAh/g at 2000 mA/g. The
higher Ti,SnC content enhanced the electrical conduc-
tivity and mechanical stability of the hybrid. Although
further investigation will have to address this material’s
specific morphology and longevity, our data demonstrate
the viability of using one single-MAX phase (namely,
Ti,SnC) as a precursor for mixed oxides/carbide/carbon
hybrid materials. This technique results in improved elec-
trochemical performance over the as-synthesized MAX
phase, which is limited to surface lithium interaction,
opening the material family up for further energy storage
applications. Considering that carbide MAX phases con-
taining V, Cr, Nb, Mo, Hf, Ga, In, and Sn can be produced,
realizing hybrid structures of these metal oxides with car-
bon and carbides will be of interest for many applications
varying from energy storage to catalysis, electronics, and
sensing.
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