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Synthesis of Ti;AlC, MAX phase

Ti3AlC, MAX phase was synthesized from Ti (with a particle size of 44 um and 99.5% purity), Al
(with a particle size of 44 um and 99.5% purity) and TiC (with a particle size of 2-3 um and 99.5%
purity) powders which were mixed in the molar ratio of Ti: Al: TiC=1.2:1.2:1.8. All chemicals
were used as received from Alfa Aesar, MA, USA. The bulk high-purity Ti;AlC, samples were
synthesized by heating up the Ti+Al+TiC powder mixture in a tube furnace to 1510 °C at 10 °C/min
and being kept for 4 hours. After sintering, the highly porous bulk Ti;AlC, samples were drill-
milled to obtain TizAlC, powder, which was then sieved to obtain the powder with particle size

less than 45 pm.
Synthesis of Ti;C,Ty MXene (MXs) clay

Ti;C,Tx MXene clay was obtained by etching the Al layer from the sieved MAX phase by a wet
etching method. 50 mL of 6 M hydrochloric acid (HCL) solution (ACS reagent, Sigma-Aldrich)
and 3.0 g of lithium fluoride (LiF) (with the purity of 98+%, Alfa Aesar) were first mixed in a
polypropylene bottle until all LiF was dissolved. The solution was heated to 35 °C before 5 g of
as-prepared MAX powder was slowly added into the solution over 15 minutes to prevent
overheating. The mixture was continuously agitated and reacted for 40 hours. Deionized water was
used to wash the MXene clay repeatedly until pH of the water effluent reached a minimum value

of 6.
Intercalation and delamination of MX clay

MXene clay was intercalated with dimethyl sulfoxide (DMSO) (>99.5%, Sigma-Aldrich) with
agitation for 20 hours. After washing the DMSO away by distilled water, the MXene clay in water
dispersion was bath sonicated for 60 mins to exfoliate into nanosheets. The delaminated dispersion
was centrifuged at 3500 rpm for 1 hour to separate the unexfoliated MXenes and other heavier
components. The supernatant containing the Ti3C,Tx nanosheet dispersion was collected after

centrifugation, while the sediment after centrifugation was discarded.
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Figure S1. (a) X-ray diffraction spectra (XRD) of Ti;AlC, MAX phase and Ti;C,Tx MXene
nanosheets (b)-(e) X-ray photoelectron spectroscopy (XPS) spectra of Ti 2p, O 1s, C 1s, and F 1s

for the MXene nanosheets.

XRD patterns of MXene nanosheets were obtained using a Bruker D8 powder X-ray
diffractometer with a CuKa (L = 1.5418 A) radiation source. The scan was performed with a step
size of 0.02° and a scan rate of 1.5 s per step. The MXene film used for XRD was obtained by

vacuum filtration. An Si zero-background sample holder was used in the test.

X-ray photoelectron spectroscopy (XPS) spectra were probed using an Omicron X-ray
photoelectron spectrometer employing a Mg-sourced X-ray beam to irradiate sample surface. The
photoelectrons emitted from sample surface were collected by a 180° hemispherical electron
energy analyzer. During all scanning, charge neutralization by a dual beam charge neutralizer was
performed to remove the low-energy electrons to eliminate the BE shifts in the recorded spectra.
Samples for XPS measurements were prepared by freeze drying the Ti;C,Ty dispersion. High
resolution spectra of Ti 2p, C Is, O 1s, F 1s were recorded at a pass energy (constant analyzer

energy, CAE) of 30.0 eV with a step size of 0.05 eV.
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Figure S2. Atomic force microscopy (AFM) image of MXene nanosheets. MXene nanosheets had
a lateral size of around 1 pm and a thickness around 1.2 nm. The sample tested using AFM was
prepared by dropping casting the diluted MX dispersion on a freshly cleaved mica substrate. The

sample dried overnight under vacuum at 40 °C. Height profiles of nanosheets were obtained in

tapping mode (Bruker dimension icon AFM).
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Figure S3. (a) Digital image of freeze-dried MXene nanosheets in 1 wt% sodium alginate solution
in water. A minute of bath sonication is enough to form a stable dispersion of MXenes in water.
(b) Digital image of super P carbon black (CB) in 1 wt% sodium alginate solution in water.
Sonication and stirring for 30 minutes was required to somewhat disperse the Super P carbon

black.
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Figure S4. (a) Cyclic voltammogram at 0.1 mV/s (3" cycle for each) and (b) cycling performance
at 0.1 C in CC-CV mode for 1 five cycles followed by 0.5 C in CC mode for the remaining cycles.
Electrodes with different MXene content were compared. Electrode with 4 wt% MXenes showed

higher capacities than the one with 2 wt% MXenes.
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Figure SS5. Voltage profile of Si/Alg=80/20, Si/Alg/CB=80/16/4, and Si/Alg/MX=80/16/4 for the

15t cycle at 0.1 C. Selected remaining cycles from 6% to 200" cycle at 0.5 C are shown in Figure

3b-d in the main text.
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Figure S6. Digital images of Si/Alg, Si/Alg/CB, and Si/Alg/MX electrodes before and after
cycling.

Table S1. Electronic conductivities of Alg/MX and Alg/CB polymer composites without any
silicon nanoparticles. Four-point probe was used to determine resistance from which electronic

conductivities were calculated.

Sample 80 % Alg+20% | 90 % Alg+ 10 % | 80 % Alg+20% | 90 % Alg + 10 %
CB CB MX MX

Electronic 1.82x 10 Beyond 2.62x 104 1.00 x 10

conductivity detection limit

(S/cm)

These samples were made without silicon nanoparticles.



Effect of Silicon Loading

We performed a study on the effect of silicon loading silicon anode performance. We made
electrodes with low (0.38 mg/cm?) and high (1.2 -2.2 mg/cm?) silicon loading (Figure S7), along
with electrodes with intermediate silicon loading (~0.7 mg/cm?). The lowest loading electrodes
demonstrated a capacity of 970 mAh/gg; (776 mAh/g..) at the 200" cycle at 0.5 C, which was
higher than the electrode with intermediate loading. The high loading electrodes (1.2 mg/cm?)
exhibited the poorest capacities as compared to the other two silicon loadings tested. This is
observed because of poor adhesion to the current collector, higher diffusion limitations, and larger
stress generation in thicker (or higher loading) electrodes.! The adhesion effects with mass loading
were confirmed by doing a peel testing. The adhesion of the highest loading electrode to the copper
current collector was the poorest, followed by intermediate and low loading electrodes (Figure
S8). We did not test the 1.8 mg/cm? and 2.2 mg/cm? loading electrodes because of very poor
adhesion properties. Though the lowest loading electrodes delivered the highest capacities, it is

unrealistic to use those for practical applications.!

4000 T—r——r———————————————— 100
i % ® Si/Alg/MX=80/16/4
2 3200 12 0qc ©® SVAlg/MX=80/16/4 (0.38 mg/em?) 180
< o8 ® Si/Alg/CB=80/16/4 g
£ 2400 ’*_ ® Si/Alg/MX=80/16/4 (1.2 mg/cm?) Q
%* 16 ® Si/Alg/MX=80/16/4 (Aged MXenes) 60 -3
’ - —
g ® %
S 1600 g
S =
9 o)
e =
S o
9 800 3
a)
01 ' . . »
0 50 100 150 200

Cycle number

Figure S7. Cycling performance of silicon electrodes.
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Figure S8. Tape test to determine peel strength test of Si/Alg/MX electrode with low (0.38

mg/cm?), intermediate (0.7 mg/cm?), and high (1.2-2.2 mg/cm?) active material loadings.
Effect of MXene Aging

MXene nanosheets (in colloidal form in water) oxidize over time which causes drop in
electronic conductivity due to degradation of MXene nanosheets to TiO,.>> To understand the
effect of MXene oxidation on silicon anode performance, we compared silicon anodes that had
been prepared with freeze-dried> MXenes that were aged for 20 days under vacuum at room
temperature. All prior electrodes presented utilized fresh MXenes. As seen in Figure S7, the aged
electrode had a capacity of ~590 mAh/gs; at the 200™ cycle, which was ~65% lower than the
electrodes made with fresh MXenes. This result is expected because the storage method we
employed does not completely ensure protection of MXenes from oxidation. Therefore, aging of
the MXenes results in poorer silicon anode performance because of oxidation and a drop in

conductivity.*



Electrochemical Impedance Spectroscopy
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Figure S9. Equivalent circuits used for fitting the Nyquist data obtained from electrochemical

impedance spectroscopy (EIS) (Figure 4 in main text) (a) before cycling (one time constant) and

(b) after cycling (two time constants).

Table S2. Equivalent circuit fit values for the Nyquist plot (Figure 4 in main text and Figure S9)

obtained from electrochemical impedance spectroscopy performed on Si/Alg, Si/Alg/CB, and
Si/Alg/MX electrodes before cycling, after 10 and 50 cycles.

Before cycling
Dyi*
Ro(@ | Rer @ | (0 | R @ | ooy | 0@y (x10
cm?/s)
Si/Alg 3.3 116 3.5 - - - -
Si/Alg/CB 0.8 104 400 - - - -
Si/Alg/MX 1.2 51.4 6.3 - - - -
After 10 cycles
Si/Alg 1.2 5.1 121 7.8 4.3 9.1 3.26
Si/Alg/CB 0.7 17.9 8.7 107 339 50.7 0.15
Si/Alg/MX 1.0 2.5 1.4 5.6 18.4 9.4 20.2
After 50 cycles
Si/Alg 1.2 18.9 830 10.2 6.4 6.7 0.78
Si/Alg/CB 1.0 1.4 3.6 139 329 473 0.08
Si/Alg/MX 1.0 3.0 0.9 5.4 22.5 8.4 26.9




Equivalent circuits were fit to the Nyquist plot (Figure 4) in the main text using the ZView
software. The error value for each fit was less than 0.01 which implied that the model represented
a good fit. The fitted values (Rp, Rcr, CPE, Rgg) are represented in the table above (Table S1).
Diffusion coefficient of Li* ions (D;;*) after 10 and 50 cycles was calculated using Eqn 1 and 2.

Zpo=Ry+Rep+ow™ (1)
1 Vm\(dV\],
L === -(2)
Li 1[\FSo/\dX

Here, D;; is the diffusion coefficient (cm?/s), w is the radial frequency (s!), Zz. is the real
impedance, R is ohmic resistance, and R.r is charge transfer resistance, V), is the molar volume
of silicon, F'is Faraday’s constant (96485 C/mol), S is the surface area of electrode (for simplicity,
the geometric area of the electrode in cm? (2.01 cm?) is used), o is a parameter calculated from the
slope of the plot of real impedance (Zz.) vs. @ (Figure S10a and Eqn 1), and dV/dx is the slope
electrode potential (¥) vs. Li ions in Si (X) plot (Figure S10b). The calculations were done

following the previous reports.>
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Figure S10. (a) Plot of real impedance (Zz,.) vs. 3. This graph is plotted from the Nyquist data
in Figure 4. The slope of this plot gives the value of 0 used for calculating solid state diffusion
co-efficient of Li* ions using Eqn 2. (b) Plot of Potential (¥) vs. X Li in silicon for 11t and 51%t
cycle at 0.5 C. Here, X is amount of Li ions in silicon. Inset shows a plot of dV/dX vs. X Li in

silicon.
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Figure S11: Energy dispersive X-ray spectroscopy (EDS) of Si/Alg, Si/Alg/CB, and Si/Alg/MX

electrodes before and after cycling. For electrodes after cycling, the cells were disassembled in a

glovebox and the electrodes were cleaned with dichloromethane to get rid of excess salts. These

electrodes were then dried in vacuum at room temperature for 3 days. EDS was performed on

JEOL JSM SEM equipment with an accelerating voltage of 20 kV and working distance of 8 mm.



XPS
X-ray photoelectron spectroscopy (XPS) was performed on Si/Alg, Si/Alg/CB, and

Si/Alg/MX electrodes before and after 50 cycles. The XPS spectra were obtained using an
Omicron ESCA Probe with a monochromated Mg Ka radiation. The survey scans (Figure S12)
were conducted using a pass energy of 100—1,100 eV with steps of 1.0 eV and 50-ms dwell time.
High-resolution scans (Figures S13-S15) were conducted at a pass energy of 150 eV with steps of
0.05 eV. A Shirley-type background correction was applied, and curve fitting was performed using
a Gaussian-Lorentzian peak shape. As expected, all electrodes showed F 1s peak after cycling. The
Ti 2p peak in Si/Alg/MX electrodes was not detectable due to very low concentration in entire
electrode) of MXenes (4 wt%) in entire electrode. The electrodes after cycling demonstrated peaks

from expected products of SEI, to name a few, LiF, Li,PF,, CH,OCOOL,4, etc.
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Figure S12: X-ray photoelectron spectroscopy survey scans for Si/Alg, Si/Alg/CB, and Si/Alg/MX

electrodes (a) before and (b) after 50 cycles.
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Figure S13. Deconvoluted C 1s, O 1s, Si 2p, and F 1s peaks for Si/Alg electrode before and after

50 cycles.
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Figure S14. Deconvoluted C 1s, O 1s, Si 2p, and F 1s peaks for Si/Alg/CB electrode before and
after 50 cycles.



Si/Alg/MX=80/16/4

Before cycling

After 50 cycles

JC1s C-C,CH qC1s —CC,CH
€0, C-OH
4 ——0-C=0
el 3 ]
& | s
= =
g z |
o A [
E E |
275 280 285 200 295 300 275 280 285 280 295 300
Binding energy (eV) Binding energy (eV)
0O1s = C-0-C, C-O-H, C-Ti-Ox O1s —C-0-C, C-O-H, C-O-Li, LF-OH
—— Q=C-O ——0-C=0, ROCO2Li
‘o.c=0 1 ‘D=C-0R-0CO2LI
3 ER
s 5
] z
5 5
£ £
520 525 530 535 540 545 520 525 530 535 540 545
Binding energy (eV) Binding energy (eV)
Sizp —si Si2p ——si0x
1 — SiOx
El 3]
a o
z =
£ 2z |
E £
e2 95 9 101 104 107 110 gz 95 93 101 104 107 110
Binding energy (eV) Binding energy (eV)
Fls 1F1s —CF
1 ! —— LiF, C-Ti-Fx
1 "m LixPFy
El = ]
E A" :
1| : |
2 % 1
2] Al Mt |
675 679 683 687 691 695 675 679 683 687 691 695
Binding energy (eV) Binding energy (eV)
Tizp
g
: bl |
z \} N "LJ"/\ A
£ T A
= lA Ll | “ / /y‘
|
I LA
445 450 455 460 465 470 475

Binding energy (eV)

Figure S15. Deconvoluted C 1s, O 1s, Si 2p, and F 1s peaks for Si/Alg/MX electrode before and

after 50 cycles.
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Figure S16. (a) Rate performance of Si/Alg, Si/Alg/CB, and Si/Alg/MX all combined in one graph.

The C-rate was increased form 0.1 C to 5 C and then brought back to 0.1 C to determine the

capacity recovery. Voltage profiles for the 1% cycle at every C-rate for (b) Si/Alg, (c) Si/Alg/CB,
and (d) Si/Alg/MX electrode. The voltage profiles at 2 C and 5 C for Si/Alg are not shown because

very few data points were collected at those C-rates.
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Figure S17. Ragone plot of silicon-based electrodes. Here, both specific energy and power are
based on mass of silicon in electrode. The data shown in grey (filled and hollow) is taken form

literature. 13
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Figure S18. (a) Cycling performance of Si/MX=96/4 wt% electrodes without any sodium alginate
binder. The cycling was performed at 0.1 C in CC-CV mode followed by 0.5 C in CC mode. (b)
Rate performance of Si/YMX=96/4 wt% at different C-rates.

A silicon-based electrode with 96 wt% Si and 4 wt% Mxenes was fabricated (same way as listed
in electrode synthesis section). No binder was added here. The as-synthesized electrodes were then
used to fabricate cells (same way as listed in electrochemical characterization section). The
electrode demonstrated very poor cycling performance with capacity dropping to less than 150
mAh/g within 10 cycles. The rate performance was also poor, and the cell died after C-rate of 2 C
(i.e. higher current values). This implies that 4 wt% MXenes alone are not enough to ensure

electrode integrity and a binder is necessary.



After drying

Figure S19. Images of Si/Alg/MX=80/16/4 dispersion vacuum filtered through Nylon membrane
(left shows the image before drying and right shows the image after drying). The contents in the
desired ratio were mixed in water to give a final concentration of 1 mg/ml. 40 ml of this solution

was then vacuum filtered through the membrane.



Table S3. Table with values of specific energy and capacity (both normalized by mass of silicon

and total electrode mass), MX content (wt%), Si content (wt%), and electrode composition.

Refer | Specific | Specific | Long term MX/rGO | Si Si Electrode Specific | Specific
ence | power energy cycling capacity | /C content | loading composition | power energy
(W/kg (Wh/kg content (wt%) | (mg/cm?) (W/kg (Wh/kg
of Si) of Si) total) total)
340.0 3880 900 mAh/gg;, 270.0 3100
.| 615.0 2750 720 mAh/gto . 490.0 2200
VTVEE 1790 | 2290 at 200" cycle at 1\55,24 80 07 |5V ?Ol/glfgfj(_ 1430 | 1830
3570 1670 05C 2850 1340
7150 945.0 5720 760.0
300.0 2910 1700 mA}lll//gSi, Si. 130.0 1270
Ref. | 750.0 2420 1140 mAh/g MX= 325.0 1050
37 1490 1960 at 200t cycle at | 22 wt% 43 0.45-0.6 1\1)6(2(/:2%//11&511% 650.0 850.0
2990 1330 ~0.14 C 1300 580.0
150.0 3100 1450 mAbh/gg;, 105.0 2170
300.0 2900 1015 mAh/goal 210.0 2030
500.0 2700 at 300* cycle at . 350.0 1890
Rl 17500 [2s00 ~035C e |70 09 | SMETOR 5300 1750
1000 2250 700.0 1580
2000 1900 1400 1330
3000 1500 2100 1050
500.0 2900 188 mAh/gg;, 24 Si 70.00 380.0
1250 1000 MAN/ g at - 162.5 130.0
Rt 2500 (7500 10%cycleat | M1 13 o0 | MXEBN 3300 11000
5000 450.0 ~0.05C ’ —g0/10/10 |-030.0 60.00
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Figure S20. 3D plot with specific energy, specific power (both based on mass of silicon), and

MXene content (wt%). The citations are referred to the main text.
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