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Abstract

Pillared TisCoT, MXene with large interlayer spacing (1.75 nm) is shown to be promising for
high-power Li-ion batteries. Pillaring dramatically enhances the electrochemical
performance, with superior capacities, rate capability and cycling stability compared to the
non-pillared material. In particular, at a high rate of 1 A g%, the SiO,-pillared MXene has a
capacity over 4.2 times that of the non-pillared material. For the first time, we apply in-situ
electrochemical dilatometry to study the volume changes within the MXenes during
(de)lithiation. The pillared MXene has superior performance despite larger volume changes
compared to the non-pillared material. These results give key fundamental insights on the
behaviour of TisC,T; electrodes in organic Li electrolytes and demonstrate that MXene
electrodes should be designed to maximise interlayer spacings, and that MXenes can tolerate
significant initial expansions. After 10 cycles, both MXenes show nearly reversible thickness
changes after the charge-discharge process, explaining the stable long-term electrochemical

performance.

Main Text

MXenes are a family of two-dimensional materials first reported in 2011, which have shown
promising performance in electrochemical energy storage applications such as metal-ion
batteries and supercapacitors.' However, their electrochemical performance is highly

dependent on the electrode architecture, with multilayered stacked MXene suffering from



low capacities and poor rate capabilities and cycling stabilities.*> This has increased focus on
developing porous MXenes with controlled and open architectures to enhance

electrochemical performance, such as flocculation, freeze drying and pillaring.58

Pillaring introduces foreign species between the layers to act as pillars, allowing pore sizes to
be tuned by pillar choice and heat treatment steps.® Recently, these techniques have been
adapted to create porous MXenes for electrochemical applications, including metal-ion
batteries, hybrid metal-ion capacitors, and supercapacitors.'®8 For example, pillar species
such as hexadecyl trimethylammonium bromide (CTAB), SnS and Sn cations have been utilised
to enlarge the interlayer spacing and improve the performance of MXene electrodes in Li-ion
batteries.1%16-18 However, while it is well established that pillaring can significantly enhance
electrochemical performance, an in-depth understanding of the processes occurring in

pillared structures during cycling is lacking.

In this work, we utilise in-situ electrochemical dilatometry (eD) supported by X-ray diffraction
(XRD) to rationalize the enhanced performance of silica-pillared TisCoT, MXene as a negative
electrode for Li-ion batteries. In-situ eD has previously been applied to MXene research to
study the intercalation of various ions and molecules in several electrolyte systems such as
ionic liquids®®?° and aqueous Li, Na and Mg systems.?1722 However, this is the first time this
technique has been applied to MXenes for organic Li-ion battery systems, and can provide

important information about the effect of pillars during (de)lithiation.

The pillared Ti3sCoT, MXene (TizC;-Si-400) was synthesized by our previously reported pillaring
method using tetraethylortho silicate (TEOS) as the silica source and dodecylamine (DDA) as
the co-pillar amine (Figure 1a).2* Full details of all synthesis and characterization methods can
be found in the experimental section in Supporting Information. The successful intercalation
and pillaring of the synthesized TizC,T, MXene were confirmed by PXRD data (Figure 1b,
Supporting Information Figure S1a), while scanning electron microscopy (SEM) confirmed the
retention of the layered morphology, (Figure 1c, Supporting Information Figure S1b), which
matches our previous report.2* We note that our pillared structure is based on multilayered
MXenes, and delamination was not attempted since delamination procedures can suffer from
issues, such as low yield (52-60%), multiple steps, and low concentrations of delaminated

nanosheets in solution.?> One of the potential attractions of pillaring techniques is to allow



full access of the MXene nanosheet layers in a stable electrode architecture using simple

methods.
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Figure 1. a) Schematic illustration of the amine-assisted SiO; pillaring process used to create
porous TisC,T; with enlarged interlayer distance. b) Low angle (1.8-8° 28) PXRD data
demonstrating expanded interlayer spacing in the SiOj-pillared MXene (Ti3zC;-Si-400),
intercalated MXene (TizC2-DDA-Si) and non-pillared MXene (TizC3). ¢) SEM micrograph of the
SiOz-pillared MXene (TisC,-Si-400).

Galvanostatic charge-discharge (GCD) experiments were used to investigate the performance
of the pillared TisC,T, as a Li-ion battery electrode (Figure 2), with a specific current of
20mA g?! and a potential window of 0.01-3.0V vs. Li*/Li. All further potentials in the
manuscript are referenced vs. Li*/Li. The voltage profiles of the pillared and non-pillared
MXenes display similar features, with a linear region between 3.0-0.3 V followed by a short
plateau feature below 0.3 V. This signifies that Li storage in TisC,T; is a two-stage process, as
previously reported.?® The first stage corresponds to Li* intercalation between TisC,T,

nanosheets forming Li>TisC,T, (theoretical capacity of 260 mAh g1), followed by Li* adsorption



above the first intercalated layer, resulting in LisTisC2T,, in the lower voltage region. An
additional short plateau is observed on the initial discharge for both materials, which is
commonly assigned to solid electrolyte interphase (SEl) formation, and irreversible reactions
between Li and MXene surface groups.?6-22 Both materials also show typical linear charge

profiles, with a small plateau around 1.5V, resulting from Li de-intercalation.

The pillared MXene has a significantly larger first discharge capacity (536 mAh g') compared
with the non-pillared (289 mAh g), and a larger initial Coulombic efficiency (58% and 43%,
respectively). The enhanced initial Coulombic efficiency can be explained by lower levels of Li
trapping due to the enlarged interlayer spacings which would provide open Li diffusion
channels. Also, surface groups such as -OH, which have been reported to react irreversibly
during lithiation, are likely to have already reacted with the co-pillars during the pillaring
process. This would further reduce irreversible capacity losses during (de)lithiation.?® For the
second discharge cycle, the pillared TisC,T, shows capacities around 2.2 times greater than
the non-pillared material (314 mAh g* and 142 mAh g, respectively), likely as a result of the

larger interlayer spacing facilitating greater ion accessibility to the MXene redox sites.

Significantly, the 2" discharge capacity (314 mAh g?) is considerably higher than expected
based on monolayer lithium coverage, which is 235 mAh g! when accounting for the pillar
mass (which is estimated to be 11 wt. % based on SEM-EDS analysis, Supporting Information,
Figure S2), further implying that multilayer adsorption is contributing to the capacity.
However, the full formation of a third lithium layer to form TizC,0;Li; would give a capacity
of around 350 mAh g, which suggests that the third layer does not fully form. Xie et al.
calculated that the extra adsorbed Li layer would be located around 2.8 A above the Ti-O-Li
lithium, 26 which requires an interlayer gallery space of at least 6 A. This is less than the ca. 7 A
interlayer gallery space calculated from XRD data in our pillared MXene, demonstrating the
feasibility of this charge storage mechanism, illustrated by the insets in Figure 2a-b. Note that
the interlayer gallery space is defined as the free pore space between layers of a pillared
material, and is not equivalent to the d-spacing, which includes the sheet thickness. Our
pillared Ti3C,T, has a d-spacing of 1.75 nm, as calculated from the (002) peak using the Bragg
equation. An extra increase of 2.3 A gallery space would be required for the adsorption of a
further layer,26 taking the total to at least 8.3 A, which is larger than our spacings, revealing

why further adsorption does not occur. Although the average interlayer gallery space was



calculated to be 0.7 nm from XRD data using a monolayer Ti3C,T; thickness of just under 1 nm,
in line with the method utilized by Luo et al,'° our previous work using transmission electron
microscopy (TEM) revealed local variations in the gallery spacings across the pillared
material,?* with some areas having spacings less than 0.7 nm, explaining why a full extra

adsorption layer was not formed.
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Figure 2. Galvanostatic data from half-cell tests against Li metal at 20 mA g in the voltage
range 0.01-3.0 V using 1 M LiPFs in EC:DEC (1:1 mass ratio) as the electrolyte. Load curves for
selected cycles for a) non-pillared Ti3C,T; and b) SiOz-pillared TizC,T; (Ti3C2-Si-400). Insets
illustrate the lithium layers (grey circles) in the respective MXene (blue rectangles) after
lithiation (0.01 V). ¢) Coulombic efficiency and discharge capacities of the pillared and non-

pillared samples over 100 cycles. d) Rate capability tests for the pillared and non-pillared



MXene at rates of 20, 50, 200, 500 and 1000 mA g*. Five cycles are shown for each rate. e)
Galvanostatic charge-discharge data for SiOz-pillared TisC,T; in a Li-ion half-cell tested for 500

cycles at a rate of 1 A g in a potential window of 0.01-3.0 V.

The pillared MXene also showed improved capacity retention (83%, 262 mAh g*) compared
with the non-pillared MXene (72%, 101 mAh g*) over 100 cycles (Figure 2c). The majority of
the capacity fade occurred over the initial 15 cycles, with capacity retentions of 96% (pillared)
and 91% (non-pillared) between cycles 15 to 100. These results demonstrate that the SiO;

pillars significantly improve electrode stability during cycling.

The rate capability of the MXenes was investigated by cycling at rates of 20, 50, 200, 500,
1000 and 20 mA g1, with five cycles conducted at each rate (Figure 2d). The pillared MXene
out-performed the non-pillared material at all rates tested, with discharge capacities of 307,
260, 206, 173, 147 and 285 mAh g at the respective rate compared to 113, 104, 82, 55, 35
and 109 mAh g%, respectively. Interestingly, the capacity enhancement is more considerable
at higher rates than lower ones, with an increase of 4.2 times that of the non-pillared TisC.T,
observed at 1 A g, compared with just 2.7 times at 20 mA g*. This demonstrates that the
pillared architecture benefits the high rate performance in particular, and implies that the
enlarged interlayer distance increases the lithium storage capacity and creates channels that
allow fast Li* ion diffusion through the structure. Cycling the pillared MXene at 1 A g for a
further 500 cycles after the rate capability tests resulted in a discharge capacity of 151 mAh
g (Figure 2e) with a capacity retention of 71%, which shows reasonable stability at high rates.
The impressive high rate performance can be explained by the significant contribution of a
surface-limited capacitive-like process to the charge storage, revealed by b-value analysis
conducted on cyclic voltammetry (CV) data collected at multiple scan rates (Supporting
Information, Figure S4 a-b). At potentials above 0.5V, the b-values are at least 0.85,
consistent with mostly capacitive charge storage behavior. An ideal capacitor would display a
b-value of 1, whereas an ideal diffusion-limited battery-like electrode would have b = 0.5.%°
Furthermore, deconvolution of the capacitive and diffusion-limited charge storage processes,
following the method described by Wang et al.,?° revealed that at the scan rate of 5 mV s,
78% of the total current was due to capacitive-like processes, demonstrating the importance

of capacitive processes at high rates (Supporting Information, Figure S4c). A scan rate of 5 mV



s! corresponds to a sweep time of 10 min, similar to the sweep time of 8 min for the GCD
testing at 1 A g'1. Even at the low scan rate of 0.2 mV s, 43% of the total charge storage was
a result of capacitive-like processes (Supporting Information, Figure S4d). As observed in
previous studies of MXenes in organic Li-ion systems, the capacitive contribution to the
charge storage increased with increasing scan rate (Supporting Information, Figure S4d).3%-32
Further details on this analysis are given in the experimental section in the Supporting
Information. This analysis uses a range of sweep rates, similar to other reported studies on

pillared MXenes in organic electrolytes.'933

To better understand the influence of interlayer gallery spacing on enhancing electrochemical
lithium-ion storage, the volume change of pillared/non-pillared TizC,T, MXene during ion
uptake and release was investigated by in-situ eD, which can observe volume change and CV
simultaneously. A scan rate of 0.1 mV s was applied with a narrower potential window of
0.01-2.5V to focus on expansion/contraction processes related directly to (de)lithiation of
the MXene. The CV shape for the pillared material closely matched with what was recorded
in typical coin cells, with similar broad redox features, demonstrating that the cell used for in-
situ eD3* does not change the electrochemical processes. Figure 3 shows the CV in the
dilatometry cell and Supporting Information, Figure S3 shows the comparison in a typical coin
cell. The non-pillared material shows more pronounced redox-peaks compared with the
pillared MXene, which are very broad, as was observed in our previous work in a Na-ion
system and supports the expanded nature of the MXene.?*3> As expected from the GCD data,
multiple irreversible reduction peaks are observed in the pillared material during the first
discharge, with peaks at around 1.3 V and 0.6 V attributed to the SEI formation and trapping

of lithium-ions,3®

while lithiation of the conductive additive contributes to the peak at
0.01 V.3738 |n the following delithiation sweep, two oxidation peaks were observed at 1.0 V
and 1.8V, representing the extraction of lithium ions, whose intensities continuously
decrease slightly in the following cycles. For the non-pillared TizC,T, similar redox features
occur, with pronounced reversible peaks at 1.8 Vand 1.0 V (reduction) and at 0.9 Vand 2.0 V
(oxidation) throughout cycling. The fact that the CV and load curves for the non-pillared and
pillared MXenes display similar features with no extra redox peaks/plateaus present in the

data for the pillared MXene strongly implies that the enhanced performance results from the

enlarged interlayer spacing, rather than electrochemical activity of the silica pillars. This is



consistent with the results of our previous work on pillared Mo;TiC,, where ex-situ x-ray
photoelectron spectroscopy (XPS) and nuclear magnetic resonance spectroscopy (NMR)

studies showed that the silica pillars in that system did not undergo lithiation during cycling.®

The unprocessed dilatometry data for the non-pillared MXene electrode reveals slight volume
changes (~0.5 um) during the initial 72 h of stabilization time, which is related to the electrode
wetting process (Figure 3c ). A relatively large expansion (1.84 um, 5.7% strain) occurs during
the first discharging step, consistent with Li* intercalation (Figure 3a). At the end of the first
lithiation sweep (0.01 V), a large jump is obervseed in the dilatometry data (Figure 3a).
Comparison with the corresponding CV curve (Figure 3a) shows that while there is a large
peak here, which likely results from a combination of Li intercalation, lithiation of the carbon
additive,?® and changes in MXene termination groups, the magnitude of this jump is
significantly larger than corresponding CV peak. This implies that there is also significant
contribution from device artifacts, which cannot be removed from the data in Figure 3a
without losing physical meaning. However, it is clear that the contribution from artifacts is

low overall and does not affect the conclusions that can be drawn from the data.

During de-lithiation, the expansion is only partially reversed, with a decrease in volume of ca.
1%. This demonstrates that TisC2T; remains in an expanded state even after de-lithiation,
which is likely related to partial Li trapping, changes in MXene surface chemistry, SEl
formation and solvent co-intercalation within the electrode layers. A similar pattern can be
seen in the second cycle, but with reduced amplitude of volume changes on charge/discharge,
while having a relative strain during the third cycle of -0.36%. Between cycles 3-10, the
volume changes in the electrode appear to stabilize, with the magnitude of volume expansion
on lithiation matching the magnitude of contraction on de-lithiation, so that the relative strain
during the cycle tends towards zero. The pattern of expansion during lithiation and
contraction during delithiation matches well with previous in-situ XRD studies carried out on

multilayered Ti-based MXenes, which supports our dilatometry data.3?

Since the volume changes in the stabilization time are artifacts of the device, a
background/baseline subtraction was used in Figure 3 c-d. For the calculation of the relative
and absolute expansion in Table 1, only the lithiation process was considered in each case.

During the cycles, the non-pillared MXene behaves as a low strain material (<0.53% strain



within the entire lithiation cycle). The expansion levels for this sample increase slightly
continuously up to the 10t cycle. Since the galvanostatic charge-discharge tests showed that
the discharge capacity fades over these first 10 cycles, this may indicate the presence of
irreversible side reactions, such as Li trapping. This would lead to a consistent expansion of
the non-pillared material during cycling and explain the lower cycling stability for this material
compared to the pillared MXene. The overall volume changes are very small for all cycles,
which agrees well with the stable cycling performance observed during the GCD tests after

the initial few cycles.

Post-mortem XRD recorded after 2 cycles of CV in custom-built polyether ether ketone (PEEK)
cells of the non-pillared samples shows a slight shift in the (002) diffraction peak to lower
angles (from 8.4° to 7.8° 20), supporting the small expansion observed in the dilatometry data

(Supporting Information, Figure S5 a-b)).

For the pillared MXene (Figure 3b and 3d), a large initial expansion occurs over the first few
hours under open circuit potential, with a gradual relaxation towards a minimum level of ca.

1.6 um lower compared to the initial volume over the remainder of the rest period.

As observed for the non-pillared MXene, a large expansion (~1.02 um) occurs in the first
lithiation cycle (Table 1). The initial contraction has a smaller magnitude compared to the
initial expansion. This suggests that the pillars aid in keeping the MXene electrode expanded,
allowing wide Li-diffusion pathways rather than fixing a constant interlayer spacing. The
pillared electrode continues to expand and contract over the next few cycles with
approximately constant absolute and relative expansion. After the first cycle, the strain
decreases slightly in the short term, but when looking at the continuous change, consistent
values of around 3-4% relative strain can be obtained for all cycles. This correlates with the
electrode’s stable performance during galvanostatic charge/discharge cycling (Figure 2d).
Simultaneously, slight capacity fading was observed over the first few cycles where the
amplitude of contraction (de-lithiation) was consistently more minor than the previous
expansion during lithiation, suggesting small quantities of irreversible side processes, such as
Li trapping, were occurring, albeit significantly less than observed for the non-pillared
material. Post-mortem XRD on the pillared MXene after two cycles shows a loss of the (002)

diffraction peak (Supporting Information, Figure S5d), suggesting the expansions observed in



the dilatometry arise from inhomogeneous changes in the interlayer spacing during the initial
(de)lithiation cycles. This early loss of observable diffraction peaks demonstrates the
advantages of techniques such as in-situ dilatometry to study the (de)lithiation processes,

which does not rely on long-range order.

Table 1. Comparison of the displacement and strain measured using in-situ electrochemical
dilatometry for the non-pillared (TisC;) and pillared (TisC,-Si-400) MXenes. Background subtraction has
been carried out to remove artifacts that are unrelated to the electrode shrinking and expansion and
the data normalized by electrode thickness, according to the method reported by Budak et al.*® These
values were calculated by referring to the height change between the start of the cycle (2.5 V) and the

opposite end of the lithiation process (0.01 V).

Cycle number TisC2 TizC>-Si-400
Displacement (um) | Relative strain (%) | Displacement (um) | Relative strain (%)
Cycle 1 0.08 0.1 1.016 3.91
Cycle 3 0.15 0.35 0.693 2.69
Cycle 5 0.18 0.41 0.818 3.14
Cycle 10 0.23 0.53 0.799 3.07

The non-pillared MXene undergoes more minor volume changes than the pillared
counterpart, which may be explained by the significantly larger quantities of Li intercalated
into the structure (ca. 2.5 times) in the pillared electrode compared to the non-pillared. This
implies that the key to unlocking high and persistent performance for MXenes is to engineer
large interlayer spacings, which would avoid narrow interlayer spacings limiting Li storage
capacity and diffusion. Large but reversible expansions do not seem to be detrimental to
MXene performance. Pillared MXene undergoes large but consistent volume changes whilst
displaying high cycling stability compared to the non-pillared MXene, where the expansion
gradually increased in magnitude during cycling. This finding suggests that MXene

architectures should be designed to minimise irreversible volume changes during cycling.
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Figure 3. Cyclic voltammograms and corresponding in-situ dilatometric measurements

(electrode height change/initial height = strain) from half-cell setup versus Li metal at 0.1 mV

s1in the voltage range 0.01-2.5 V for a) non-pillared TisC,T; b) pillared MXene (TisC>-Si-400).

The electrochemical

response of the working electrode (continuous line) can be

simultaneously tracked with the height change (dashed line). c-d) Potential and relative

height change vs. time of MXene electrodes measured by in situ electrochemical dilatometry

c) for non-pillared TisC,T; (electrode thickness of 43 um) d) for pillared MXene (TizC,-Si-400,

electrode thickness of 26 um). The artifacts which are unrelated to the electrode response

had been subtracted as background signals.

Conclusions

In conclusion, silica-pillared TizC,T, MXene with an ultralarge interlayer spacing displayed

significantly enhanced performance as the negative electrode of a Li-ion battery. In particular,

at the high rate of 1 A g%, the SiO,-pillared MXene had a capacity over four times that of the

non-pillared material (over 150 mAh g!), and retained over 71% of its initial capacity after

11



500 cycles. In-situ dilatometry combined with XRD data revealed that the superior cycling
performance occurred despite larger volume changes and a decrease in crystallinity,
suggesting inhomogeneous interlayer expansion. During lithiation, a constant relative
expansion of 3-4% in each cycle is obtained for the pillared MXene sample. In contrast, for
the non-pillared MXene, a slightly increasing expansion is obtained with increasing cycle
numbers. These results provide key insights for the design of MXene electrodes
demonstrating that large interlayer spacings and consistent volume changes, as provided by
pillaring techniques, are key for high performance. This is the case even for large (3-4%)

expansions, which are well tolerated by pillared MXene.
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Experimental methods
Materials

The following materials were used without any further purification: TizAIC, (Carbon Ukraine
Ltd), hydrochloric acid (37.5 mass%, Sigma Aldrich), tetraethylortho silicate (TEOS, 98% purity,
Alfa Aesar), 1-dodecylamine (DDA, 97% purity, Alfa Aesar), N-Methyl-2-pyrrolidone (NMP,
99.5% purity, Alfa Aesar), PVDF (99.0% purity, Alfa Aesar), Super P carbon black (99% purity,
Alfa Aesar), LiPFg in diethyl carbonate (DEC) and ethylene carbonate (EC) (1:1 by mass, 99%

purity Gotion), copper foil (Tob New Energy).

Synthesis of Ti;C,T,

To obtain the MXenes, 3 g of Ti;AIC, were sieved through a -400 mesh sieve (pore size of
38 um) and added over 10 min to a 6 M HCl solution with pre-dissolved LiF (7.5:1 F to Al ratio).
This mixture was heated to 40 °C and left to etch for 48 h with magnetic stirring. The powder
was re-dispersed in a 1 M HCl solution for 3 h at room temperature to remove any remaining

impurities and to increase the number of -OH surface groups on the MXene.

Pillaring of Ti3C,T, samples

For the pillaring experiments, we applied our previously reported amine-assisted silica
pillaring method.? Briefly, 0.5 g of the as-made Ti;C,T, MXene were added to a solution of
dodecylamine (DDA) dissolved in TEQOS in a MXene:DDA:TEOS molar ratio of 1:10:20 under
argon. This was stirred in a sealed glass vial under argon at room temperature for 4 h. The
black powder was then recovered by vacuum filtration, dried on filter paper under vacuum
before being re-dispersed in de-ionized water (25 mL) overnight at room temperature (18 h).
The intercalated product was then recovered by vacuum filtration and dried overnight at
60 °C. These samples were then calcined at 400 °C for 5 h under argon with a heating rate of

5°C minl.
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Characterization

The samples were characterized by X-ray diffraction (XRD) in a Smartlab diffractometer
(Rigaku) using Cu-Ka radiation operating in reflection mode with Bragg-Brentano geometry to
investigate the crystal structure. Prior to the XRD characterisation, all samples were dried in
an oven at 80 °C for 18 h. The black powders were then ground and placed on a silica sample
holder and pressed flat with a glass slide.

Scanning electron microscopy (SEM) was carried out in a JEOL JSM-7800F (JEOL), and energy-
dispersive x-ray spectroscopy (EDX) was done in a X-Max50 (Oxford Instruments) using an
accelerating voltage of 10 kV and a working distance of 10 mm, which were used to study the
morphology and elemental composition. For the SEM and SEM-EDS studies, the dried powder
samples were dry cast onto a carbon tape support, which was placed on to a copper stub for
analysis. To minimize errors from the use of EDS for the estimation of the Si content, large flat

particle surfaces were chosen for the EDS mapping.

Electrochemical characterization

To test the pillaring process’s effect on the electrochemical performance, the pillared and un-
pillared materials were tested in CR2032 coin cells with a half-cell configuration using lithium
metal disks as the counter electrode and 1 M LiPFg in EC/DEC (1:1 mass ratio) as the
electrolyte. The MXene was mixed with carbon black (Super P) as a conductive additive and
PVDF as the binder in a 75:15:10 mass ratio, respectively. These were added to a few mL of
NMP to make a slurry, which was then cast onto a Cu foil current collector, from which
electrodes with a diameter of 16 mm were punched. The active mass weighting was around
3 mg cm=. Coin cells were constructed in an argon-filled glovebox (O, and H,0 levels <
0.1 ppm) using Whatman microglass fibre paper as the separator. The charge-discharge tests
were carried out on a Neware battery cycler (Neware Battery Technologies Ltd.) at a current
density of 20 mA g in the voltage range of 0.01-3.0V vs. Li*/Li for 100 cycles. For rate
capability tests, the cells were cycled at a specific current of 20 mA g* for one cycle to stabilise
the cell followed by five cycles at each rate of 20, 50, 200, 500, 1000 mA g before returning
to 20 mA g Cyclic voltammetry (CV) measurements were conducted using an Ivium
potentiostat (lvium Technologies BV) with a scan rate of 0.2 mV s* for five cycles, followed by

further cycles at 0.5, 2, 5 mV s! sweep rates in the voltage range of 0.01-3.0 V vs. Li*/Li. The



final scan at each rate was used for the calculation of the b-values. The relationship between
the current (i) and scan rate (v) is given by Equation (1):

i = av? (1)
where g and b are fitting parameters.?2 A b-value of 0.5 corresponds to an ideal diffusion-
limited (battery-like) charge storage process whereas a b-value of 1 indicates a perfect
surface-limited (capacitive-like) process. To calculate the total contribution of capacitive-like
processes to the charge storage, deconvolution of the total current into surface capacitive and

diffusion controlled intercalation processes was carried out using the method described by

Dunn et al, using the Equation (2-3).3

i(V, v) = ki(V) + ky(V)vi/2 (2)

i(V,v )/v¥2 = ky(V)V2 + ky(V) (3)

Here k; and k, are potential dependant constants, i is the current and is the v scan rate. The
values for k; and k, were obtained using Equation (3) by plotting i against v¥/2 for each
potential, where a linear fit has k; as the gradient and k; as the intercept. This was used to
calculate the non-diffusion limited (k;.v) and diffusion-limited (k,.v'/2) contributions at each
potential for each scan rate studied. The non-diffusion limited contribution to the total charge
is typically assumed to represent the capacitive charge. The total capacitive contribution to
the charge storage for each scan rate was then calculated by integrating the area of a cyclic

voltammogram for the total experimental current and the calculated capacitive current.

In-situ dilatometry
The in-situ dilatometry measurements (height change (strain) of the MXene electrodes during

charging and discharging) were conducted by using an ECD-3-nano cell device from EL-CELL
(setup adopting the design by Hahn et al.).* All cell parts were dried overnight at +80 °C and
introduced into an argon-filled glovebox (MBraun Labmaster 130; O, and H,0 < 0.1 ppm). The
cells were arranged in a two-electrode configuration for electrochemical measurement. The
electrode discs were punched out of the electrode films with a diameter of 10 mm (0.785 cm?)
using a press punch (EL-CELL). Film thicknesses were measured inside the glovebox before cell
assembly with a digital micrometer from HELIOS PREISSER. The lithium-ion cells contained an
MXene electrode (pillared or non-pillared) as working electrode, followed by a fixed glass-

ceramic separator so that only the thickness change of the working electrode was measured.
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Circular punches lithium chips with a diameter of 11 mm as both counter and reference
electrodes were placed on top of the separator. The investigated electrodes were compressed
between the separator and a movable titanium plunger. The electrolyte, 1 M LiPFg salt in a
mixture of ethylene carbonate and dimethyl carbonate (EC: DMC; 1:1 by volume, Sigma
Aldrich) was filled by vacuum backfilling (approximately 0.5 mL). All electrochemical
measurements were carried out at a climate chamber (Binder) with a constant temperature
of +25+1 °C. Cyclic voltammetry (CV) measurements were carried out using a VMP3 multi-
channel potentiostat/galvanostat from Bio-Logic.After a resting period and stabilization time
of 72 h, cyclic voltammograms were recorded at 0.01 mV s at voltages in the range of 0.1-

2.5V vs. Li*/Li.

Ex-situ X-ray diffraction

For the ex-situ X-ray diffraction measurements, the MXene electrodes were cycled for two CV
cycles and stopped in the de-lithiated state at 3.0 V vs. Li*/Li. Cyclic voltammetry was carried
out using a VMP3 multi-channel potentiostat/galvanostat from Bio-Logic. All electrochemical
measurements were carried out in a climate chamber (Binder) with a constant temperature
of +25+1 °C. All CV measurements were carried out with a scan rate of 0.1 mV s in a potential
window of 0.01-3.0 V vs. Li*/Li. The cells were then transferred to an Ar-filled glovebox for
disassembly. Prior to the XRD measurements, the electrodes were detached from the
remaining parts and rinsed with DMC to remove remains of the salt of electrolyte. X-ray
diffraction (XRD) measurements of the cycled electrodes were performed with a D8 Advance
diffractometer (Bruker AXS) with a copper X-ray source (Cu-Ka (A = 1.5406 A), 40 kV, 40 mA).
The samples were examined in the range 26, ranging from 3.50 ° to 79.02 ° and in steps of

0.02° 26.
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Figure S1. a) X-ray diffractogram of the as-synthesised non-pillared MXene. b) Scanning
electron micrograph of the non-pillared MXene.
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Figure S4. Capacitive contribution to charge storage from CV data for SiO,-pillared TisC,T,.
Cells were run in a voltage window of 0.01-3 V vs. Li*/Li using 1 M LiPFg in EC:DEC (1:1 mass
ratio) as the electrolyte. a) Cyclic voltammograms when cycled at increasing rates of 0.2, 0.5,
2 and 5 mV st in a voltage window of 0.01-3 V vs. Li*/Li. Two cycles were carried out at each
rate, with the second cycle being used for analysis. The numbers show b-value for the
corresponding peak. b) Log current vs. log scan rate plots used to calculate each b-value shown
in a). R? values were greater than 0.999 in all cases, indicating a good fit. ¢) Cyclic
voltammogram collected at a scan rate of 5 mV s (10 min per sweep), with the capacitive
contribution to the current shown by the dashed filled area. The total capacitive contribution
to the charge storage at this rate was 78%, as shown by the label in the centre of the plot. d)
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Figure S5. Cyclic voltammograms from half-cell setup at a scan rate of 0.1 mV s in the voltage
range from 0.01-3 V vs. Li*/Li using 1 M LiPFg in EC:ED (1:1 mass ratio) as the electrolyte and
corresponding post mortem XRD diffractograms. a) First and second cycle of cyclic
voltammogram in PEEK cell for non-pillared TizC,T, b) Correlated post-mortem XRD
measurements of cycled non-pillared Ti;C,T, electrode in comparison with the pristine
electrode (both coated on copper foil) c) First and second cycle of cyclic voltammogram in
PEEK cell for pillared MXene (Ti3C,-Si-400) d) Correlated post-mortem XRD measurements of

cycled pillared MXene (Ti3C,-Si-400) electrode in comparison with the pristine electrode (both

coated on copper foil).
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