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Figure S1. Particle size distribution of the TisAlC2 MAX phase before and after wet milling for 150 min in
isopropanol.
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Scan# Ti o F Al C* K Used?
77 4253 2649 2258 041 49 328 Yes
78 6348 1547 1247 024 377 433 No
79 43.57 2466 2274 0.15 6.03 27 Yes
80 423 2671 2269 0.07 572 241 Yes
81 43.07 26.05 2188 009 546 33 Yes
82 4133 26.59 2338 0.13 599 247 Yes
83 4274 269 2204 018 534 267 Yes
84 4314 2595 2263 013 558 244 Yes
85 4157 2739 225 009 541 29 Yes
86 4269 2531 2243 011 6.25 3.05 Yes
87 4178 2596 2286 0.07 6.86 2.37 Yes

Figure S2. EDS results together with an example of how the point scan averages in Table S1 were obtained. (a)
shows EDS mapping of the K-TisC2 sample, (c) shows the selected point scans from the same area, (d) shows the
atomic percentages obtained from the analysis of the point scans in (c), and (b) shows a comparison of the
normalised EDS mapping spectra for the hydrolysation of K-intercalated TizC2Tx. The inset in (b) displays a
comparison of the O and F peaks after normalising the plots to the Ti peaks, demonstrating a significant reduction
of the F peak upon hydrolysation. As stated in (d), one spectrum (78) was omitted for the calculation of the
average values for K-TisCa. It was omitted as the analysis software could not adjust for the high tilt, which thus
resulted in an increase in the high energy components (i.e. Ti and K) versus the low energy components (i.e. O
and F). The X-ray energies for the different atoms in (b) were collected from the Esprit 1.9 software, and as
illustrated by the overlap of the K and C peak at ~0.26 kV, the calculated C content in (d) was perturbed.
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Figure S3. Pawley fitting of X-ray diffractograms for pristine TisC2Tx MXene before (i) and after the intercalation
of the various cations (a,c,e,g), followed by hydrolysation at 300 °C (b,d,f,h), illustrating how well the fitting
matched with the experimentally obtained diffractograms. The non-intercalated samples (TizC2Tx, Li-TisC2-Hyd
and Mg-TisC2-Hyd) show a higher degree of stacking faults, as they result in stronger fitting mismatches in the

35-45° 20 region.[1]
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Table S1. Overview over the EDS point scan averages and standard deviations that are used in this article. The
amounts are presented relative to one formula unit of TisC2Tx (or a Ti amount of 3). The C quantification of K-
TisCz2is disturbed by the K and C X-rays overlapping (Figure S2b), and Li is not detectable in EDS. The results above
the vertical midline represent annealing of pristine HF-etched TisC.Ty, where the name indicates what
atmosphere and temperature is used. Below the midline are the results from the intercalation of cations into
TisC2Tx followed by hydrolysation at 300 °C.

Sample Ti Al C (o) F Mg/Na/K
TizAIC; 3+0.14 1.00+0.05 1.97%0.13

TisC; 3+0.34 0.01+0.01 157+0.14 135%0.11 1.39+0.12

Hyd300C 3+0.19 0.01+0.00 1.59+0.05 1.42+0.15 1.36 £0.07

Hyd400C 3+0.24 0.01+0.00 1.85+0.24 1.97+0.13 1.21+0.14

Hyd450C 3+0.15 0.01+0.00 154+0.11 2.09%0.35 1.18+0.18

Hyd500C 3+0.12 0.01+0.01 1.38+0.03 6.09+£0.26 0.09+0.13

Vac500C 3+0.15 0.01+0.00 1.61+0.12 1.45+0.08 1.33+0.08

Ar500C 3+0.10 0.01+0.00 1.65+0.04 1.51+0.08 1.43+0.05

H2/Ar-500C 3+0.17 0.01+0.00 1.75+0.14 1.30+0.08 1.35+0.06

Air300C 3+0.24 0.01+0.00 1.45+0.12 2.43+0.36 1.29+0.22

Air400C 3+0.26 0.01+0.00 0.40%+0.37 5.44+0.33 0.39+0.17

Air500C 3+0.09 0.01+0.00 0.36+0.18 5.67%0.23 0.33+0.16

TBA-TizC, 3+0.07 0.00+0.00 2.77+0.15 1.41+0.08 1.22 £ 0.06

TBA-Ti;C-Hyd 3+0.13 0.01+0.01 1.77+0.10 1.87%0.18 0.99 +0.08

K-TisCy 3+0.05 0.01+0.00 0.41+0.04 1.85%0.06 1.59+0.03 0.19+0.03
K-TizC,-Hyd 3+0.10 0.01+0.00 0.44+0.02 2.61+0.11 0.51+0.09 0.21+0.04
K-TisC>-Hyd-50h 3+0.22 0.01+0.01 047%0.03 2.82%0.22 0.31+0.07 0.23+0.02
K-TisC,-Ar300C 3+0.15 0.01+0.00 0.00+0.02 2.47%0.15 1.22 £0.15 0.23+0.01
Mg-TisC* 3+0.25 0.01+£0.00 1.79+0.14 2.24+0.14 1.06+0.24 0.18 £0.01
Mg-TisCo-Hyd* 3+0.28 0.01+0.01 195+0.39 2.10+0.28 1.12+0.21 0.18 +0.03
Na-TisC; 3+0.17 0.01+0.01 1.47+0.08 1.41+0.08 1.13+0.04 0.21+£0.07
Na-TisC,-Hyd 3+0.13 0.01+0.00 1.40+0.07 1.80%0.29 0.77 +£0.23 0.16 +0.01
Li-TisC, 3+0.18 0.01+0.00 1.58+0.10 1.62+0.10 1.36 £ 0.06

Li-TizC,-Hyd 3+0.13 0.01+0.00 1.61+0.07 1.58+0.13 1.28 £ 0.08

e No Cl peaks were detected in the Mg-TisC, samples.
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Table S2. Comparison between the chemical quantifications obtained from EDS mapping and point scans for all
MXene compositions presented in this article, where the F content is highlighted with colour coding to emphasize
the changes (green = low, and red = high). Apart from the unstable C content in the mapping, which is a result of
extra signal from the C tape background, there are similar tendencies for both the mapping and point scan
results. The amounts are presented relative to one formula unit of TisC2Tx (or a Ti amount of 3). The cations are
Mg, Na or K, although Al content is shown for TisAlC2 MAX phase before and after etching. Noteworthy, seeing
that the EDS mapping results show similar trends as the point scan averages, the use of EDS mapping may prove
to be sufficient for rough quantification of O and F content for MXenes, if the number of impurity particles in the
mapped regions are consistent.

Mapping Point scans
Sample C (0] F Cation C o F Cation
TizAIC, 2.22 1.00 (Al)  1.97 1.00 (Al)
TisC, 3.58 1.81 1.56 | 0.03 (Al) 157 1.35 1.39 0.01 (Al)
Hyd300C 2.81 1.87 1.52 1.59 1.42 1.36
Hyd400C 3.79 2.50 1.20 1.85 1.97 1.21
Hyd450C 2.36 2.74 1.13 1.54 2.09 1.18
Hyd500C 1.99 6.78 0.06 1.38 6.09 0.09
Vac500C 3.72 2.01 1.53 1.61 1.45 1.33
Ar500C 2.79 1.93 1.39 1.65 1.51 1.43
H2/Ar500C 3.11 1.76 1.53 1.75 1.30 1.35
Air300C 2.06 2.97 1.16 1.45 2.43 1.29
Air400C 1.85 5.85 0.44 0.40 5.44 0.39
Air500C 1.42 6.37 0.22 0.36 5.67 0.33
TBA-Ti3C, 2.80 1.58 1.26 2.77 1.41 1.22
TBA-TisC-Hyd 1.53 1.57 0.71 1.77 1.87 0.99
K-TisC, 0.47 1.75 1.27 0.23 0.41 1.85 1.59 0.19
K-TisCz-Hyd 0.44 2.17 0.38 0.24 0.44 2.61 0.51 0.21
K-Ti3C-Hyd-50h 0.87 2.51 0.24 0.22 0.47 2.82 0.31 0.23
K-Ti3C>-Ar300C 0.00 2.51 1.13 0.23 0.00 2.47 1.22 0.23
Mg-TisC, 3.06 2.13 0.99 0.18 1.79 2.24 1.06 0.18
Mg-TizC,-Hyd 8.91 2.74 0.96 0.16 1.95 2.10 1.12 0.18
Na-TisC, 2.91 2.08 1.55 0.39 1.47 1.41 1.13 0.21
Na-TisC-Hyd 3.55 2.47 0.78 0.25 1.40 1.80 0.77 0.16
Li-TizC; 2.06 1.97 1.48 1.58 1.62 1.36
Li-TizC,-Hyd 7.07 2.34 1.32 1.61 1.58 1.28
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Synthesis of TisC,Tx MXene
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Figure 4. X-ray diffractograms before and after etching of the TisAlC2 MAX phase in 10 wt. % HF. As there are
no reflections left from the MAX phase, it is assumed 100 % etching of the Al layer to form pure TisC2Tx MXene.
The theoretical TisAlIC: reflections are obtained from PDF 04-012-0632, and the marked (hkl) reflections of the
MXene is obtained from the structureless Pawley fitting using the P63/mmc space group.

Gas hydrolysation of pristine HF-etched TisC,Tx MXene
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Figure S5. Rietveld refinement of the X-ray diffractograms from TisC2Tx after hydrolysation (a) and air annealing
(b) at 500 °C. It shows the estimated amounts of the different phases present after oxidation of the TisC2Tx phase.
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Figure S6. Specific regions from the X-ray diffractograms presented in Figure 2a indicating the shifts in the (002)
reflection which gives the interlayer spacing of the TisC2Tx MXene (a) and the (110) reflection which may describe
changes in stacking of the MXene layers (b). The dashed lines indicate the positions of the reflections before and
after hydrolysation at 450 °C, while the solid line represent positions of the same reflections for the TizsAlC; MAX
phase. These plots are adjusted for sample displacement through a structureless fitting with the P6s/mmc space

group.
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Figure S7. Extended region of the FTIR spectra presented in Figure 2c, where there are no significant transmission
valleys (absorption peaks) visible in the H20 region around 3000 cm™ to 3600 cm™. Instead, transmission peaks
are observed, indicating that there are some problems with the KBr reference, as the reference material may
contain more water than the MXene particles. The transmission peaks at around 2900 cm™ come from sp® C-H
stretching modes which come from impurities in the instrument used.
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Figure S8. SEM micrographs depicting the morphology of the TisC.Tx particles at low (a-d) and high (e-h)
magnification, both before (a,e) and after hydrolysation at 300 °C (b,f), 400 °C (c,g) and 500 °C (d,h). It shows the
formation of nanoparticles on the edge surface after hydrolysation at temperatures above 300 °C.
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Characterisation of local chemical compositional changes at the edge surface

To investigate if there were any local compositional changes within the TisC,Tyx particles after the
hydrolysation, TEM EDS mapping was performed on the particle edges before and after
hydrolysation at 400 °C. The results are presented in Figure S9, showing the variation in
concentration of Ti, C, O and F along a cross section of the particles. Apart from the C increase at the
edge of the particle, deriving from the carbon protection layer deposited inside the FIB during TEM
preparation, all other concentrations diminish outside the particle. After hydrolysation at 400 °C, the
formation of TiO, nanoparticles is seen as a peak in the O content at the particle surface. However,
as the ratio between O and F terminations remain unchanged before and after hydrolysation, and
within the particles, it is concluded that the gas hydrolysation of pristine HF-etched TisC,Tx does not
result in any substitution of F-terminations.
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Figure S9. STEM EDS mapping of regions that include the edge surface of TisC2Tx particles before (a,b) and after
(c,d) hydrolysation at 400 °C. a) and c) are HAADF-STEM images where the red frames illustrate the mapped
regions, while b) and d) demonstrate the intensities of Ti, C, O and F as a function of the distance from left to
right in the red areas depicted in a) and c).
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Comparing the thermal stability of pristine TisC,Ty in various atmospheres

To compare the thermal stability of TisC;Tx in humid atmosphere to other atmospheres, TisC;Tx was
annealed in inert (Ar), reducing (H2/Ar) and oxidising (synthetic air) atmospheres as well as under
vacuum. For annealing in air (Figure S10), it is shown that the oxidation starts at a lower temperature
than for hydrolysis (300 °C compared to 400 °C) and that the MXene phase is completely oxidised to
TiO, anatase and rutile phases after annealing at 400 °C (Figure S10 a and b). The Raman and EDS
results also demonstrate how the oxidation in air drastically reduces the C content by more than 80 %
(Figure S10 b and c). Comparing this to hydrolysation, where most of the C remained even after
complete oxidation at 500 °C, a faster oxidation of C in the presence of O, gas is demonstrated.
Additionally, the oxidation in air resulted in the formation of larger crystallites and did not preserve
the layered morphology of the particles (Figure S11). Considering the F content upon annealing in dry
air, there is a significant reduction following the oxidation of the MXene phase. However, as almost
25 % of the initial F content remains as a TiOF, phase even after annealing at 500 °C (Figure S5b and
Table S1), air annealing demonstrates an inferior selectivity towards F removal compared to
hydrolysation, where almost 100 % of the F content was removed. As similar results are reported for
the oxidation in pure 0,,[2] and seeing that the MXene oxidation by O, is accompanied by a high
thermodynamic driving force (Figure S12),[3] annealing in oxygen is not a good alternative for F-
termination substitution.
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Figure S10. Results from the annealing of TisC2Tx in synthetic air at different temperatures showing X-ray

diffractograms (a), Raman spectra (b) and EDS average values (c). The dashed line in (c) illustrates a Ti amount
of 3 and the error bars represent the standard deviation from the set of point scans used for each sample.
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X-ray diffractograms, FTIR spectra and EDS quantification results from annealing of TizC,Ty in inert,
reducing, oxidising and vacuum environments are presented in the supplementary information (Table
S1, Figure S13 and S14) and demonstrate the differences after annealing at 500 °C. As previously
discussed, both the hydrolysation and air annealing of TisC,Tx resulted in a complete oxidation at this
temperature. However, whereas the hydrolysation preserved the C content while removing all F
content, the air annealed TisC,T, shows a Ti-F shoulder at 951 cm™ in the FTIR spectra and none of the
C-related vibrational modes. For the MXene annealed under vacuum, inert and reducing atmospheres,
only minor changes are observed. Although the XRD and FTIR results demonstrate slight
decomposition into TiO; and C or TiF3 phases at this temperature (Figure S13 and S14), the chemical
composition of these samples remained the same (Table S1). Considering possible reaction products
from F-removal, such as HF (g), F2 (g), CF4 (g) and F, HF gas would be the most likely product to leave
the structure without damaging the MXene. While evaporation of F ions would result in a build-up of
positive charge on the MXene, oxidation into F, gas is unattainable due to the high reduction potential
of F. Additionally, the formation of carbon fluorides would depend on the decomposition of the
MXene phase in order to have the required C content. Seeing that reactions with H,O may allow for
the formation of HF gas (Figure 1), a humid atmosphere (hydrolysation) is therefore expected to be
the ideal annealing atmosphere for removal of F-terminations from MXenes.

Figure S11. Low and high magnification SEM micrographs of TisCaTx particles after annealing in dry air at 500 °C,
where (b) represents the region marked in red in (a).
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TiiCaF2 + 2H0(g) = TigCg(OH)g + 2HF(g)
0 "
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Figure S12. DFT results from four reactions showing AG” as a function of temperature. It demonstrates how the
oxidation of TisC2(OH)2 is very thermodynamically favourable in Oz atmosphere.
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Figure S13. X-ray diffractograms of TisC2Tx before and after annealing for 15 h at 500 °C in various atmospheres.
(a) shows the overall spectra, whereas (b) shows logarithmic intensities from a smaller 26 region. The names of
the different samples indicate what atmospheres are used, where “Vac” represents vacuum and “Hyd” represent
hydrolysis.
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Figure S14. FTIR spectra of TisC2Tx before and after annealing at 500 °C in various atmospheres, where the names
indicate which atmospheres are used. The marked transmission valleys represent the vibrations of the C=0
stretching mode from CO2 at 2351 cm™, the C=C stretching mode at 1577 cm™, the C-H bending mode at 1439
cml, the C-O stretching mode at 2354 cm™, the Ti-F mode from the TiOF2 phase at 951 cm™,[4] the Ti-O mode
from anatase with its edge starting at around 800 cm™,[5] and the ascribed Ti-T bond between MXene Ti atoms
and surface terminations T at ~660 cm™. The peaks (not valleys) presented in these plots come from instrument
impurities and/or impurities in the reference. The presence of CO2 in the Air annealed sample may come from
trapped COz inside the particles.

Hydrolysation of pre-intercalated TisC,Tx
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Figure S15. FTIR spectra of TisC2Tx samples with the intercalation of K- and Mg-ions before and after hydrolysation
at 300 °C for 15 h. The O-H bending (1650 cm™) and stretching modes (~3300 cm™ and 3600 cm™) indicative of
water molecules are only present for the Mg-intercalated TisC2Tx. The peaks (not valleys) presented in these plots
come from instrument impurities and/or impurities in the reference.
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Figure S16. The whole X-ray diffractograms presented in Figure 4a, showing TisC2Tx intercalated with various
cations before and after hydrolysation at 300 °C. It demonstrates how the diffractograms change a lot depending
on the intercalated ions present, where the Na- and K-intercalated MXene as well as the Li-intercalated one
before hydrolysation shows sharper reflections, and thereby a higher ordering of the structure, compared to the
other samples. The dashed line marks the location of the (110) reflection of the pristine TisC2Tx and illustrates the
shifts in this reflection upon intercalation and hydrolysation. There are no visible reflections related to any TiO2
phases in any of these diffractograms, indicating insignificant oxidation taking place. The (002) reflections are
truncated to enhance the visibility of the other reflections, and the marked (hkl) planes are obtained from the
structureless Pawley fitting of the TisC2Tx and K-TisCz phases using the P63/mmc space group.
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Figure S17. X-ray diffractogram of pristine TisC2Tx and TisC2Tx after K-intercalation and hydrolysation at 300 °C
for 15 h and 50 h, where (a) shows the overview diffractograms while (b) shows logarithmic values of a smaller
region. The full height of the (002) reflections are truncated for a better presentation of the other reflections. The
dashed line at 60.7 degrees represents the position of the (110) reflection of the pristine HF-etched TisC2Tx and
illustrates significant shifts upon intercalation and hydrolysation, attributable to stacking changes. The Hyd400C
diffractogram (black) is added as a reference to demonstrate no reflections from TiO2 at 25.3 degrees for the K-
intercalated samples, even after hydrolysation for 50 h.

Figure S18. SEM micrographs of the K-TisCz (a,c) and K-TizC2-Hyd (b,d) samples at two different magnifications,
where the red rectangles in a and b represent the areas depicted in c and d respectively. These micrographs show
no obvious formation of TiO2 nanoparticles on the edge surface after the intercalation of K-ions and the following
hydrolysation at 300 °C.
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Table S3. The ionic radii, hydration enthalpy and solubility of respective fluorides for four cations (Mg?*, Li*, Na*
and K*), demonstrating how the smaller ions bond stronger to F.

Cation lonic radii Hydration Enthalpies  Solubility of fluorides in water
(R)[6,7] -AH’hya (kJ/mol) [8] (g/100 mL @ 25 °C)[6]
Mg?* 0.72 1921 0.013
Li* 0.69 519 0.13
Na* 1.02 409 4.1
K* 1.38 322 102
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