
FlatChem 38 (2023) 100470

Available online 6 January 2023
2452-2627/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Bulk substitution of F-terminations from Ti3C2Tx MXene by cation pillaring 
and gas hydrolysation 

Frode Håskjold Fagerli a, Per Erik Vullum b,c, Tor Grande a, Zhaohui Wang a,b, 
Sverre M. Selbach a, Kjell Wiik a, Nils Peter Wagner a,b,* 

a Department of Materials Science and Engineering, Norwegian University of Science and Technology, NO-7034 Trondheim, Norway 
b SINTEF Industry, NO-7034 Trondheim, Norway 
c Department of Physics, Norwegian University of Science and Technology, NO-7034 Trondheim, Norway   

A R T I C L E  I N F O   

Keywords: 
MXene 
Surface terminations 
Hydrolysis 
2D material 
LiB 

A B S T R A C T   

Applications of 2D MXenes are limited by the difficulty of controlling bulk termination groups after the initial HF 
etching step without forming surface oxides. Here, we report on gas hydrolysation using a continuous flow of Ar 
(g) with a controlled partial pressure of H2O (g) as a new method to change the terminations of multilayered 
Ti3C2Tx MXene particles (T = O, OH and F), and demonstrate pre-intercalation of cations as a necessity for 
successful hydrolysation as it enables water molecules to enter the Ti3C2Tx MXene structure. Hydrolysation of 
pristine HF-etched Ti3C2Tx shows no compositional change before oxidation into a TiO2/C composite starts at T 
> 300 ̊C. However, by pre-intercalating various cations into the MXene, a pillaring of the structure is achieved, 
which for certain cations (K+ and Na+) remains even after hydrolysation at 300 ̊C. By hydrolysing K-intercalated 
Ti3C2Tx at 300 ̊C, a significant bulk F reduction of 78 % was achieved, accompanied by a comparable increase in 
O content and insignificant surface oxidation of the particles. For other cations (Mg2+, Li+ and TBA+) the 
expanded interlayer spacing collapsed upon hydrolysation, resulting in no significant compositional changes. 
Moreover, hydrolysation is shown to give higher selectivity towards F removal compared to air annealing, which 
instead resulted in the oxidation of C to CO2 and the formation of TiOF2. In Li-ion battery half cells, the inter
calation of K-ions reduces both the capacity and energy efficiency compared to pristine Ti3C2Tx. Nevertheless, 
hydrolysation increases the capacity and intercalation voltage, and is thus a feasible method to control the 
electrochemical performance of Ti3C2Tx MXene. In summary, gas hydrolysation is demonstrated as a selective 
and efficient method to substitute F terminations with O-related terminations in multilayered MXene particles 
and pave the way for utilisation on other MXene compositions.   

1. Introduction 

MXenes are 2D materials with properties suitable for a wide range of 
applications, e.g. from electrochemical interference shielding and sen
sors to water desalination and biomedicine.[1–4] Consisting of transi
tion metals ‘M’, and C and/or N as the ‘X’ element in a layered structure 
of My+1Xy (y = 1, 2, 3, 4), these materials have demonstrated high 
electrical conductivity and intercalation capability for several cations, 
making them especially interesting as electrode materials in batteries 
and supercapacitors.[5–7] However, to optimise the intercalation 
properties of MXenes, control of their chemical composition is neces
sary. While the M and X elements can be controlled by choosing the 
correct MAX phase precursor, a mixture of surface terminations (T) are 

formed on the 2D sheets during synthesis, which is denoted by “Tx” (i.e., 
Ti3C2Tx).[8] So far, mainly -O, –OH and -F terminations stemming from 
etching in aqueous HF or HF forming solutions have been studied.[9,10] 
The combination of these termination groups is expected to greatly in
fluence the intercalating properties, and DFT calculations predict higher 
capacities, lower migration barriers and higher open circuit voltages for 
O-terminated surfaces compared to F-terminated surfaces.[11–14] 
Control of termination groups is thus a key challenge for further 
development of MXenes in general, and especially for rechargeable 
batteries.[8,15]. 

Although the importance of termination control has been known for 
a decade, only limited progress has been made. In recent years, alter
native etching methods based on anhydrous halogen solutions, molten 
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salt reactions and hydrothermal etching in NaOH solutions have been 
developed, and have resulted in homogeneously terminated Ti3C2Tx 
MXene (i.e. -S, -Se, -Br, -Cl, -O).[16–19] However, as HF etching remains 
the most scalable synthesis method, post-etching modification of the 
termination groups would accelerate the development of MXenes for 
batteries. Considering the most studied Ti3C2Tx phase, one of the major 
challenges is related to its poor oxidative stability, as it oxidises into 
TiO2 at elevated temperatures in both inert, reducing and oxidising at
mospheres, as well as in aqueous dispersions.[20–23] However, 
changing the composition from Ti3C2F2 to Ti3C2O2 must be charge 
compensated by oxidation of the MXene. Therefore, controlling the 
selectivity of the chemical reactions upon post-etching treatments is 
essential to control the termination change while preventing oxidation 
into TiO2 phases. 

Previously reported methods to control the surface terminations 
include annealing in vacuum, CO2, O2, H2 and inert atmospheres, 
[21,24–26] dispersion in alkalic and acidic solutions,[27–29] as well as 
hydrothermal treatment.[25] Most of these methods do not reduce the F- 
content without the surface oxidizing into TiO2. The results from Halim 
et al. indicate stable MXene thin films upon annealing at 550 ̊C in ul
trahigh vacuum, which also resulted in a removal of most of the initial F 
content.[24] Howbeit, to date this method has only been demonstrated 
for thin films of unspecified thickness and not for multilayered MXene 
particles. Considering the chemistry of the F-removal, it seems unlikely 
that F-terminations will leave the MXene as F-ions or F2 gas, as it would 
either require an electrical instability in the remaining MXene or a 
strong oxidation of the F-terminations. We recently reported on gas 
hydrolysation as a new method to remove F-terminations from V2CTx 
MXene by the formation of HF gas,[30] and now we apply a similar 
approach to control the terminations in Ti3C2Tx - one of the most studied 
MXene phases. 

In this article, we report the structural and compositional changes in 
multilayered Ti3C2Tx particles from gas hydrolysation and demonstrate 
the essential role of cation intercalation prior to the hydrolysis. First, 
density functional theory (DFT) calculations on possible hydrolysation 
reactions are presented, guiding the experimental hydrolysation of 
pristine HF-etched Ti3C2Tx MXene up to 500 ̊C. These results are then 
compared with annealing in various atmospheres to identify differences 
in thermal stability and selectivity towards F-removal. Thereafter, 
intercalation of Li-, Na-, K-, Mg- and tetrabutylammonion-ions (TBA) as 
pillars for the MXene layers are demonstrated together with the changes 
upon subsequent gas hydrolysation. Finally, electrochemical cycling 
results from intercalated and hydrolysed MXenes are presented. To 
verify the bulk compositional changes within the particles, compre
hensive characterization by energy dispersive X-ray spectroscopy (EDS) 
is performed with an electron acceleration voltage of 10 kV to ensure a 
data acquisition depth of > 300 nm.[31]. 

2. Methods 

2.1. Synthesis of Ti3C2Tx 

Prior to the etching, commercial Ti3AlC2 MAX phase powder (Laiz
hou Kai Kai Ceramic Materials Co., ltd.) was planetary milled at 300 rpm 
for 150 min in isopropanol with the use of WC milling jar and balls, to 
obtain a small and controlled particle size and particle size distribution 
(Figure S1). Then, 2.5 g of the milled powder was slowly added over 15 
min to a polypropylene beaker with 50 mL of a 10 wt% HF solution, 
before the beaker was partly covered with parafilm and left at room 
temperature for 24 h under constant stirring. After the etching, the 
remaining powder dispersion was washed several times by centrifuga
tion and decantation in DI-water dispersions until a pH > 5 was reached. 
Thereafter, the remaining dispersion was vacuum filtered through 0.22 
µm pore sized PVDF filter papers, before the powder was vacuum dried 
at 60 ̊C for 4 h and the pristine Ti3C2Tx powder was obtained. 

2.2. Cation intercalation 

The different cations were intercalated by dispersing 0.4 g of the 
Ti3C2Tx powder in 50 mL salt solutions under constant agitation before 
washing the powder several times with DI water by centrifugation. 
Lastly, the powders were vacuum filtered and dried under vacuum at 40 
C̊ for up to 1 h. TBA-Ti3C2 was prepared by dispersing Ti3C2Tx in a 1.2 M 
TBAOH solution over 12 h, while K-Ti3C2, Na-Ti3C2, and Li-Ti3C2 were 
made using 2 M hydroxide solutions for 2 h. Mg-Ti3C2, was made by 
substituting the Na-ions from Na-Ti3C2. This was done by adding the Na- 
Ti3C2 powder to a 1 M MgCl2 solution for 3 h, before the powder was 
washed in DI water and left for another 20 h in a fresh MgCl2 solution. 

2.3. Hydrolysation and annealing 

Gas hydrolysation was performed as previously described [30] by 
distributing 0.1 g powder over 1–2 cm2 in an alumina crucible followed 
by 2 hrs with 200 mL/min Ar gas (99.999 %) flushing in a quartz tube 
furnace. Heating rates were kept at 300 ̊C/h followed by 15 hrs dwell 
time with the same gas flow. The Hyd300C notation indicates the 
hydrolysation temperature that was used, which in this case was 300 ̊C. 
The Ar gas was bubbled through a DI water bath, which after the 
flushing step was heated to and kept at a temperature of 80 ̊C. This re
sults in a saturated vapor pressure of 0.474 bar.[32] To prevent air 
leakage into the furnace and to capture HF formed during the hydro
lysation, the exhaust gas was bubbled through a solution of 1 M Ca 
(NO3)2. For Air-Ti3C2, Ar-Ti3C2, Ar/H2-Ti3C2 and Vac-Ti3C2 the 
annealing gases were dry synthetic air, pure Ar gas (99.999 %), a 5 % H2 
mixture in pure Ar gas and a pressure of < 1 mbar, respectively. 
Annealing was done with the same heating parameters as for the 
hydrolysation. 

2.4. Characterization techniques 

Crystal structure and phase purity were characterized by X-ray 
powder diffraction (XRD, Bruker D8 Focus Diffractometer) using a 0.2 
mm slit size and a Cu Kα radiation source (λ = 0.15406 nm). The XRD 
data were collected with a step size of 0.0143̊ and a 0.68 s step time in a 
2θ-range from 4 to 75̊, and the resulting diffractograms were adjusted 
for sample displacement by structureless fitting in the TOPAS software 
using a P63/mmc space group (Figure S3). The particle size distribution 
(PSD) of the MAX phase was measured by laser diffraction (Horiba 
Partica LA-960) in isopropanol dispersions. The microstructure and 
surface morphology of the particles were investigated by a field- 
emission scanning electron microscope (FESEM, Carl Zeiss Ag – 
ULTRA 55) using an acceleration voltage of 5 kV. Energy dispersive X- 
ray spectroscopy (EDS) was used to assess chemical composition using 
an XFlash 4010 X-ray detector and an acceleration voltage of 10 kV, 
resulting in an electron penetration depth > 300 nm for Ti3C2Tx with a 
density of around 4.2 g/cm3.[31] To obtain quantitative results, the 
point scans were analysed using the Bruker Esprit 1.9 software, and the 
average values from minimum six point scans with a tilt < 32̊ relative to 
the detector were used for each material (Figure S2 and Table S1). The 
vibrational properties were investigated by a WITec Alpha 300r 
Confocal Raman Microscope, using a 100x objective, a 532 nm Ar laser 
and a laser power below 0.8 mW to prevent oxidation of the material. 
[33] Additionally, Fourier-transform Infrared spectroscopy (FTIR, 
Bruker VERTEX 80v) Drifts measurements were performed at 2 mBar 
using KBr powder both as reference and for the sample mixture in a 
MXene:KBr mass ratio of 1:39. Transmission electron microscopy (TEM) 
was performed with a double Cs aberration corrected cold FEG Jeol 
ARM200FC, operated at 200 kV. EDS maps were acquired in scanning 
TEM (STEM) mode with a 100 mm2 Centurio detector, covering a solid 
angle of 0.98 sr. The TEM samples were prepared perpendicular to the 
(002) plane by focused ion beam (FIB) lamella preparation, using a 
Helios G4 UX. All coarse thinning of the lamellae were done with 30 kV 
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acceleration voltage for the Ga+ ions. Final thinning was done at 5 kV 
and then at 2 kV on either side of the lamellae to minimize surface 
damage. 

2.5. Electrochemical measurements 

To assess the electrochemical performance of the hydrolysed 
Ti3C2Tx, Li-ion battery half cells were prepared with MXene particles as 
the working electrode. These electrodes were processed by mixing N- 
ethyl-2-pyrrolidone (NEP)-slurries with 10 wt% carbon black as 
conductive additive, 10 wt% PVDF binder and 80 wt% of the active 
material (various compositions of Ti3C2Tx). First the carbon black and 
active material were mixed in a shaker mill for 10 min at 25 Hz. Then, a 
premade PVDF-NEP solution was added before the slurry was further 
diluted with additional NEP to obtain a solid to liquid ratio of 1:6. Next, 
the slurry was mixed by continued shaking for 30 min at 15 Hz with a 
shaker ball and drop cast onto pre-cut circular Cu current collectors with 
a 16 mm diameter. The electrodes were dried on a 60 ̊C hot plate in a 
fume hood overnight before being dried under vacuum at 60 ̊C for a 
minimum of 3 h. This resulted in active material loadings of 1.8–2.8 mg/ 
cm2. The electrodes were assembled into 2016-type coin cells in an 
argon-filled glovebox (O2 ≤ 0.1 ppm, H2O ≤ 0.1 ppm) using Li-foil as the 
counter electrode, glass microfiber (Whatman) separator soaked in 110 
µL 1 M LiPF6 in ethylene carbonate and ethyl methyl carbonate (EC:EMC 
1:1 v:v) electrolyte. The assembled cells were galvanostatically cycled in 
a voltage range of 0.001 to 3.0 V at various specific currents (10 mA/g- 
400 mA/g) using BioLogic BCS-805 and Landt CT2001A cyclers at a 
controlled temperature of 25 ̊C. 

2.6. Theoretical calculations 

Density functional theory calculations were carried out with VASP 
using the PBEsol functional.[34–36] The Ti_pv and standard C, O, H, F 
pseudopotensials supplied with VASP were used and the plane-wave 
energy cut-off was set to 650 eV. Geometries were relaxed until the 
forces on the ions were below 10− 4 eV/Å to obtain ground state energies 
(E0(T = 0 K)), and for solid structures gamma-centred k-point meshes 
with ~0.2 Å− 1 spacings were used. Vibrational properties for gases were 
calculated by standard statistical mechanics,[37] and for solids phases 
with Phonopy.[38] Corresponding zero-point energies (ZPE) were 
calculated for the solids and taken from the NIST-CCCBDB database for 
gaseous species.[39] More details about the computational methods can 
be found in our previous work.[30]. 

3. Results and discussion 

3.1. DFT calculations of hydrolysation reactions 

To investigate if the substitution of F terminations by hydrolysation 
would be feasible from a thermodynamic point of view, the change in 
Gibbs free energy for two different hydrolysation reactions were 
calculated. The results are given in Fig. 1 and show how the formation of 
Ti3C2O2 is favoured compared to the formation of Ti3C2(OH)2. While the 
formation of Ti3C2(OH)2 has a positive ΔG̊ for all temperatures, the O- 
termination reaction shows a negative ΔG̊ at T > 400 K. However, under 
non-standard conditions, ΔG will be affected by the ratio between the 
vapour pressure of H2O and HF, where an excess H2O will help to shift 
both reactions towards the product side. In Fig. 1b, the equilibrium 
partial pressure of HF gas is presented as a function of temperature, 
assuming a constant high water vapour pressure of 0.473 bar. It shows 
that a significant amount of HF gas (> 40 Pa) could be formed for both 
reactions at a temperature of 300 ̊C (573 K), where the Ti3C2O2 forming 
reaction shows the highest vapour pressure of 4000 Pa (0.04 bar). These 
thermodynamic results resemble what was found for the hydrolysis of 
V2CTx MXene, where a significant reduction of F content also was ach
ieved experimentally.[30] Similarly for the Ti3C2Tx MXene phase, sub
stitution of F- with O containing terminations should be possible from a 
thermodynamic point of view. The DFT results also demonstrate how the 
hydrolysation would favour formation of O-terminations over OH- 
terminations. 

3.2. Hydrolysation of pristine Ti3C2Tx 

To assess if hydrolysis could alter the termination groups experi
mentally, HF-etched Ti3C2Tx MXene (Figure S4) with mixed termina
tions was hydrolysed at various temperatures, using long hydrolysation 
times of 15 h to allow for complete reactions. In Fig. 2, the structural and 
vibrational changes of the pristine Ti3C2Tx MXene after hydrolysation at 
temperatures up to 500 ̊C are presented. The X-ray diffractograms in 
Fig. 2a demonstrate how the Ti3C2Tx phase remains stable up to 300 ̊C, 
while the (101) reflection of anatase at 25.3̊ appears at higher tem
peratures. After hydrolysation at 500 ̊C, the MXene phase is completely 
decomposed into three different TiO2 phases (anatase, rutile and 
brookite) in roughly a 1:1:1 ratio (Figure S5a). The oxidation of Ti3C2Tx 
is also confirmed by the vibrational spectra (Fig. 2b and c), demon
strating an additional shoulder of Ti-O bonds above 300 ̊C in the FTIR 
spectra, and TiO2 anatase peaks above 400 ̊C in the Raman spectra. 
These spectroscopic results also present the formation of disordered 
graphitic carbon, as the D and G Raman bands at 1345 cm− 1 and 1595 
cm− 1 show a cumulative intensity ratio of ID/IG > 1 indicative of 

Fig. 1. DFT results for two different F-removing hydrolysation reactions for Ti3C2Tx, where (a) shows ΔG̊ as a function of temperature and (b) shows the equilibrium 
partial pressure of HF gas as a function of temperature, using a high partial pressure of H2O (0.474 bar). 
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amorphous carbon,[40,41] and the various carbon-related vibrational 
modes in the FTIR spectra resembling graphene oxide.[42] This shows 
that the decomposition of Ti3C2Tx MXene during hydrolysis results in a 
TiO2/C composite that match well with previous reports on oxidation of 
Ti3C2Tx.[22,23,25] Apart from this oxidation, the MXene phase does not 
change much with the hydrolysation at lower temperatures. A slight 
shift in the (002) reflection upon increasing the hydrolysation can be 
seen in Figure S6a, which indicates a reduction in the interlayer spacing 
from 9.56 Å to 9.47 Å. Such changes in interlayer spacings are usually 
ascribed to deintercalation of H2O from the MXene, but as the FTIR 
spectra do not give any indication of H2O (Figure S7), and considering 
that each layer of water molecules is predicted to increase the spacing by 
> 2 Å,[11,43] dehydration is an unlikely explanation. Instead, the 
reduction in interlayer spacing upon hydrolysation might be ascribed to 
changes in the stacking of the MXene, as there are changes in intensity of 
the reflections between 33̊ and 45̊ upon hydrolysation, as well as a 
significant shift in the (110) reflection at 61̊ (Figure S6b).[44]. 

In Fig. 3a-d, the structural change of the MXene particles upon 
hydrolysation is presented through high-angle annular dark-field STEM 
(HAADF-STEM) micrographs. They show how the layered structure re
mains upon hydrolysation, although nanoparticles are formed after 
hydrolysation at 400 ̊C (Fig. 3c and Figure S8). Based on the results 
presented in Fig. 2, these nanoparticles are ascribed to TiO2 (anatase). 

Although the macroscopic morphology of the MXene particles remains 
even after hydrolysation at 500 ̊C (Figure S8), the layered microstruc
ture is no longer observed after complete oxidation. For the powders 
hydrolysed at 300 ̊ C on the other hand, TiO2 nanoparticles are not 
observed, which suggests insignificant oxidation by hydrolysation at this 
temperature. Additionally, an AB stacking of the pristine Ti3C2Tx is 
demonstrated by the red lines in Fig. 3b,[45] which is similar to previ
ously reported HAADF micrographs.[16,21] As the micrographs of the 
Hyd400C sample were viewed along the [100] zone axis (Fig. 3d), no 
more information about the MXene stacking could be obtained from 
these particles. 

To measure the chemical compositional change in the bulk of the 
Ti3C2Tx particles upon hydrolysation several SEM-EDS point scans from 
each sample were measured and the average results are presented in 
Fig. 3e. These values are presented relative to one formula unit of 
Ti3C2Tx (per 3 Ti) and display how the O content increases with the 
oxidation of the MXene and ends up at twice the amount of Ti after 
hydrolysation at 500 ̊C, which again matches the formation of TiO2. At 
the same time the C content remains roughly unchanged, demonstrating 
that H2O is not sufficiently oxidising to form CO/CO2 at these temper
atures. When it comes to the removal of F terminations, hydrolysation 
seems to fail, as there are no significant changes in the F content after 
hydrolysation at 300 ̊C. The slight reduction at higher temperatures is 

Fig. 2. XRD diffractograms (a), Raman spectra (b) and FTIR spectra (c) of Ti3C2Tx before and after hydrolysation at various temperatures. The peaks at around 1380 
cm− 1 in the FTIR spectra come from impurities in the measurement chamber, and the (hkl) MXene reflections in (a) are labelled in Figure S4. 

Fig. 3. HAADF-STEM images at two 
different magnifications of pristine 
Ti3C2Tx MXene viewed along the [2 1 0] 
zone axis (a,b) and of Ti3C2Tx after 
hydrolysation at 400 C̊ viewed along the 
[100] zone axis (c,d), where the inset in 
(b) illustrates the AB stacking marked by 
the red lines. (e) shows the SEM EDS 
average values from point scans per
formed on pristine Ti3C2Tx and Ti3C2Tx 
hydrolysed at different temperatures, 
where the dashed line illustrates a Ti 
amount of 3 and the error bars represent 
the standard deviation from the set of 
point scans used for each sample. (For 
interpretation of the references to colour 
in this figure legend, the reader is referred 
to the web version of this article.)   
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likely related to the decompositionof the MXene phase, as the EDS re
sults follow the same trends as the XRD, Raman and FTIR results pre
sented in Fig. 2. As TEM EDS mapping of the edge surfaces demonstrated 
insignificant changes in local O and F concentrations before and after 
hydrolysation at 400 ̊C (Figure S9), it is concluded that the gas hydro
lysation of pristine HF-etched Ti3C2Tx does not result in any substitution 
of F-terminations. 

Nonetheless, based on the oxidation products formed at elevated 
temperatures, gas hydrolysation still shows a higher selectivity towards 
F removal compared to other annealing atmospheres, as discussed 
further in the Supplementary Information (Figure S10-S14). Although 
annealing in dry synthetic air resulted in similar oxidation as the 
hydrolysation, it started at a lower temperature (300 ̊C for air and 400 ̊C 
for hydrolysis) and ended up with other products (Figure S10). While the 
annealing in dry air resulted in an oxidation of C to CO/CO2 and the 
formation of a TiOF2 phase, hydrolysation removed all F content while 
preserving most of the carbon content. Annealing in inert (Ar), reducing 
(H2/Ar) and vacuum environments on the other hand, only resulted in 
minor oxidation to TiO2 anatase (Figure S13 and S14) and insignificant 
compositional changes even after annealing at 500 ̊C (Table S1). These 
results are further discussed in the Supplementary Information. Note
worthy, the EDS mapping results show similar trends as the point scan 
averages (Table S2). Hence, use of EDS mapping may prove to be suf
ficient for rough quantification of O and F content for MXenes, if the 
number of impurity particles in the mapped regions are consistent. 

3.3. Hydrolysation of pre-intercalated Ti3C2Tx 

Considering the small interlayer spacing of the HF-etched Ti3C2Tx, 
which may have impeded the intercalation of H2O molecules and thus 
also the hydrolysation reactions, pre-intercalation of various cations was 
attempted (denoted cation pillaring) to expand the interlayer spacing in 
the Ti3C2Tx structure prior to hydrolysation. This cation pillaring was 
achieved by dispersing pristine Ti3C2Tx powders in various hydroxide 
solutions to form Ti3C2Tx intercalated with Li+, Na+, K+, Mg2+ and 
tetrabutylammonium/TBA+ (denoted “X-Ti3C2”, where “X” represents 
the cation). As presented in the X-ray diffractograms in Fig. 4a, these 
pre-intercalations resulted in significant expansions of the interlayer 

spacings, from 9.56 Å in the pristine Ti3C2Tx, to around 12.4 Å for K- 
Ti3C2, Na-Ti3C2 and Li-Ti3C2, 14.8 Å for Mg-Ti3C2 and 17.4 Å for TBA- 
Ti3C2. Considering Mg-ions are shown to co-intercalate with two layers 
of water molecules at ambient conditions, whereas the alkali cations 
only co-intercalate with one layer, these results are in good agreement 
with previous reports.[46,47] However, after hydrolysing the pre- 
intercalated MXenes at 300 ̊C (X-Ti3C2-Hyd), the (002) reflections of 
the Li-Ti3C2, Mg-Ti3C2, and TBA-Ti3C2 samples are shifted back towards 
those of the pristine Ti3C2Tx, indicating a reduced interlayer spacing and 
hence a collapse of the pillared MXene structure. As the EDS results 
indicate insignificant changes in F content, it is assumed that the 
hydrolysation of these samples was unsuccessful due to the lack of H2O 
intercalation. For the K-Ti3C2 and Na-Ti3C2 samples, however, the pil
lared MXene structures remained even after hydrolysation, which is 
demonstrated by the almost unchanged interlayer spacings (Fig. 4a). 
Unlike the non-pillared MXenes, the hydrolysation of these structures 
resulted in significant F reduction (45 % for Na-Ti3C2 and 64 % for K- 
Ti3C2 vs pristine Ti3C2Tx), accompanied by a comparable increase in O 
content (Fig. 4b). Seeing that these samples did not show any signs of 
oxidation (Figure S15–S18), these changes are ascribed to alterations in 
the mixture of termination groups. By extending the hydrolysation time 
of K-Ti3C2 from 15 h to 50 h an increased reduction of F content was 
achieved (78 % vs pristine Ti3C2Tx, Table S1), indicating an extensive 
removal of F terminations from the bulk of the Ti3C2Tx particles upon 
hydrolysation. Furthermore, to ensure that the compositional changes 
were not related to the mere dehydration of the MXene, the K-Ti3C2 
MXene was also annealed at 300 ̊C in dry Ar gas. Seeing that this resulted 
in insignificant changes in the F content (Table S1), the importance of 
water vapour to selectively remove F-terminations is demonstrated. 

To ensure charge neutrality upon cation intercalation, all cations 
must have been co-intercalated with anions. Since hydroxide salts were 
used, it is likely that some OH-ions remain within the structure and assist 
the pillaring of the MXene. In the EDS data (Fig. 4b), this can be seen by 
the increase in the O content for all cation-intercalated samples 
compared to the pristine Ti3C2Tx. Strikingly, no Cl content was detected 
in the Mg-Ti3C2 samples after the cation substitution in MgCl2 solutions 
(Table S1), implying that insignificant anion substitution has taken 
place. The increase in O content can also be partly ascribed to the 

Fig. 4. Logarithmic intensities of low angle X-ray diffractograms (a) and EDS quantification of O and F (b) from the intercalation of various cations in Ti3C2Tx 
followed by hydrolysation at 300 ̊C. The dotted lines in (a) indicate the position of the (002) reflection for the different samples with the resulting interlayer spacings. 
The dashed line in (b) 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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intercalation of H2O, which seems to match well with the higher inter
layer spacing of Mg-Ti3C2. However, as the EDS data are acquired under 
high vacuum, it is difficult to know how much of the intercalated water 
remains within the structure during the measurements. The relative 
changes between F and O content on the other hand, is ascribed to 
changes in termination groups, and shows how the K-Ti3C2 and Na-Ti3C2 
samples show the highest termination substitutions upon hydrolysation. 
However, from EDS data it is not possible to separate between O- and 
OH-terminations, leaving the exact mixture of the resulting termination 
groups after hydrolysation uncertain. 

Apparent for all the pre-intercalated structures upon hydrolysation is 
a shift in the (002) reflection towards higher 2θ value and thereby also a 
smaller interlayer spacing. For the TBA-Ti3C2 sample it is likely that the 
TBA molecules decompose, as it matches well with the reduction in the C 
content (Table S1) and with previous reports on decomposition of 
intercalated TBA molecules by Ar annealing.[48,49] Similarly to the 
TBA-Ti3C2-Hyd, the interlayer spacing of Li-Ti3C2-Hyd is approximately 
the same as the pristine Ti3C2Tx. Surprisingly, this suggests a complete 
removal of the intercalated species upon hydrolysation, as intercalated 
Li-ions have been reported to result in up to a 20 % increase in interlayer 
spacing compared to the pristine MXene, both with and without the co- 
intercalation of solvents.[5,21,27] However, as the Li deintercalation is 
found to be very endothermic, it is possible that the slight increase in 
temperature is sufficient.[50] For the Mg-intercalated Ti3C2Tx on the 
other hand, the reduction from 14.84 Å to around 10.3 Å upon hydro
lysation is ascribed to the dehydration of water molecules, seeing that 
the Mg content remains unchanged (Table S1) and due to the removal of 
O–H vibrational modes in the FTIR spectra (Figure S15). As intercalated 
Mg-ions are calculated to have an ionic radius of 0.72 Å,[51] this cor
relates well with the difference in interlayer spacing from the pristine 
Ti3C2Tx. However, seeing that the cation intercalation must have been 
accompanied by intercalation of OH-ions for charge neutrality, there is 
also a possibility that the Mg-ions have bonded with residual OH-ions or 
with F-terminations to form insoluble Mg(OH)2 and/or MgF2 (Table S3). 
[13] Furthermore, a similar dehydration can be observed for Na-Ti3C2- 
Hyd, where a shoulder to the (002) reflection arises at around the same 
location as for Mg-Ti3C2-Hyd. This partial dehydration is also causing a 
general broadening of the XRD reflections with a non-zero l index in the 
Miller indices (hkl) after hydrolysation (Figure S16), as the interlayer 
spacing becomes less ordered. Although a small shoulder to the (002) 
reflection also appears after the hydrolysation of K-Ti3C2, the hydro
lysation generally resulted in a sharpening of the reflections with l ∕=
0 and thereby an increased ordering of the interlayer spacing. The minor 
shifts (0.12 Å) of the main (002) reflections in Na-Ti3C2 and K-Ti3C2 

upon hydrolysation are almost identical, and may be ascribed to a small 
reduction in intercalated water.[43] However, as the reduction is < 5 % 
of one water layer,[43,47] the FTIR spectra in Figure S15 show no in
dications of H2O, and according to previous reports claiming hydro
phobic nature of these cations in MXenes,[51,52] this change might also 
be ascribed to changes in termination groups and stacking.[45] In 
Figure S17, a significant shift in the stacking sensitive (110) reflection 
can be seen after the hydrolysation of the K-intercalated MXene. 
Nonetheless, as the K-Ti3C2 sample maintained the best pillaring upon 
hydrolysation and the highest reduction of F content, it is reasonable to 
assume an essential role of the cation pillaring in the successful F 
removal by gas hydrolysation. 

As demonstrated by the Raman and FTIR spectra in Fig. 5, the change 
in termination by hydrolysation also resulted in significant shifts in the 
vibrational modes of Ti3C2Tx. In the FTIR spectra, three vibrational 
modes are assigned to Ti-C and Ti-T modes (T = termination group) at 
575 cm− 1 and 650 cm− 1 for the pristine Ti3C2Tx, respectively, as well as 
K-T modes at around 955 cm− 1. Upon intercalation of K-ions, the Ti- 
related modes do not shift significantly. However, upon hydrolysation 
of K-Ti3C2, the Ti-T and Ti-C modes are shifted by 20–50 cm− 1 to higher 
wavenumbers, which is ascribed to a reduced amount of F-terminations. 
[53] Similarly, the K-T vibration is shifted slightly down, which also 
match with the change in terminations. Additionally, in the Raman 
spectra in Fig. 5b, there are significant shifts in the out-of-plane A1g (C) 
peak at 717 cm− 1 upon both K-intercalation and hydrolysation, corre
sponding to an increased interlayer spacing as well as the reduction of F- 
terminations.[33] In addition, there are significant shifts in the in-plane 
Eg peaks at around 209 cm− 1, 380 cm− 1 and 610 cm− 1, and small shifts 
in the A1g peak at 209 cm− 1 and the resonant peak at 121 cm− 1, which 
also match with the expected changes for increased amounts of O-ter
minations.[33,54] Although these peak shifts indicate more O-termi
nations, matching the DFT predictions presented in Fig. 1, it is not 
possible to obtain any useful information about the exact ratio between 
O- and OH-terminations after hydrolysation from these results. To better 
quantify this termination ratio in bulk powders, one would need to use 
methods such as 1H NMR,[9] neutron scattering,[55] or XPS depth 
profiling.[56]. 

Furthermore, an interesting aspect with the hydrolysation of the 
cation pillared MXenes is the trend of which cations were able to hold 
the intercalated water upon hydrolysation. Based on the hydration en
thalpies presented in Table S3, one would assume the opposite results, as 
Mg-ions have the highest hydration enthalpy of the four cations (Mg2+, 
Li+, Na+ and K+), and therefore would be expected to hold the sur
rounding water molecules the strongest. Although previous reports 

Fig. 5. FTIR (a) and Raman (b) spectra of Ti3C2Tx and K-Ti3C2 before and after hydrolysation at 300 ̊C for 15 h and 50 h. The dotted lines in both spectra are used to 
indicate the location of the vibrational modes for the pristine Ti3C2Tx and thus illustrate the shifts that occur upon intercalation of K-ions and after hydrolysation. 
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suggest a clay-like behaviour of MXenes with 1–2 layers of water mol
ecules following the intercalation of cations,[43,57–59] there are also 
reports suggesting that larger cations such as K would even extract water 
from the MXenes upon intercalation.[51] Based on the lack of H2O vi
brations in the FTIR spectra of K-Ti3C2, it is possible that the K-, Na- and 
Li-intercalated samples encompass zero layers of water molecules. 
However, due to the similarity of the interlayer spacings for all these 
cations and the calculated size of one layer of water molecules, the 
presence of intercalated water is very likely. Instead, the dehydration of 
the MXenes can most likely be attributed to the diffusion of intercalated 
water, where the diffusion coefficient is larger for the smaller cations. 
[43,59] This implies that although K-ions have the lowest hydration 
enthalpy, they have the strongest ability to prevent water molecules 
from leaving the interlayers of the MXene upon increasing the temper
ature. In fact, by hydrolysation at 300 ̊C, the thermal energy may even be 
high enough to dehydrate all the different cations regardless of the hy
dration enthalpy. Additionally, it should be highlighted that the amount 
of co-intercalated water seems to strongly affect the stacking faults in the 
Ti3C2Tx layers. While all the cation-intercalated structures with one 
water layer (K-Ti3C2, Na-Ti3C2and Li-Ti3C2) shows significantly more 
defined reflections in the 35-45̊ region compared to the pristine Ti3C2Tx, 
the Mg-Ti3C2 sample with two layers of water molecules does not.[44]. 

3.4. Electrochemical evaluation of hydrolysed K-intercalated Ti3C2Tx 

As the hydrolysation of K-Ti3C2 resulted in the greatest F reduction, 
the electrochemical performance of Ti3C2Tx, K-Ti3C2 and K-Ti3C2-Hyd 
electrodes was evaluated by galvanostatic charge and discharge cycling 
in LiB half cells. Capacity plots from tests at various current densities are 
presented in Fig. 6a and b and they demonstrate how intercalation of K- 

ions resulted in a significant capacity reduction, both at low and high 
current densities. A similar capacity reduction upon K-intercalation has 
been reported for Na-ion batteries,[52] and may be ascribed to the K- 
ions blocking some of the possible intercalation sites for Li-ions upon 
cycling. With an approximated ~ 10 % K occupation of the intercalation 
sites inside the MXene (Table S1), and considering the possible blocking 
by the co-intercalated OH-ions, the reduction of around 20 % is to be 
expected. However, for the hydrolysed sample the capacity is increased, 
which can be ascribed to a reduced amount of F and OH-terminations 
that are assumed to either sterically hinder some Li-ion intercalation 
or end up with the formation of LiF or LiOH side products.[11,12] Seeing 
that the pristine Ti3C2Tx and K-Ti3C2 electrodes show a significant ca
pacity fade upon the first cycles, it is possible that the hydrolysed sample 
results in the formation of less side products during cycling, which again 
enables capacities closer to the theoretical limit of 268 mAh/g for 
Ti3C2O2Li2.[11,60] At lower current densities, the delithiation capac
ities obtained with K-Ti3C2-Hyd electrodes are higher than the pristine 
Ti3C2Tx, with 187 mAh/g vs 156 mAh/g at cycle 33 (Fig. 6a), even 
though all of the intercalated K-ions remained after hydrolysis 
(Table S1). At higher current densities on the other hand, the capacity 
fades quickly and at current densities > 40 mA/g the capacity of the 
pristine Ti3C2Tx is higher. This capacity reduction at higher current 
densities may partly be ascribed to K-ions slowing the Li-migration, as a 
similar trend is also observed for the K-Ti3C2 sample. However, as the 
capacity reduction in the hydrolysed sample is significantly higher, it is 
also possible that the change in termination groups has an effect. 
Interestingly, DFT calculations predict lower migration barriers for Li- 
ions on O-terminated surfaces compared to F- and OH-terminated 
ones,[11,12] which should have resulted in better rate performance. 
However, they also demonstrate how the stacking of the MXene sheets 

Fig. 6. Electrochemical evaluation of Ti3C2Tx, K-Ti3C2 and K-Ti3C2-Hyd electrodes in LiB half cells, showing specific delithiation capacities per cycle at various 
specific currents (a), and for long term cycling at 200 mA/g (b). Corresponding differential capacity profiles at 10 mA/g (c) and 200 mA/g (d) are from cycle 3 and 23 
presented in (a), respectively. 
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greatly influence the migration barriers.[61] As the K-Ti3C2-Hyd sample 
demonstrated a significant shift in the (001) reflection and thus a 
possible change in stacking (Figure S17), it is possible that the lesser rate 
capability of this material may be ascribed to stacking changes. 

The intercalation of K-ions and the following hydrolysation also 
affected the intercalation voltages during cycling, which is illustrated by 
the differential capacity plots in Fig. 6c and d. From the low current 
density (10 mA/g) plot in Fig. 6c, it is shown how the intercalation of K- 
ions lowered the voltage of the lithiation peaks from 2.21 V and 1.58 V 
in Ti3C2Tx to 1.52 V and 0.33 V, while the hydrolysation resulted in a 
shift of the biggest lithiation peak from 0.33 V to 0.57 V while flattening 
out the peak at 1.52 V. This shows that the intercalation of K-ions 
significantly lower the intercalation voltage of Li-ions, and that the 
removal of F-terminations by hydrolysation causes a slight increase in 
intercalation voltage, matching well with more O-terminations being 
formed.[11–13] However, upon delithiation the peaks of the K-inter
calated electrodes are moved to higher voltages, indicating a significant 
energy inefficiency compared to the pristine Ti3C2Tx. At higher current 
densities (Fig. 6d), an even higher overpotential is observed for the K- 
intercalated electrodes, as the main lithiation peaks are shifted down to 
below 0.3 V, while the main delithiation peaks are shifted to 1.71 V and 
2.09 V for K-Ti3C2 and K-Ti3C2-Hyd, respectively. The pristine Ti3C2Tx 
on the other hand, retains most of the lithiation and delithiation ca
pacities between 1 V and 2 V, which is similar to what has been reported 
previously.[5,62] Although these results demonstrate how the change in 
terminations can alter the electrochemical performance of Ti3C2Tx 
MXene for LiBs, the negative effect of the K-ion intercalation still limits 
the feasibility of gas hydrolysation to improve the Li-intercalating 
properties of the MXene. To improve the LiB performance after gas 
hydrolysation of Ti3C2Tx, K-ion intercalation should somehow be 
bypassed. Either by pillaring the MXene with other cations, or by 
removing or substituting the K-ions after the hydrolysation is completed. 
Additionally, it should be noted that to the authors’ knowledge, this is 
the first report on Li-intercalation in K pre-intercalated MXenes. Seeing 
that the K-ions may block some of the Li-intercalation sites, the K- 
intercalated Ti3C2Tx may be more suitable for other battery chemistries. 
In fact, for aqueous supercapacitors Prenger et al. recently demonstrated 
a 10-fold areal capacitance increase of multilayered Ti3C2Tx compared 
to delaminated films, by pre-intercalation of the same cations as pre
sented here (Mg2+, Li+, Na+ and K+).[63] They also showed how the K- 
intercalated Ti3C2Tx phase resulted in the highest capacitance of all 
these cation-intercalated structures, which indicates how further 
investigation on this K-Ti3C2 phase also could be highly relevant for 
other applications. 

4. Conclusion 

Gas hydrolysation has been investigated as a method to substitute F- 
terminations with O- and OH-terminations on the 2D surfaces of Ti3C2Tx 
MXene, together with a comparison of the thermal stability of this phase 
in various atmospheres. Pristine HF-etched Ti3C2Tx MXene is found to 
remain stable up to a temperature of 300 ̊C, after which it starts to ox
idise into TiO2 nanoparticles and disordered graphitic carbon. Oxidation 
starts on the edge surfaces of the particles, but after hydrolysation at 500 
C̊ the MXene phase is completely transformed to a TiO2/C composite. 
The oxidation of Ti3C2Tx in humid inert atmosphere starts at a higher 
temperature (~400 ̊ C) than in dry air (~300 ̊ C). Compared to air 
annealing, hydrolysation also demonstrates a higher selectivity towards 
F removal. While the 500 ̊C annealing in dry air resulted in an oxidation 
of C to CO2 and the formation of a TiOF2 phase, hydrolysation at 500 ̊C 
removed almost all F content while preserving most of the carbon con
tent. However, as the water molecules were unable to penetrate the 
pristine MXene structure, the hydrolysation resulted in no reduction of 
F-terminations prior to the decomposition. 

We have shown that successful substitution of F-terminations from 
multilayered Ti3C2Tx particles requires a pillaring of the structure to 

allow for H2O intercalation between the 2D layers. This was demon
strated by pre-intercalating Ti3C2Tx with various cations (Li+, Na+, K+, 
Mg2+, TBA+) together with 1–2 layers of H2O molecules, which resulted 
in 2.8–7.8 Å increase in the interlayer spacing. Upon hydrolysation at 
300 C̊, three of the samples (Li-Ti3C2, Mg-Ti3C2 and TBA-Ti3C2) 
collapsed and ended up with an interlayer spacing matching the pristine 
HF-etched Ti3C2Tx (~9.7 Å), together with insignificant changes in F 
content. However, for the K-Ti3C2 and Na-Ti3C2 samples the pillaring 
structure remained after hydrolysation, which resulted in a significant 
reduction in F-terminations (45 % for Na-Ti3C2 and 64 % for K-Ti3C2 vs 
pristine Ti3C2Tx) along with a similar increase in O content. By 
extending the hydrolysation time to 50 h, a total F reduction of 78 % was 
achieved, without any signs of surface oxidation. In addition, the 
fundamental role of H2O vapour upon hydrolysation was proven by the 
insignificant F change upon annealing of the K-Ti3C2 sample in dry Ar 
gas. Cation intercalation followed by gas hydrolysation is thus proposed 
as a new method to substitute significant amounts of F-terminations 
from the bulk of Ti3C2Tx particles. 

Moreover, the electrochemical performance of K-intercalated 
Ti3C2Tx before and after changing the termination groups by hydro
lysation has been evaluated. Firstly, the K-intercalated electrodes 
demonstrated significantly worse energy efficiency compared to the 
pristine Ti3C2Tx, which was ascribed to steric hindrance. The interca
lation of K-ions also reduced the specific capacity by blocking Li sites 
upon cycling. Hydrolysation of the MXene on the other hand, resulted in 
a slight increase in reversible capacity, which was ascribed to less irre
versible reactions with F- and OH-terminations. Additionally, it resulted 
in increased (de)intercalation voltages and thereby demonstrate gas 
hydrolysation as a feasible method to control the electrochemical per
formance of Ti3C2Tx electrodes in LiBs. 
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