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Global warming caused by burning of fossil fuels is indisputably one of mankind’s greatest 

challenges in the twenty-first century. To reduce the ever-increasing CO2 emissions released 

into the atmosphere, dry solid adsorbents with large surface to volume ratio such as 

carbonaceous materials, zeolites, and metal organic frameworks have emerged as promising 

material candidates for capturing CO2. However, challenges remain because of limited CO2/N2 

selectivity and long-term stability. The effective adsorption of CO2 gas (~12 mol kg-1) on 

individual sheets of two-dimensional (2D) transition metal carbides (referred to as MXenes) is 

reported here. It is shown that exposure to N2 gas results in no adsorption, consistent with first-

principle calculations. The adsorption efficiency combined with the CO2/N2 selectivity, 

together with a chemical and thermal stability, identifies the archetype Ti3C2 MXene as a new 

material for carbon capture (CC) applications.  

  



 

 

 

 

In the search for new solid adsorbents that can capture carbon dioxide by physical and chemical 

adsorption, focus is turned to materials with high surface area including carbonaceous materials, 
[1] zeolites, [2] metal organic frameworks, [3] and 2D materials such as functionalized graphene 

oxide. [4] Despite several advantages (moles adsorbed per mass unit, low production cost), they 

are challenged by poor selectivity for CO2 over N2 and robustness in terms of lifetime and 

multicycle durability. [5] MXenes are a recent addition to the family of 2D materials and have 

emerged with superior properties and performance in terms of stability, [6] electrochemical 

charge storage, [7,8] electromagnetic interference shielding, [9] filtering, [10] and a range of 

additional applications. [8] 

 

They constitute a large and growing family of 2D materials, [11,12] that are obtained from the 

laminated Mn+1AXn (MAX) phases (M is a transition metal, A is a group A element -mostly 

group 13 and 14 - and X is C and/or N) [13] by chemical etching of the atomically thin A element 

layers that separate sheets of Mn+1Xn. As the A-element is removed, the MXene surfaces are 

immediately functionalized by surface terminating species, Tx. [6,14] Hence the proper MXene 

formula is Mn+1XnTx. Accordingly, the MXene properties can be tuned through structure, 

intrinsic composition, and surface terminations. The structure is inherited from the parent MAX 

phase (hexagonal, space group P63/mmc) but compositional tuning display an extraordinary 

toolbox for property tuning through MXenes based on single M and X elements, as well as 

alloys on both M and X. [12,15] In addition, there are reports on MXenes forming out-of-plane 
[16] and in-plane [17] double-M elemental ordering, as well as vacancy-ordered  structures. [18,19] 

Manipulation of the surface terminations constitute the final and most powerful variable for 

property tuning. [20] Despite several theoretical investigations, [21,22,23] non-inherent 

terminations have remained experimentally unexplored. Currently, the MXene preparation 

dictates that Tx is inherent to the etchant and predominantly a combination of O and F, where 

also OH has been considered as a minor [24] or even negligible contribution. [25]  

 

In the area of CC, MXenes are predicted to be highly efficient for capturing CO2, enabling 

capture of 2-8 mol CO2 kg−1. [21,22] However, the MXene surfaces were assumed to be 

termination free, an experimentally unrealistic starting point, given the current wet-chemical 

preparation routes for MXenes. To unlock the MXene potential for non-inherent terminations 

or adsorption of other molecules, such as CO2, we have subjected the archetype Ti3C2Tx MXene 

to a novel approach. Using in situ environmental transmission electron microscopy (ETEM), 

single Ti3C2Tx sheets were subjected to an initial high temperature treatment to desorb F, [25] 



 

 

 

 

and a subsequent H2 exposure to remove the persistent O from the surfaces. The thereafter 

termination-depleted MXene was subsequently exposed to CO2 gas, resulting in the first 

MXene to be terminated by a non-inherent molecule. Additionally, termination-depleted 

MXene surfaces were exposed to N2 gas after which no N adsorption was observed, 

consequently identifying Ti3C2 as highly efficient also in terms of CO2/ N2 selectivity.  

 

Figure 1a-d represent a cross-section schematic that illustrates, from left to right, the processing 

that was applied to the Ti3C2Tx MXene in order to reduce the surface terminating species 

followed by the adsorption of CO2. Figure 1a describes an as-prepared single Ti3C2Tx flake 

terminated by a disordered mixture (x > 2), predominantly consisting of O and F. [244,25] Figure 

1b shows how an initial thermal treatment of the sheet at 650 °C for 12 h inside the ETEM at a 

pressure of 10-6 mbar results in the desorption of F (see supplementary information Fig. S1), in 

line with previous investigations. [25] In response to the desorbed F, the remaining O rearranges 

itself to cover the surface at the thermodynamically preferred fcc-site (Fig. 1b). [26] With F 

depleted and only O remaining, the MXene is locally termination-free (x < 2). Following this 

initial thermal procedure, Fig. 1c schematically illustrates the subsequent introduction of 8 mbar 

H2 local gas flow parallel to the sample surface during heating to 700 °C for 0.5 h, leading to 

O depletion. Finally, as shown in Fig. 1d, 3.5 mbar CO2 is introduced at 100 °C and adsorbed 

on the depleted surface. The TEM images presented in Fig. 1e-h demonstrate the single MXene 

flake structure throughout the in situ process, with e) showing the as prepared structure, f) after 

heating in vacuum, g) after exposure to H2, and g) after exposure to CO2 (100 °C was chosen 

to avoid residual hydrocarbon adsorption on the single sheet). Note that the figures and in 

particular Fig. 1h, are not astigmatic as determined by fast fourier transform (FFT) (presented 

in supplementary information, Fig. S2), hence the apparent structure is a result of ordering of 

the CO2 molecules on the surface. 

 

During the heating and gas exposure experiments inside the ETEM, the changes in the Ti3C2Tx 

surface chemistry and structure were monitored by electron energy-loss spectroscopy (EELS) 

and electron diffraction (ED). Residual gas analysis (RGA) was employed to monitor reaction 

products originating from the interactions of the applied gas and the MXene surface species 

(shown in the supplementary information, Fig. S3). Following vacuum heating to remove the F 

terminations, Fig. 2a-c show the EELS spectra acquired from single flakes after 8 mbar H2 

exposure for 1 h intervals at RT, 500, 700, and 750 °C for C-K, Ti-L, and O-K respectively. 

The shape of the C-K edge in Fig. 2a confirms that the chemical environment of C remains 



 

 

 

 

constant throughout the experiment. A gradual chemical shift up to -1 eV is observed for Ti-L3 

and Ti-L2 above RT that indicates a decrease of O-terminations (caused by reduced charge 

transfer from Ti to O). [27] The O-K edge is displayed in Fig. 2c, and a -2 eV energy shift is 

observed above RT. A plausible cause of the negative shift of O-K is H saturation of the surface. 

Most importantly, the integrated intensity of the O-K edge, corresponding to remaining surface 

terminations, is being reduced with increased temperature. EELS quantification of the Ti:O 

ratio yield 3: 2.1 at RT, 3: 1.4 at 500 °C, 3: 1.2 at 700 °C, and 3: 0.6 at 750 °C. The chemical 

shifts of Ti-L and O-K in combination with the loss of O, clearly describes a decrease of O-

terminations caused by active H on the Ti3C2 surface. The apparently depleted surface can also 

be comprehended from Fig. 1g, which exhibits a clean appearance. Figure 2d presents the 

corresponding ED patterns that verify the preservation of the MXene structure up to 700 °C. At 

750 °C the ED patterns confirm the formation of TiC nanoplatelets [28] with similar lattice 

spacing compared to Ti3C2 (see supplemental information, Fig. S2). During the MXene 

exposure to H2, RGA detected the formation of H2O from 500 °C, which is increasing slightly 

with temperature (see supplementary information, Fig. S3). The formation of H2O at elevated 

temperatures correlates well with O-termination depletion which is expected with H2 reacting 

with surface bound O.  

 

The results show that H2 exposure at elevated temperatures is a facile route for removing O-

terminations. Consequently, experiments that probe the fundamental MXene properties are 

attainable. Because of the low pressure (mbar range) of the applied H2 gas during the limited 

time frames, complete removal of O was not achieved in these in situ experiments. Further 

depletion is proposed to be attainable at higher H2 pressures that are not possible in the ETEM. 

The high temperature vacuum heating and H2 processes also demonstrate the robust nature of 

the employed Ti3C2Tx.  

 

Figure 2e-g presents EELS spectra for the C-K, Ti-L, and O-K edges, respectively, obtained 

from single MXene flakes after heat treatment and H2 exposure at 650 °C followed by exposure 

of 3.5 mbar CO2 for 0.5 h at 100 °C. The C-K edge integrated intensity and fine structure 

radically changes upon CO2 exposure. In particular, the second broad peak centered at 293 eV 

exhibits a considerable increase in intensity. The Ti-L3,2 edge does not reveal significant fine 

structure changes (symmetry and bonds remain similar after adsorption), though both the Ti-L3 

and Ti-L2 (particularly the Ti-L2) edges experience apparent positive chemical shifts. This is 

indicative of the formation of a chemical bond between the Ti and adsorbed CO2, resulting in 



 

 

 

 

charge transfer from the Ti to the CO2. Figure 2g displays a substantial increase in the O-K 

edge intensity. EELS quantification of the sheet stoichiometries before and after CO2 exposure 

yields a Ti:C:O ratio of 3: 2: 1.45 and 3: 4.3: 5.2, respectively, which approximately 

corresponds to one adsorbed CO2 molecule per M surface atom. This is equivalent to an uptake 

capacity of 12 mol kg-1 or a relative increase by 52.7 wt.%.  

 

Competing materials for carbon capture include Mg-MOF-74 [29] and Zeolite X13 [30] where 

Mg-MOF-74 is reported to adsorb CO2 equivalent to a weight increase of 35 wt.% at 1 bar (313 

K). [29] Zeolite X13 is the benchmark material because of its low cost and a capacity of 22 wt.% 

at 1 bar (298K) [30] (Details in Table S1). Furthermore, regeneration of zeolite X13 has been 

reported to be more cost-effective from a long-term perspective than Mg-MOF-74 despite the 

capacity difference. On that note, MXenes are chemically and thermally stable (as verified here) 

and therefore exhibit a high potential for regeneration. Thus, the initial assessment of single 

Ti3C2 sheets yields that MXene is on par with, or even outperforms, current CO2 adsorbents. 

[1,2,3,29,30]  

 

The potential for MXenes for carbon capture can be further stressed by employing Ti2C as an 

example. Should this MXene adsorb the same amount of CO2 per surface M element, the weight 

increase would be an astonishing 80 wt.%. Finally, it is straightforward to alloy most MXenes 

with a few atomic percent of various metals that can increase the catalytic activity in conversion 

mechanisms.  

 

Figure 2h presents the corresponding ED patterns acquired before and after CO2 exposure, 

respectively, again confirming the preservation of the MXene structure. The final structure after 

CO2 exposure as shown in Fig. 1h exhibit a streaked surface and this is proposed to originate 

from the alignment of CO2 molecules on the MXene surface. As demonstrated above, CO2 

exposure of the O-depleted MXene immediately leads to complete CO2 saturation of the surface 

while the 2D structure is maintained. Complementary to the CO2 exposure, the H2 exposed 

surfaces were additionally subjected to N2 exposure. During these experiments no adsorbed N2 

was detected, indicating that termination-free Ti3C2 is highly selective between CO2 and N2. 

This result is explained by our calculations based on density functional theory (DFT) suggesting 

an endothermic reaction for N2 dissociation combined with formation of N-terminated MXene 

(see supporting information for details). Altogether, owing to the adsorption efficiency, the 

selectivity and the large surface area per mass unit, Ti3C2 MXene is shown to be a highly 



 

 

 

 

efficient material for carbon capture, which constitute an entirely new, and extremely 

promising, application for MXenes. 

 

In summary, in this manuscript we report two fundamental findings: 1) We have identified a 

route for termination of (adsorption on) Ti3C2 MXene by non-inherent species through a 

combination of heating and H2 exposure that depleted the Ti3C2 surfaces from terminating 

species. It is postulated that terminations on other MXenes can also be depleted in the same 

fashion. 2) We have identified single sheets of Ti3C2 MXene as a solid adsorbent for carbon 

capture applications. Following the surface depletion, a subsequent exposure to CO2, resulted 

in the adsorption of ~12 mol kg-1 CO2 on the Ti3C2Tx, a result that is on par with or even 

outperforms state of the art CO2 adsorbents at low pressures. It is proposed that, even higher 

loadings are attainable following H2 and CO2 exposure at higher pressures than presently 

obtained in the ETEM. We also found that the depleted MXene showed no affinity for N2 gas, 

consistent with our calculations, making the sheets highly selective towards CO2 over N2. 

Furthermore, a high stability of the MXene throughout the experiments was demonstrated, in 

line with previous findings. It is proposed that this may be useful in the subsequent conversion 

of the captured CO2 and for recycling of the same material in lines with a circular economy. 

The here presented results enables MXenes as an exceptional and robust breakthrough material 

for carbon capture.  



 

 

 

 

 

Figure 1. Cross-sectional schematics of a Ti3C2Tx flake illustrating the change in surface 

terminations (evolution of Tx) from left to right, as a result of thermal and environmental 

processing.  a) As prepared, b) heat treatment, c) H2 exposure, and finally d) CO2 exposure. 

The corresponding plan-view TEM images after each step are presented in e-h). The images 

were acquired at the following conditions; e) as prepared, f) heat treatment for 12 h at 650 °C, 

g) H2 exposure for 0.5 h at 8 mbar and 700 °C, and h) CO2 exposure for 0.5 h at 3.5 mbar and 

100 °C. 



 

 

 

 

 

Figure 2. (a-d) EELS spectra and plan-view ED patterns acquired from Ti3C2Tx flakes at high 

vacuum conditions after exposure to 8 mbar H2 gas at RT, 500, 700, and 750 °C for 0.5 h. (e-

h) EELS spectra and ED patterns acquired after exposure to 3.5 mbar CO2 gas at 100 °C for 

0.5 h after a preceding H2 exposure for 1 h at 650 °C. The EELS fine structure of C-K, Ti-

L3,2, and O-K is presented. Note the x2 factor for O-K.   



 

 

 

 

Experimental Section 

Ti3C2Tx MXene multilayer powder used in the ETEM experiments was prepared by chemical 

etching of Ti3AlC2 powder that in turn was synthesized following a procedure previously 

described. [31] One gram of Ti3C2Tx powder was immersed and continuously stirred in 20 ml 

aqueous solution of LiF and HCl acid with 1.5:12 molar ratio for 24 h at 35 °C. After etching, 

the mixture was washed three times each by 40 ml of 1 M HCl to remove all the excess LiF 

salts followed by 3 cycles of washes with 40 ml of 1 M LiCl each. The mixture was then washed 

with deionized (DI) water for several cycles each of 40 ml until the supernatant reached a pH 

of approximately 6. Delamination into (20 μm x 20 μm) single flakes in deaerated DI-water 

was facilitated by gentle shaking for 10 minutes followed by centrifuging at 3500 rpm for 1 h. 

TEM samples were thereafter prepared by drop-casting 0.1 μl single-flake-solution on a 

DENSsolutions through hole Wildfire nanochip and placed in a DENSsolutions Wildfire single-

tilt heating holder. The image corrected FEI Titan ETEM at DTU equipped with a high 

brightness XFEG and a monochromator operated at 300 kV achieving ~0.8 Å resolution was 

used to characterize the surfaces of single flakes. H2, N2, and CO2 gas was introduced separately 

at temperatures ranging from room temperature up to 750 °C for pressures between 

~10−6 mbar− 8 mbar and the samples were characterized before, during, and after exposure. 

EELS was acquired in diffraction mode resulting in ~0 mrad convergence angle and a ~10 mrad 

collection angle with a GIF Tridiem spectrometer at ~1.3 eV energy resolution and 0.2 eV 

energy dispersion. EELS spectra were acquired in high vacuum conditions after gas exposure 

on regions that had not been subjected to the electron beam. EELS data processing was 

performed using the commercial Gatan Digital Micrograph software with built in routines. 

Quantification was done on single scattering distributions after Fourier deconvolution, power-

law background subtraction, and employing Hartree-Slater inelastic electron scattering cross-

sections, excluding energy-loss near edge structures. RGA data was acquired with a Pfeiffer 

Vacuum mass spectrometer. HRTEM images were acquired with Gatan OneView 4K CMOS 

camera. First-principle calculations were performed using DFT, see details in the 

supplementary information.  
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