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Abstract

The synthesis of two-dimensional transition metal carbides (MXenes) with a predefined number of atomic
layers offers a possible way to tune their chemical activity. MXenes have been theoretically predicted to be
able to store/release CO: even at high temperatures and low CO» partial pressures, a prediction which has been
experimentally confirmed. In the present work, the influence of the number of atomic layers on CO»
adsorption/desorption is systematically investigated by means of density functional theory (DFT) based
calculations using suitable periodic models representing the (0001) surface of a series of these materials with
formula M,,+1C, (M = Ti, Zr, Hf, V, Nb, Ta, Mo, W) and n = 1-3. The interaction of CO; with the MXene is
always favorable with the adsorption energy decreasing as the transition metal electronic configuration goes
from @ to & and d*, in agreement with previous work for n =1. The influence of the thickness is found to be
rather small but noticeable and quite erratic. Nevertheless, the adsorption energy converges to a clear limit for
sufficiently thick MXenes. Interestingly, this value is close to that corresponding to the (111) surface of bulk
transition metal carbides (TMC). Indeed, the close structural similarity between the MXene(0001) and
TMC(111) surfaces strongly suggests that the former provide a practical way to approach this otherwise
unstable surface. The possibility to tune the CO> interaction based on MXenes thickness is further investigated
by means of kinetic phase diagrams. These provide additional evidence that carbide MXene surfaces are
promising materials CO> capture even at low CO> partial pressures and that MXene thickness can be used to

fine tune this behavior.



INTRODUCTION

Two-dimensional (2D) inorganic materials exhibit a large surface-to-volume ratio, interesting physical
properties, and normally high chemical activities even at room temperature. In principle, these features grant
them a high capability for adsorbing gas phase molecules such as NHs, Hz, H>S, CH4, CO, CO2, N2, NOy or
02.! Among many 2D materials, transition metal dichalcogenides (TMDs),>* metals oxides,> group III-VI
semiconductors® and 4-BN sheets’ have shown a noted activity and attracted additional interest due to the
influence that the lamellar thickness has on the sensitive detection tuning. However, despite the many
advantages of these materials, sensitivity, selectivity, and recovery aspects need further improvements.
Interestingly, MXene materials,® one of the latest incorporations to the 2D family, have revealed outstanding
sensitive and very high signal-to-noise ratio. These features allows one overcoming previous limitations and
have triggered a high expectation in the field.” In particular, the as-prepared MXenes possess an hydrophilic
nature and exhibit abundant highly active functional groups at the surface, so that they are able to effectively
adsorb various pollutants showing outstanding adsorptive environmental applications.!%!!

MXenes are synthetized from their layered MAX precursors;!? a large family of ternary carbides and
nitrides including solid solutions and ordered double transition metal structures.!*!* The MAX phases are
constituted by M,+1X, layers of a transition metal, M, being carbides (X=C) or nitrides (X=N), interleaved
with layers of an A-element (mainly a p block element). Chemically speaking, M—A bonds are weaker than
M-X bonds, which facilitates the selective etching of A following a top-down synthesis strategy. This
disassembly can be carried out by using normally aqueous hydrofluoric acid (HF),? although other fluorine-

> or high temperature treatments syntheses have been achieved.!® Furthermore, bottom-up synthesis

free,!
methods have been utilized to fabricate high-quality 2D ultrathin a-Mo2C crystals by using chemical vapor
deposition (CVD).!7:!8 It is common to denote ordered MXenes with the general M,.+1 X, Tx (n=1-3) formula,
where M and X are as defined above and T, stands for the type of surface termination (typically OH, O, F, or
H) that, depending on synthesis condition, cover the MXene surface.!*?° Here, one must emphasize that the
synthesis of termination-free, pristine MXenes (M,+1X,) is remarkably difficult owing to the chemical agents
used for the selective etching that functionalize the surface. However, post-synthesis heat treatments combined
with H, exposure have been recently reported providing a suitable procedure to remove the T species from
the Ti3C, surface.?!

MXenes have potential applications in different routes of gas separation such as H> purification in
methanol reforming process, H> recovery in ammonia production, and CO; capture for zero-emission fossil
fuel power generation.??>> Exfoliated MXene Ti3C,Tx nanosheets have been used as building blocks to
fabricate 2D laminated membranes for selective gas separation with a Ho/CO; selectivity superior to the state-

26,27

of-the-art membranes. In addition, density functional theory (DFT) based calculations suggest that No,

CO; and H,O molecules can be chemisorbed on the surface of M3C, MXenes.?®? Attending to the strength
of the binding energies, carbide and nitride MXenes exhibit a prominent CO2-philicity even triggering the

molecule activation through a charge transfer towards the CO», thus leading to the formation of adsorbed CO$~
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species.’®3! Therefore, MXenes have arisen as promising active substrates for carbon capture and storage
(CCS) based strategies.’? In fact, CO, abatement on M,X (X = C or N) (0001) surfaces has been recently
investigated by means of DFT computational approaches coupled to reaction rate theory.*3-* These showed
that MXenes can adsorb CO; even at low partial pressures and elevated temperatures. In addition, these
materials are predicted to yield CO» uptakes up to ~10 mol CO kg! of substrate, competitive to other
nowadays-existent materials like zeolites or graphene derivates.’>*¢ More recently, these theoretical
predictions have been confirmed by experiments on partially bare Ti3C> MXene showing a highly selectivity
towards CO: over N, with uptakes of up to 12 mol CO; kg™! for the Ti3C, MXene.?!

The previous results highlighted the large adsorptive and CCS capabilities of MXenes, and even the
possible effect of the MXene stoichiometry on these properties. However, the concomitant electronic structure
effect remains undisclosed, with open questions such as how far is MXenes surface activity compared to bulk
transition metal carbide (TMC) surfaces. In the present work, we tackle this point by studying the effect of
the MXene thickness on the CO; adsorption, also considering it as a factor to engineer the gas capture activity.
To this end we investigate the CO» adsorption on a broad family of MXenes with M>C, M3C,, and M4Cs; (M
=Ti, Zr, Hf, V, Nb, Ta, Mo, and W) chemical formula, comparing the results to the (001) and (111) surfaces
of the related TMCs. Moreover, adsorption/desorption probabilities are studied in the framework of newly
developed kinetic phase diagrams, providing estimates of partial CO» pressure and temperature conditions at

which the MXene surfaces are suitable for the CCS strategy.

COMPUTATIONAL STRATEGY AND MODELS

To investigate the effect of MXene thickness on the CO; capture, we rely on first-principles periodic
DFT based calculations carried out on suitable surface models. In particular, we explore M,+1C, (0001)
surfaces with M = Ti, Zr, Hf, V, Nb, Ta, Mo, W and n=1-3, as well as TMC (001) and (111) surfaces. The
two latter introduced for comparison purposes. All DFT based calculations have been carried out using in the
Vienna Ab initio simulation package (VASP),’’*® employing the Perdew-Burke-Ernzerhof (PBE)*
implementation of the generalized gradient approximation (GGA) for the exchange-correlation potential,
augmented with the D3 method to account for dispersive forces.*® The Kohn-Sham equations were solved by
using an expansion of the valence electron density in a plane-wave basis set with a kinetic energy cut-off of
415 eV. The projector-augmented wave (PAW) method was included to account the interaction between the
valence electron density and the atomic cores.*! Numerical integrations in the reciprocal space werecarried

out using a Monkhorst-Pack grid of 5x5x1.42

The geometry optimizations were considered converged when
forces acting on nuclei were all below 0.01 eV A"!. This computational setup ensures converged results up to
1 meV in the calculated adsorption energies.

It must be noted that the extended TMC (111) surfaces could be considered polar, i.e., can be M- or
C-terminated although the fact that these TMCs display metallic conductivity suggest that this is not an

important issue. Nevertheless, the influence of this surface dipole moment on the adsorption energy has been
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investigated in detail for some selected cases, comparing the results in models where such a surface dipole is
present to those where it is counteracted with the standard procedure. This set of results show that the presence
of the surface dipole reduces the adsorption energy by solely at most 0.05 eV, as expected. Therefore, this
effect has been not further considered. The adsorption and activation of CO; on extended TMC (001) surfaces
was previously investigated by some of us using the same computational scheme, and here included for
comparison.*?

To quantify the strength of the interaction between the CO> and the different MXene surfaces we rely
on the adsorption energy, defined as E,gqs = Eco,/substrate — (Esubstrate T Eco,) + AEzpg, Where
Eco,/substrate 18 the energy of CO, adsorbed on the substrate, Egypstrate COresponds to the energy of the
relaxed pristine MXene or TMC substrate, and E¢o, stands for the energy of an isolated CO2 molecule
calculated in a symmetric box of 9x10x11 A dimensions and using I'-point only. The difference in the zero-
point energy (AE7pg) of each term contribution was calculated within the harmonic approximation assuming
a decoupling of the MXene phonons and the adsorbed CO, vibrations including frustrated
rotations/translations. According to the definition of E,4,, the strongest interactions correspond to the most
negative values.

As aforementioned, five different surfaces have been investigated so as to inspect the influence of the
MXene thickness on the CO> adsorption energy, see Figure 1a. These include three MXene types with MzC,
M3;C,, and M4C;s stoichiometries —having 3, 5, and 7 atomic layers—as well as the rocksalt TMC (001) and
(111) surfaces. Note that while for these rocksalt (face-centered cubic — fcc) TMCs the (001) is the most stable
one, as the (111) exhibits much higher cleavage energy, which indeed hampers its experimental exhibition.**
Interestingly, the atomic structure of the M,+1C,(0001) surface is reminiscent to the TMC (111) one, which,
as shown later on, has strong implications.

Several surface adsorption sites, accompanied by different CO2 molecular orientations, were explored.
Five sites and/or conformations (Figure 1b) emerging from these structural searches were confirmed as stable
minima in at least one of the MXene (0001) and TMC (111) surfaces. The different active sites were
distinguished by specifying the location of the »n surface atoms in contact with the CO2 molecule, adsorbed
either on a surface bridge (B) site, or on a hollow, with one carbon of the second layer beneath (C) or a metal
atom (M). Note that, due to the different surface atomic arrangement, the adsorption sites on the TMC (001)

surfaces follow a different notation as described in an earlier work,** where it was found that the CO;

molecule creates a C-C bond with a surface carbon atom, and the O atoms can be either bound to surface metal

atoms or pointing away from the surface.*,

RESULTS AND DISCUSSION

First the influence that MXene thickness (see Figure 1a) has over the CO adsorption strength has been
analyzed. Table 1 compiles the Eags values for MXenes with M>C, M3C», and M4Cs stoichiometry classified
according to the d series of transition metals: d* (Ti, Zr, and Hf), &° (V, Nb, and Ta), and d* (Mo, and W). Note
that carbide Cr-derived MXenes have not been considered in the present study due to their endothermic CO»
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adsorption, as recently reported on M>,C MXenes.** Results in Table 1 evidence a systematic and general trend

governed by the d series and regardless of the MXene stoichiometry. Carbide MXenes containing ¢* metals
present the largest adsorption strength, below -3.0 eV, followed by those including d°> metal MXenes with
moderate adsorption energies circa -2.5 €V, and d* metal MXenes, which show the smallest E, 4 values, yet
above -1.7 eV. To ease the analysis of the influence of the thickness on the CO; adsorption energy, the
calculated Eags values versus the C/M ratio is represented in Figure 2, revealing a clear increase with the
MXene thickness. At first sight, one could consider the thickness effect on CO2 Eags as small, although it can
be significant. One can readily see that among &> MXenes, Ti>C exhibits the largest adsorption energy which
is 0.4 eV larger than for Ti3C; and TisCs. However, decreasing along the d? series, one finds that the CO, Eads
for Zr4Cs and Hf4sCs becomes 0.2 and 0.1 eV larger than for the Zr2C/Zr;Cz and HRC/Hf3C; thinner MXene
counterparts, respectively. The trend, thus, is that while moving down along the @? series the CO, Eaqs increases
as the number of atomic layers in the MXenes increases. The trend in the & series is, however, slightly
different with V>C featuring the strongest adsorption, predicted to be 0.2 eV larger than the corresponding
values for V3C> and V4Cs. However, in the case of Nb and Ta MXenes, the largest Eags values, -2.3 and -2.7
eV, correspond to NbsC> and Ta3C,, respectively. Therefore, when moving down along the & series the
adsorption strength increases from M>C to M3C; but decreases from M3Cz to M4Cs stoichiometry. Finally, the
situation of the d* series is more homogeneous; the Mo>C features the strongest adsorption, which is 0.3 eV
larger than the value for Mo3C». The cases of W-derived MXenes feature an even different trend with the
estimated Eags being essentially invariable with respect to the MXene thickness. This detailed description
discloses that, while the MXene thickness has a clear influence on the CO» Eags, the trends along each series
are different without any clear tendency emerging from the electronic configuration of the involved transition
metal. This random behavior can be tentatively attributed to the nanoscale effect emerging from the ultrasmall
thickness of these materials, which still differs from those bulk limits.

To verify the above hypothesis, we compare the FE.d¢s values for the explored MXenes to the
corresponding values for the TMC (111) (001) surfaces, see Table 1. As already mentioned, for the rocksalt
TMCs, the TMC (001) surface is the most stable one according to experimental measures and DFT based
calculations.*>#” Hence, it is not surprising to find that this surface stability is accompanied by rather low Eads

values well below -1.6 €V as reported in Table 1.22 The case of the TMC (111) surfaces is especially

interesting, given that the F.4s values are quite close to those of the M3Cs (0001) MXenes. This outcome is
quite relevant since, for these bulk TMCs, the formation of the TMC (111) surface requires large cleavage

energies, as previously reported through DFT estimates.*:*® In fact, these estimates imply that the energy to

cleave TMC (111) surfaces is at least twice that of TMC (001) surfaces. Consequently, bulk TMCs seldom
exhibit these (111) surfaces. Here it is interesting to note that a comparison of the atomic structure of the
MXene (0001) and TMC (111) surfaces reveals striking similarities. In fact, both exhibit the same type of
atomic stacking and surface sites. Therefore, MXenes can be also though as convenient models of the

otherwise highly unstable TMC (111) surfaces. As a corollary, the present work shows that MXenes provide



a promising alternative to investigate the chemistry of bulk TMC (111) surfaces. In addition, MXene (0001)
surfaces have the additional advantage of a high surface-area-to-volume, which is missing in bulk TMC
surfaces. This feature enables an efficient capture of gases such as CO; making these low dimensional
materials quite attractive and promising for their usage as low-temperature gas sensor devices.*~° For
instance, 2D V,CT, gas sensors are able to detect trace amounts of non-polar gases such as hydrogen and
methane.’! The predicted high performance of carbide MXenes for the adsorption of CO is accompanied by
a significant activation reflected in electronic changes on the CO2 molecule and O-C-O angle, both induced
by the charge transfer from the substrate, which is in the -0.80 to -2.00 e range directly depending on the

calculated Eaqs value,® being consistent with the O-C-O angle which goes from 180° in the gas phase to 111-

134° when adsorbed on an MXene.

Up to here, the present results undoubtedly demonstrated that carbide MXene surfaces lead to an
exothermic activation of the CO2 molecule, which can be slightly tuned by choosing the appropriate MXene
and its thickness. These results suggest, in principle, a promising workability of these 2D materials as potential

substrates for CCS strategies.?2 In such a process, the CO; can be captured from different sources, including

air, industrial sources or power plant flue gases, using either adsorption or potentially membrane gas
separation technologies. In the following, the viability of carbide MXenes for such technologies is further
analyzed based on adsorption and desorption rate estimates, acquired through collision and transition state
theories (TST), respectively.’? In particular, we use this approach to estimate the CO, partial pressures and
temperatures at which the different MXene (0001) carbide surfaces are adequate, or not, for CCS. The kinetic
phase diagrams for each MXene, exemplified in Figure 3 for V- and Hf-based TMC and MXenes systems, are
built based on equaling the adsorption and desorption rates (7adgs and rqes) Over a temperature range above 1000
K. The CCS—to—non-CCS crossover line is identified at the condition where the rags = rdes equilibrium
condition is fulfilled. Three representative operative conditions of CO» partial pressure (pco, ) are highlighted,
including the atmospheric partial pressure of COz (air), pco, = 40 Pa;>® a partial pressure which is a reference
value for post-combustion exhaust gases (exhaust), pco, = 15-10° Pa;>* and a reference value for pure CO>
stream generation from a CCS system (desorption), pco, = 10° Pa.>

Hence, Figure 3 shows the kinetic phase diagrams corresponding to the V2,C, (0001) (top) and Hf,C,
(bottom) MXenes including the cases of the VC(001), VC(111), HfC(001) and HfC(111) surfaces for
comparison. Results in Table 1 and Figure 1 show that these particular cases are representative limiting cases
of the different systems under study. The complete set of kinetic phase diagrams is supplied in the supporting
information (SI). To interpret these diagrams, we first focus on the hafnium carbide systems, see bottom panel
of Figure 3. In the Hf-based systems, one readily sees that HfC (001) surfaces are effective for the CCS from
air up to 600 K, and above this temperature CO> desorbs. Here, the light blue shaded region implies
temperature and pco, conditions at which the CCS is a priori feasible, and the rest of conditions at higher
temperatures and lower pco, would not be suited for CCS —although they can be for other TMC surfaces and
MXenes, and so colored, but for these other surfaces. Interestingly, for the Hf>,C, (0001) and HfC (111)
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surfaces the transient point is above 1000 K. Specifically, Hf2C, Hf3C,, Hf4Cs MXenes are appropriate for
CCS up to 1300, 1350, and 1400 K, respectively. Finally, the HfC(111) surface (light blue-red-green-dark
blue-gray region) shows the best performance with an optimal CCS temperature of almost 1500 K. Particularly
for TMCs, such high temperatures are reachable, given their refractory properties.’® The CCS—to—non-CCS
crossover lines depicted in the kinetic phase diagrams in Figure 3 are actually quite directly related to the Eads
values reported in Table 1 and displayed in Figure 2. This indeed explains the poor CCS performance of the
VC(001) compared to the much better performance of V»,C, (0001) and VC (111) surfaces, where CCS
capabilities are predicted to be valid in the range of 950-1100 K for the CO; atmospheric partial pressure. Note
also that the critical temperature at which the CCS becomes unfeasible depends on the CO; partial pressures,
widening the temperature range even for higher CO» partial pressures.

The present results agree with previous studies on CO; uptake, e.g. on cleaned TizC», with uptakes of
12 mol kg! at 373 K in agreement with the present kinetic phase diagram, see Figure S3 in the SI. Aside,
recently, the CO: capture on Ti3CoTx and V2CTx MXenes has been experimentally detected under 04 MPa
(4-10° Pa) at 298 K,?* implying the displacement of the termination species by CO», given the high Ega, in
accordance to the present findings and kinetic phase diagrams, and also why the observed desorption curves
indicate that the adsorbed CO> cannot be released under atmospheric pressure, again in agreement with the

large Eads predicted for the carbide MXene (0001) surfaces, regardless the material thickness.

CONCLUSIONS

The interaction between the CO; molecule and M,+1C, (0001) carbide MXene surfaces with n=1-3
and M=Ti, Zr, Hf, V, Nb, Ta, Mo, W has been investigated by means of first-principle periodic DFT based
calculations including dispersion and ZPE contributions. Overall, for all the studied MXenes, independently
of their thickness, the adsorption energies are quite large, which is already remarkable indeed, and agrees with
previous predictions for the particular cases of MoC MXenes containing three atomic layers only.*2 The
present systematic study shows that the CO» adsorption energy is the largest for the @*>-metal containing
MXene compounds, followed by d°- and d*-metal containing MXene ones. The influence of the MXene
thickness on the CO: adsorption energy is rather small, yet noticeable, although without featuring a
monotonous trend with the MXene thickness.

Interestingly, the comparison of CO; adsorption properties of the scrutinized MXenes to the
corresponding values for the (111) surface of bulk transition metal carbides evidences that the latter can be
seen as the limit case for the MXenes as their thickness increases. This is a very important result as the (111)
surface of TMC:s is very unstable and, hence, very hard to be obtained experimentally. On the other hand, this
high instability confers these materials an interestingly high surface chemistry. The present results show that
the carbide MXene (0001) surfaces provide a way to reach such TMC surfaces.

The obtained kinetic phase diagrams have been acquired through estimates of the adsorption and

desorption rates, and allow one estimating the CO» partial pressure and temperature conditions where the
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studied MXene compounds are suitable potential substrates for CCS technologies. The present results confirm
that the carbide MXene surfaces are promising materials for capturing CO», with a rather small influence of
the MXene thickness. For such materials the CCS—to—non-CCS crossover conditions are generally found at
high temperatures and even low CO; partial pressures.

The present results are in good agreement with available experimental data, thus reinforcing the present
general prediction and, in particular, suggest that the kinetic phase diagrams reported in this study could be
considered as an initial guide for the usage of MXenes for CCS purposes. Finally, the present study strongly
suggests that adsorption properties of MXenes are likely to converge fast with thickness to the values for the,
otherwise hardly attainable, (111) transition metal carbide surfaces. This, however, remains to be investigated

in future studies involving different types of adsorbates.
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Table 1. Adsorption energies (Eass) of CO2 molecule on the studied MXene (0001) surfaces and on TMC

(001) and (111) surfaces, all values given in eV. Note that E.s correspond to the most favorable energies

regardless the adsorption site. The C/M ratio is shown, distinguishing MXenes from bulk TMCs situations.

Those Eads in bold indicate the MXene thickness featuring the strongest CO; adsorption.

M MXenes T™C
M,C* M;C, MsCs  (111) (001)°
CM 0.50 0.66 0.75 1.00
d Ti -3.69 -3.28 -3.37 -3.47 -0.82
Zr -3.16 -3.15 -3.34 -3.44  -1.60
Hf -3.36 -3.33 -3.43 -3.54 -1.65
& vV 241 -2.19 -2.26 241 -0.28
Nb -2.11 -2.35 -1.94 -2.34  -0.86
Ta -2.37 -2.67 -2.02 -2.31 -1.20
d Mo -1.63 -1.32 -1.43 -1.43  -1.20
W -131 -1.31 -1.32 -1.15 —

@ Ref. 33, ? Ref. 43,
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Figure 1. (a) MXenes models with MoC, M3Cs, and M4C; stoichiometries and those of TMC (001) and (111)
extended surfaces employed to investigate CO2 adsorption. Notice the resemblance of MXene (0001) surfaces
to TMC (111) ones. The (001) and (111) TMC surfaces are identified by black planes. (b) Top (bottom panel)
and side (top panel) views of CO; adsorbed on diverse surface sites of MXene (0001) and TMC (111) surfaces.
Note that only the metal layer that interacts with the CO2 molecule is depicted in the side views. The MXene
(0001) surface is depicted by dark and light blue spheres for M upper, and inner and bottom layers,
respectively, whereas the inner carbon layer is represented by dark yellow spheres. The CO> molecule is
represented by red and brown spheres, which correspond to oxygen and carbon atoms, respectively. The

details about the adsorption sites on TMC (001) surface can be found in Ref. 43,
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Figure 2. CO; adsorption energy, Eags, trends along the C/M ratio of MXenes and TMC surfaces. The dash-
point black lines guide the eyes to differentiate the MXenes composed by @2, d°, and d* transition metals.

Values are taken from Table 1.
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Figure 3. Kinetic phase diagrams for V,+1C, (top panel) and Hf,+1C, (bottom panel) MXene (0001) surfaces,
along with their parent TMC (001) and (111) surfaces. White dashed dot lines stand for the atmospheric partial
pressure of COz (air, pco, = 40 Pa), the CO» partial pressure in exhaust gases (exhaust, pco,=15-10° Pa), and

the CO; partial pressure for pure COz stream generations (desorption, pco, = 10° Pa).
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