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Abstract 1 

 2 
MXene, with its high aspect ratio and adjustable surface properties, has garnered significant 3 

attention in the realm of hydrogen storage research. For the first time, considering a 4 

ternary/quaternary mixed terminated MXene surface, the authors have investigated 5 

comprehensively the hydrogen storage potential of two-dimensional (2D) titanium carbide Ti3C2Tx 6 

monolayer MXene using density functional theory (DFT). By considering mixed terminated 7 

surfaces, this study indicated the locally induced dipole due to the mixed termination is beneficial 8 

in facilitating hydrogen adsorption with stronger average adsorption energies than that of the 9 

uniform F-/O-/OH-/H-terminated surfaces. The authors estimated a compelling average H2 surface 10 

adsorption energy on the ternary mixed termination and total surface storage capacity to be -0.14 11 

eV/H2 and ~2 wt.% H2, which is comparable to that of the metal-organic frameworks (MOFs). 12 

This study also reveals the importance of the local surface chemistry effects on hydrogen 13 

adsorption. 14 

 15 

Keywords: MXenes, Titanium carbide, Hydrogen storage materials, Hydrogen adsorption, 16 

Energy storage, Green energy, Density functional theory (DFT) 17 

 18 
1. INTRODUCTION 19 
 20 

Hydrogen fuel stands out as a promising long-term green energy solution, offering a clean 21 

alternative to conventional energy sources, particularly fossil fuels. Due to its highest gravimetric 22 

energy density (120 MJ/kg) among other fuels [1], coupled with the environmentally benign 23 

byproduct – water - upon consumption, hydrogen storage is crucial to the advancement of 24 

hydrogen fuel cell technology for transportation, stationary, and portable power application. 25 

Current conventional physical storage of hydrogen includes storing hydrogen in liquid 26 

(liquefaction) or gas phase (compression). However, both conventional storage methods demand 27 

extreme storage conditions rather than ambient conditions (i.e., room temperature and atmospheric 28 

pressure). For instance, a high tank pressure of about 350-700 bar [2] is needed for gas storage of 29 

hydrogen while liquid hydrogen storage could only be achieved at cryogenic temperature owing 30 

to hydrogen’s notably low boiling point (~20 K) [3]. These conditions inevitably pose safety risks 31 

and technological challenges that hinder their application for portable power applications of 32 



 3 

hydrogen fuel. Thus, the search for higher efficiency whilst safer alternative methods has become 1 

extremely important [1, 4].   2 

Among the alternative hydrogen storage methods, sorption-based storage, via physical or 3 

chemical adsorption on solid surfaces, provides an alternative safer storage method to address the 4 

challenges posed by extreme physical storage conditions [4]. In contrast to the conventional 5 

hydrogen storage methods, the sorption-based storage techniques utilize new materials to adsorb 6 

hydrogen gas molecules at relatively low pressure is promising. Novel materials like zeolites [5, 7 

6] and metal-organic frameworks (MOFs) [7-9] are the representative materials that employ 8 

physisorption as a means to store hydrogen. MOFs, having high porosity and surface area [7], are 9 

ideal solid state-adsorbent materials for various applications, including hydrogen storage. Align 10 

with the United Nations’ Sustainable Development Goal and the net zero target [10, 11], DOE has 11 

set a target for hydrogen fuel cells development to achieve a gravimetric density of 6.5 wt. %, with 12 

a milestone of 5.5 wt. % H2 in 2025 [1] as one of the efforts to achieve higher energy efficiency 13 

improvement. The search for better-performance MOFs is generally compared to the benchmark 14 

MOF-5 due to its balanced performance between the volumetric (31.1 g-H2/L) and gravimetric 15 

capacity (4.5 wt.%) [12]. In terms of the adsorption thermodynamics, Sagara et al. [13] have 16 

estimated that the hydrogen adsorption in MOF-5 to be in a broad range of energies from 0-7 17 

kJ/mol at room temperature. Some of the MOFs demonstrated gravimetric capacity and adsorption 18 

enthalpy ranging from 1.5 to 2.5 wt.% and 6 to 10 kJ/mol respectively [14-16]. In addition, the 19 

estimated average adsorption energy of single-wall carbon nanotubes (SWCTs) with 0.8 nm 20 

diameter is about 8-9 kJ/mol. It is worth noting that the studies of MOFs’ hydrogen adsorption 21 

capability have typically been carried out at temperatures as low as 77 K due to their low 22 

adsorption enthalpy [17].   23 

Due to their appealing combination of properties such as a high aspect ratio [18, 19],  24 

MXenes have attracted immense theoretical and experimental research in various applications, 25 

such as battery systems [18], energy storage [20], and photocatalytic applications [21].  However, 26 

despite nearly a decade since its discovery [18], hydrogen storage application is one of the few 27 

areas where its potential has yet to be fully accessed. As the most studied MXenes to date, there 28 

were a few hydrogen storage application studies focused on Tin+1CnTx (n = 1,2) in the literature. 29 

The first theoretical study of hydrogen storage application of pristine Ti2C was conducted by Hu 30 

et al. [22], revealing a 3.4 wt.% H2 uptake. Subsequently, considering uniformly O-/OH-/F-31 



 4 

terminated Ti2C, Cheng et al. [23] found that Ti2C(OH)2 could uptake 2.7 wt.% H2. Experimentally, 1 

using incompletely etched Ti2CTx, Liu et al. [24] observed a hydrogen uptake of 8.8 wt.% at room 2 

temperature at 60 bar H2. Ghotia et al. [25] demonstrated the gravimetric density to be 10.47 wt.% 3 

at 77 K with 25 bar H2 using Ti3C2Tx.  Other theoretical studies of MXenes’ hydrogen storage 4 

capacity have also shown promising results ranging from 5.3 to 9.0 wt.% H2 [19, 22, 26, 27]. 5 

During the synthesis process, the highly reactive transition metal surface after etching 6 

results in a randomly distributed termination of surface functional groups (i.e., O, OH, F) on the 7 

MXenes surface, which is collectively expressed as Tx [28]. However, due to the complexity and 8 

computational cost of simulating mixed terminated surfaces, all of the above theoretical studies 9 

have considered either the bare MXenes [22, 26, 27, 29] or the homogeneously terminated surface 10 

with a single functional group [23, 29]. While these few MXenes have been studied for the purpose 11 

of hydrogen storage, the theoretical study of hydrogen storage application of Ti3C2Tx with mixed 12 

termination remains absent from the literature to date. As a baseline investigation, atomistic 13 

simulation of a mixed terminated MXene surface is crucial in basic understating of the MXene 14 

surface chemistry and can provide a more realistic model to bridge experimental characterizations 15 

[30]. In addition, the effect of various surface termination groups (e.g. O, OH, F, H, Cl) on the 16 

hydrogen adsorption and storage application of MXenes has also rarely been studied and remains 17 

elusive. Inspired by these, for the first time, considering various mixed terminated Ti3C2Tx surfaces 18 

adopted from Ref[31] the authors have systematically studied the local binding sites of the Ti3C2Tx 19 

monolayer on the hydrogen storage capability and estimated the hydrogen surface adsorption 20 

capacity. In this study, the authors have considered different MXene surfaces for H2 adsorption, 21 

i.e., the bare Ti3C2 surface, the uniformly terminated Ti3C2Tx surfaces (Tx = F2, O2 or OH2), the 22 

ternary and quaternary mixed terminated surfaces Ti3C2OpOHqFrHs (p + q + r + s = 2). 23 

 24 

2. COMPUTATIONAL DETAILS 25 

To model the 2D Ti3C2Tx structures, first-principles density functional theory (DFT) was 26 

employed as implemented in Vienna Ab initio Simulation Package (VASP) [32, 33] for the spin-27 

polarized electronic structure calculations. The projector-augmented-wave (PAW) 28 

pseudopotential method, together with the generalized gradient approximation (GGA) and the 29 

Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional were used to represent the 30 

exchange-correlation effects in the DFT simulation [34]. The kinetic energy cutoff for the plane-31 



 5 

wave basis was set at 500 eV. For the structural optimization and electronic calculations, the 1 

Brillouin zone was sampled using a Γ-centered grid of	(3 × 3 × 1). The electronic self-consistent 2 

cycle energy convergence was set at 1 × 10!"𝑒𝑉 and the residual force on each atom is less than 3 

1 × 10!#	𝑒𝑉/𝐴̇. The van der Waals interaction was included in all calculations using the semi-4 

empirical approach of Grimme (DFT-D3) [35]. A vacuum slab of at least 15 Å along the z-axis 5 

was implemented for the monolayer structure calculations to avoid spurious interactions between 6 

mirror images in simulation. The hydrogen surface adsorption energy is calculated as: 7 

 𝐸$%&'()*+',/. =
(𝐸/+ 0 / − 𝐸/+ 0 − 𝑛𝐸. )

𝑛1     (1) 8 

where 𝐸$%&'()*+',/. , 𝐸/+ 0 / , 𝐸/+ 0 , and 𝐸.  are the adsorption energy per H2, total energy of 9 

Ti3C2Tx, total energy of the bare Ti3C2 structure, and the total energy of the hydrogen molecule. 10 

The number of adsorbed H2 are denoted by 𝑛. 11 

To estimate the hydrogen storage capacity of various Ti3C2 monolayer derivatives (Section 12 

3.1 – 3.3) that mainly determined by H2 adsorption on surfaces, instead, the authors use hydrogen 13 

surface adsorption capacity (𝜔. )	as an approximation, with the weight capacity is calculated as 14 

[23]:  15 

 16 

𝜔. =
1

1 21
× 100%       (2) 17 

  18 

where 𝜔. is the weight capacity, 𝑀. and 𝑀/+ 0 / are the molecular masses of Ti3C2Tx and H2 19 

respectively. All atomic structures and charge densities are visualized using the open-sourced 20 

visualization software VESTA [36].  21 

 22 

 23 

3. RESULTS AND DISCUSSIONS 24 

3.1. Hydrogen adsorption on a bare Ti3C2 25 

The pristine Ti3C2 surface is highly reactive and could facilitate hydrogen adsorption. To 26 

study the hydrogen surface adsorption capability of a bare Ti3C2, the authors first investigate the 27 

favorable adsorption site for H2 adsorption. A 5 × 5 × 1  supercell of Ti3C2 was constructed 28 

corresponding to a total of 25 adsorption sites per surface. The high-symmetry adsorption sites are 29 

the Top (on top of the outer layer Ti atoms), face-centered cubic (FCC) (on top of the middle layer 30 



 6 

Ti atoms in the hollow site), and hexagonal close-packed (HCP) (on top of the C atoms in the 1 

hollow site) sites, as depicted in Figure 1.(a). Interestingly, without any surface functionalization 2 

and regardless of the adsorption sites, the H2 molecules would dissociate into H atoms (Figure 3 

1.(b)) and bind strongly with the Ti3C2 surface forming Ti-H bonds at the FCC site with an average 4 

adsorption energy of -1.2 eV/H2, similar to the H2 adsorption on a bare Ti2C surface [22-24]. Such 5 

strong surface adsorption is attributed to the chemisorption, where an H-termination-like surface 6 

is formed, with comparable adsorption energy to that of the formation energy per adatom of a fully 7 

H-functionalized Ti3C2 surface (see Figure S1). Considering the 100% H-termination on the FCC 8 

sites, the estimated hydrogen storage capacity is calculated to be 1.2 wt. % H. 9 

Due to the dissociation of H2 molecule and the nature of strong chemisorption that form 10 

Ti-H bonds, the bare Ti3C2 surface would not be helpful for a reversible hydrogen uptake in 11 

hydrogen storage application especially at ambient condition. The dissociation of the H2 molecules 12 

and subsequent chemisorption of the H atoms on the MXene surface, however, provides a new 13 

insight into considering H-termination as a functional group which has rarely been studied in the 14 

past. Complimentary to this study, the authors have also systematically studied the thermodynamic 15 

stability of the H-terminated Ti3C2Tx by calculating the formation energies when transitioning from 16 

a bare to a full H-termination surface (Figure S1) and found that a constant formation energy of -17 

1.26 eV/H atom was observed when varying the H percent coverage. The favorable adsorption site 18 

for H atoms is the FCC site which explains the chemisorption of the dissociated H atoms formation 19 

on the FCC site upon H2 adsorption. The study of H2 adsorption on the uniformly H-terminated 20 

surface is thus also considered in the following section. To examine the interaction between the 21 

Ti3C2 surface and hydrogen atoms/molecules, the authors have calculated the charged density 22 

difference and performed the Bader charge analysis [37, 38]. The Bader charge analysis (Figure 2) 23 

shows -0.61e of Bader charge on the adsorbed hydrogen atom, and an extra +0.14e and +0.06e of 24 

Bader charge on the nearest Ti and C atoms respectively, further confirming a strong bonding of 25 

H adatom to the surface. This explains the relatively large adsorption energy is essentially 26 

attributed to the formation of strong chemical bonds of hydrogen atoms on Ti sites (i.e. Ti-H bonds) 27 

on the surface upon chemisorption.   28 

 29 



 7 

 1 

Figure 1. (a) Adsorption sites for hydrogen molecules as inspected from the top and side view. (b) 2 

The dissociation of H2 molecule into the formation of Ti-H bond upon H2 adsorption on a bare 3 

Ti3C2 surface. 4 

  5 

 6 

 7 



 8 

Figure 2. (a) Side view and (b) top view of the charge density difference and Bader charge of the 1 

H-terminated Ti3C2. The yellow and cyan region represents charge accumulation and depletion 2 

respectively.  Color code for atoms: Blue: Ti, Brown: C, Pink: H. 3 

 4 

Table 1: Theoretical hydrogen storage capacity of physisorption-based material.  5 

Materials 
Average adsorption 

energy (eV/H or eV/H2) 

Total H/H2 storage 

capacity (wt.%) 
Reference 

MOFs -0.06-0.10 1.5-2.5 [14-16] 

Bare Ti3C2 -1.26 1.2# This work 

Bare Ti2C -5.03 8.61,2 [22] 

Bare Cr2C -0.96 7.61,2 [26] 

Bare Ti2N -3.63 8.61,2 [29] 

Bare Sc2C -4.70 9.01,2 [27] 

Ti2CO2 -0.14 5.32 

[23] Ti2CF2 -0.13 5.22 

Ti2C(OH)2 -0.14 5.32 

Ti2NO2 -0.14 5.42 

[29] Ti2NF2 -0.14 5.22 

Ti2N(OH)2 -0.15 5.32 

Ti3C2O2 -0.10 2.0 

This work 
Ti3C2F2 -0.08 2.0 

Ti3C2(OH)2 -0.10 1.9 

Ti3C2H2 -0.11 3.41,* 

Ti3C2Op(OH)qFr   

(p + q + r = 2) 

-0.14 1.9 This work 

#Irreversible chemisorbed hydrogen atoms, a model to be considered as Ti3C2H2  6 

1Including irreversible chemisorbed hydrogen atoms.  7 

2Two layers of physisorbed hydrogen molecules. 8 

*H2 adsorption on the H-chemisorbed Ti3C2  9 

 10 

 11 



 9 

3.2. Hydrogen adsorption on a uniformly terminated Ti3C2Tx 1 

The next model to be considered is the homogenously terminated Ti3C2Tx, i.e., Ti3C2 2 

uniformly terminated with the O/OH/F/H functional group adatoms. Upon termination, taking the 3 

bare Ti3C2 as the reference, the favorable adsorption sites on the 2D Ti3C2Tx were determined. To 4 

determine the most favorable adsorption sites under full coverage of H2, these three adsorption 5 

sites were fully populated with H2 (i.e., 100% H2 coverage) (Figure 3. a, b), and their adsorption 6 

energies were subsequently calculated and summarized in Table 1. As opposed to the H2 adsorption 7 

on the bare Ti3C2 where the occurrence of H2 dissociation into Ti-H bond formation was observed, 8 

whereas upon the adsorption on the functionalized Ti3C2 surface, H2 molecules remain intact with 9 

no decomposition. In addition, the formerly most reactive FCC site now exhibits the weakest 10 

average adsorption energy, regardless of the termination species (see Table S1). The favorable 11 

hydrogen adsorption site for the uniformly terminated Ti3C2Tx surface can be explained with the 12 

favorable functionalization site study. Since the FCC site is the most reactive site for both the 13 

interaction between the functional group adatoms, (including hydrogen) with the bare Ti3C2 sheet, 14 

with all the FCC sites now being functionalized, the H2 adsorption is now significantly weakened. 15 

Hence, further interaction among the surface adsorbed H2 molecules and functionalized Ti3C2 16 

surface would not break the H2 bond. 17 

In terms of average adsorption energy, the HCP and FCC sites demonstrated a comparable 18 

strength for H2 physisorption with a subtle difference of ~1-10 meV/H2. The average physisorption 19 

energy ranges from ~-0.08 to -0.10 eV/H2 with varying termination species, wherein OH 20 

termination and F termination have the strongest and weakest average adsorption energy 21 

respectively.  Note that, the average physisorption energies of H2 on uniformly terminated Ti3C2Tx 22 

are at least one order of magnitude lower than that of the H2 chemisorption on the bare Ti3C2. For 23 

the bare Ti3C2, it would be more suitable for high-temperature hydrogen storage applications due 24 

to strong chemisorption and chemical dissociation of H2 on Ti-sites (Section 3.1). Based on Eq. 2, 25 

the estimated hydrogen surface storage capacities due to physisorbed H2 are approximately 2.0 26 

wt. % H2 for uniform F-/O-/OH-/H-terminated Ti3C2. In particular, the H-terminated Ti3C2 has 27 

notably higher hydrogen storage capacity, considering the non-reversible terminated H adatom on 28 

the Ti3C2H2 surface, the hydrogen surface adsorption capacity (𝜔. ) reaches ~ 3.4 wt. % with 2.3 29 

wt. % is attributed to physisorbed H2 and 1.2 wt. % is due to chemisorbed hydrogen (Figure 1. b). 30 

In general, H2 adsorption on the uniformly terminated Ti3C2Tx exhibit a weak adsorbate/adsorbent 31 



 10 

interaction, indicating a significantly weak bonding among the adsorbent/adsorbate in 1 

physisorption regime as opposed to the case of chemisorbed Ti3C2H2 (Section 3.1). Interestingly, 2 

for single H2 adsorption on Ti3C2O2 (Figure 3. c), a significant Bader charge of +0.84e is found on 3 

the hydrogen molecules and an extra of -0.07e and -0.02e respectively on the nearest and second 4 

nearest terminated oxygen atoms. A relatively subtle change in Bader charges was found for H2 5 

adsorption on Ti3C2OH2 (Figure 3. d). For Ti3C2F2 and Ti3C2H2 (see Figure S2), the adsorption of 6 

single H2 would not change the Bader charge significantly, suggesting a very weak interaction of 7 

the surfaces with H2 on the uniformly terminated Ti3C2Tx surfaces.  8 

 9 
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 1 

Figure 3. Side view of the hydrogen adsorption on the (a) Ti3C2O2 and (b) Ti3C2(OH)2. The charge 2 

density difference and Bader charge of the H2 adsorbed on (c) Ti3C2O2 and (d) Ti3C2(OH)2. The 3 

yellow and cyan region represents charge accumulation and depletion respectively.  Color code 4 

for atoms: Blue: Ti, Brown: C, Pink: H, Red: O. 5 

 6 
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3.3. Hydrogen adsorption on mixed terminated Ti3C2Tx 1 

3.3.1. Ternary mixed terminated Ti3C2Tx  2 

To study a more realistic model of Ti3C2Tx for H2  adsorption study, a single-layer Ti3C2Tx 3 

sheet terminated with the ternary mixed termination of O, OH, and F functional groups (i.e., 4 

Ti3C2Tx, where Tx is represented by Op(OH)qFr and p+q+r = 2.0) which based on Ref [31], are 5 

considered (Figure 4). Based on a recent work by Chu et. al. [31], the thermodynamic stability and 6 

electronic properties of Ti3C2Tx etched with different HF concentrations, by considering various 7 

Tx stoichiometry has been studied. Similar to the 100% H2 adsorption study in Sect. 3.2, 12 8 

different structures reported from Ref [31] with different stoichiometries were populated with 9 

hydrogen molecules, and the average H2 adsorption energies were subsequently calculated and 10 

summarized in Table 1 and Table S2. The mixed terminated surfaces in general exhibit 11 

physisorption with H2 molecules (Figure 4), with average adsorption energy in the range of ~-0.11 12 

to -0.14 eV/H2, which is relatively higher than that of the uniformly terminated surfaces discussed 13 

in Sect. 3.2. The authors believe that the locally induced dipole due to the local imbalanced charges 14 

of OH, O and F terminating group as a result of the mixed termination surface revealed in Ref [31], 15 

could have a substantial contribution to molecular hydrogen adsorption. Inspired by this finding 16 

[31], the authors have also systematically examined the strength of molecular hydrogen adsorption 17 

on individual adsorption sites. In this regard, instead of considering 100% H2 coverage adsorption, 18 

the authors only populate each individual binding site with H2. The possible hydrogen adsorption 19 

sites on the mixed terminated surface are similar to the previous section, however, due to the 20 

permutation of O/OH/F terminating species on these favorable sites, there are 10 possible local 21 

distributions to be considered (see Figure 4. c), known as O_O_O, OH_OH_OH, F_F_F, O_O_OH, 22 

O_OH_OH, O_O_F, O_F_F, F_F_OH, F_OH_OH, and F_O_OH. 23 

By taking the average of the adsorption energies of H2 adsorption on each individual site 24 

on these 12 surfaces with different terminations and stoichiometries, a site-dependent H2 25 

adsorption energy strength is highlighted in Figure 5. Interestingly, the weakest H2 adsorptions are 26 

found to correspond to the adsorption sites terminated with the same species of the functional 27 

group adatom (O_O_O/OH_OH_OH/F_F_F), with an average adsorption energy of ~-0.08 to -28 

0.10 eV/H2, which is consistent with the H2 adsorption energy strength on the uniformly terminated 29 

surface discussed in Section 3.2. As expected, due to the locally induced dipole formed at the 30 

adsorption site, the O_OH_OH site is found to be the strongest binding site (i.e., ~-0.16 eV/H2) for 31 



 13 

H2 adsorption, demonstrating an average adsorption energy of which is twice as much as the 1 

binding sites terminated with the homogenous species (Section 3.2). In general, the presence of 2 

two OH groups in binding site (Figure 5) would result in the average adsorption energies larger 3 

than ~-0.12 eV/H2. As demonstrated in the charge density difference and Bader charge analysis 4 

(Figure 6), the adsorption of the H2 molecule on the surface would result in the polarization of the 5 

physisorbed H2 molecule, where charges (-0.08e) are accumulated on the hydrogen atom facing 6 

further away from the surface while depleted on the other end of hydrogen atom closer to the 7 

surface (+0.08e). Consequently, the physisorbed H2 would also induce the charge transfer (about 8 

0.08e) among the hydroxyl group atoms (O-H) on binding site. Meanwhile, the effect of the 9 

physisorbed H2 on the F and O termination adatoms on mixed terminated Ti3C2Tx surface is 10 

minimal, with the Bader charge remaining nearly unchanged before and after the H2 physisorption.  11 

  12 

 13 

Figure 4. (a) Side view and (b) top view of ternary mixed Ti3C2Tx with 100% coverage of H2 14 

adsorption. (c) The nomenclature of the hydrogen adsorption sites on a ternary mixed terminated 15 

Ti3C2Tx surface. Color code for atoms: Blue: Ti, Brown: C, Pink: H, Red: O, Purple: F. 16 



 14 

   1 

 2 

Figure 5: Site-dependent average adsorption energy of hydrogen on 48 wt. %,10 wt. % and 5 wt. % 3 

HF etched surfaces.  4 

 5 

 6 
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Figure 6. (a) Side view and (b) top view of the charge density difference and Bader charge of the 1 

single H2 adsorbed on ternary mixed terminated Ti3C2Tx. The yellow and cyan region represents 2 

charge accumulation and depletion respectively.  Color code for atoms: Blue: Ti, Brown: C, Pink: 3 

H, Red: O, Purple: F.  4 

 5 

From Table S2 and Figure 5, it was found that the greater number of the three most 6 

favorable adsorption sites (i.e., O_OH_OH, F_OH_OH, and F_O_OH) would be beneficial for the 7 

overall H2 adsorption regardless of the HF concentration. Thus, to enhance the hydrogen 8 

adsorption strength on a ternary mixed terminated Ti3C2Tx, the surface with as many OH mixture 9 

sites or OH-rich ternary mixed terminated Ti3C2Tx surfaces (e.g. O0.24OH1.28F0.48 and O0.48OH1.04F0.48 10 

in Table S2) would be useful. As highlighted in Table S2, the subtle difference of ~20 meV/H2 in 11 

terms of the average H2 adsorption energy between the 48 wt. % HF etched surface and the 5 wt. % 12 

HF etched surface could be explained based on the available number of OH-mixed sites on the 13 

Ti3C2Tx surface. Thus, a least acidic environment (i.e., small wt.% HF) would result in a relatively 14 

higher OH to F ratio, which is a synthesis condition beneficial for hydrogen adsorption application. 15 

The estimated average lower bound of hydrogen storage capacity of a mixed terminated Ti3C2Tx 16 

is approximately 2.0 wt. % H2. It is worth mentioning that in all the above models (i.e., bare, 17 

homogeneously, and mixed terminated Ti3C2) considered for the hydrogen adsorption study, the 18 

adsorption energies and capacities are comparable to some of the most promising physisorption 19 

material such as MOF [14-16] (Table 1) and some of the MXenes, suggesting that Ti3C2Tx 20 

monolayers could be a promising H2 adsorption material. 21 

 22 

3.3.1. Quaternary mixed terminated Ti3C2Tx  23 

Complimentary to the study of ternary terminated Ti3C2Tx, by considering hydrogen as a 24 

possible termination species, the authors have also investigated the hydrogen adsorption properties 25 

of the quaternary mixed terminated Ti3C2Tx. From Figure S3, the increase in H adatoms ratio on 26 

the surface coverage as the dominant terminating group in quaternary mixed terminated Ti3C2Tx is 27 

found to be thermodynamic less favorable. Thus, to make a concise discussion on the H2 adsorption 28 

on quaternary mixed terminated Ti3C2Tx with Tx consisting of O, OH, F, and H terminating group, 29 

the authors shall only focus on quaternary mixed terminated Ti3C2Tx with half of the OH 30 



 16 

termination group being randomly substituted with H adatoms, leading to a stoichiometry Tx = 1 

O0.24OH0.64F0.48H0.64 (Figure S3).  2 

Following the same methodology, the authors have subsequently calculated the total 3 

hydrogen storage capacity and its average H2 adsorption energies (see Table S3). The trend of the 4 

site-dependent H2 adsorption strength is consistent with Figure 5, where, despite having a large 5 

amount of surface OH species being substituted by H adatoms, the local sites dominated with OH 6 

species (mixed with other species) still exhibit relatively larger H2 adsorption energy. For this 7 

quaternary mixed terminated Ti3C2Tx, i.e. Tx = O0.24OH0.64F0.48H0.64, the estimated hydrogen surface 8 

adsorption capacity (𝜔. ) is about 2.4 wt. % H2, comparable to some of the most promising 9 

physisorption material such as MOF [14-16] (Table 1), and is between the upper bound of the fully 10 

H-chemisorbed surface (3.4 wt. %) and the H-termination free ternary mixed terminated Ti3C2Tx, 11 

surfaces (1.9 wt. % in Table S2). In theory, tuning the surface termination by H-functionalization 12 

through H adatoms could eventually increase the overall H2 surface adsorption capacity (𝜔. ), 13 

which attributed to surface-terminated H adatoms. However, the irreversible hydrogen stored in 14 

such systems would eventually require a significantly larger amount of thermal energy to break 15 

the strong Ti-H bonding, i.e., at high temperatures to release the chemisorbed hydrogen, and might 16 

compromise the efficiency of hydrogen uptake of these Ti3C2Tx surfaces.   17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 
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4. CONCLUSION 1 

As a baseline study, the authors have conducted a comprehensive theoretical investigation 2 

into the hydrogen storage capabilities based on H2 surface adsorption capacity (𝜔. )  as an 3 

approximation on several types of Ti3C2 monolayer: the bare Ti3C2 structure, the uniformly 4 

terminated Ti3C2Tx, ternary and quaternary mixed terminated Ti3C2Tx. Based on DFT calculations, 5 

this research underscores the substantial influence of surface termination on the interaction 6 

between hydrogen and the MXene surface.  7 

Without any surface termination, the highly reactive bare Ti3C2 surface would dissociate 8 

the H2 bond and subsequently form a strong Ti-H bond with a relatively strong binding energy of 9 

1.2 eV/H2. The strong H binding energy, attributed to the chemisorption, would require a 10 

substantial amount of thermal energy to desorb the stored hydrogens. Upon uniform/mixed surface 11 

termination, the hydrogen molecules physiosorbed on the Ti3C2Tx surface with average adsorption 12 

energy ranging -0.08 to -0.14 eV/H2 without the dissociation of H2 bonds.  13 

From DFT prediction, the authors have investigated the effects of the mixed terminating 14 

group on the interaction of molecular hydrogen with the MXene surface. From DFT calculations, 15 

an enhanced H2 adsorption energy in the case of ternary/quarternary mixed terminated Ti3C2Tx 16 

surfaces is observed, in contrast to the uniformly terminated Ti3C2Tx surface. From electronic 17 

properties analysis, the enhanced H2 adsorption energy can be attributed to the locally induced 18 

dipoles resulting from local imbalanced charges present on the mixed-termination surfaces. 19 

Among these quaternary and ternary mixed-termination Ti3C2Tx surfaces, the local adsorption sites 20 

dominated with OH species (mixed with other species) generally exhibit relatively larger H2 21 

adsorption energy and is facilitating the hydrogen physisorption capability. The locally induced 22 

dipole because of a mixed terminated MXene surface has been proven to render unique surface 23 

chemistry, as indicated in the difference in the adsorption energy and the Bader charge analysis. 24 

The authors believe that this work highlights the importance of constructing a more realistic model 25 

of MXene surface (i.e., mixed terminated surface) to capture the unique microscopic features of 26 

local electronic effects which is otherwise absent if considering a highly idealized surface model 27 

(e.g., uniform terminated surfaces). The inhomogeneous/imbalanced charge distribution on the 28 

mixed terminated surface of MXene could serve as a reactive site not only for hydrogen storage 29 

study but also for other important applications in surface chemistry (e.g. catalysis and gas 30 

adsorption).  31 



 18 

Based on H2 adsorption on these Ti3C2Tx surfaces, the findings suggest these MXene 1 

surfaces could possibly be a promising hydrogen storage nanomaterial based on physisorption, 2 

especially for low-temperature storage of H2. From the calculated H2 surface adsorption capacity 3 

(𝜔. ), a minimum storage capacity of approximately 2 wt.% H2, with an average H2 adsorption 4 

energy of approximately -0.14 eV/H2 comparable to that of MOFs is found. This falls into the 5 

desirable range of hydrogen binding energy of 10-20 kJ/mol (0.10-0.20 eV/H2) for practical 6 

application [19]. The comparable adsorption energy of hydrogen with MOFs suggested that such 7 

hydrogen storage system is suitable for low temperature application but would be unfeasible for 8 

ambient temperature storage of H2. Nevertheless, MXenes is well-known nanomaterials due to 9 

their high aspect ratio and tunable surfaces, slit-shape mass transport channels which suggests that 10 

MXenes could be a promising candidate as adsorbent for sorption-based hydrogen storage system. 11 

Thus, to go beyond the influence of MXene monolayer surfaces which is a focus of this work, 12 

future investigation on the effects of H2 adsorption on terminating edges, and H2 confinement 13 

within bulk Ti3C2Tx interlayers might be worthwhile. Meanwhile, to further functionalize the 14 

surface properties, metal decorated MXene surfaces could possibly serve as a potential route to the 15 

enhancement of hydrogen adsorption and storage. 16 

 17 
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