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We have investigated reduction of MXenes M2CO (M = Ti, V, Nb) surface by hydrogen using density functional
theory and statistical physics methods. We have approximated lateral interactions between adsorbed hydrogen with
simple pairwise potential. We have confirmed model stability via cross-validation. Adsorption isotherms are
calculated using Metropolis Monte Carlo method. We have built analytical Langmuir-like approximation of
calculated isotherms. Ordered phases with 1/3 and 2/3 ML coverage are visually observed at low temperatures.

At temperatures above 300 K no obvious plateau is observed, and intermediate phases does not exist. We
compared adsorptive properties of MXenes at the same external conditions.

1. Introduction

Recently, two-dimensional (2D) metal carbides, nitrides and car-
bonitrides, the so-called MXenes, attracted great interest due to their
unique properties namely: universal composition and structure, stability
under certain conditions, hydrophilicity, electronic conductivity [1],
high surface area [2], surface functionality [3]. Most MXenes are ob-
tained by selective etching of atomic layers from MAX-phases [4,5]. Due
to its unique properties MXenes are of prospective use as Mg-ion and
Li-ion batteries [6-9], sensors [10], catalysts for hydrogen production
[11], water dissociation [12], ammonia synthesis [13], nitrogen
reduction reactions [14], etc.

During MXenes synthesis, functional groups T = (OH, O, F) are
adsorbed onto the surface. Functional groups contribute greatly to the
properties of MXenes. Surface terminations affect thermodynamics,
stability in MXenes surface applications [15-19]. Using an electric field
in the work [1] changed the conductivity and magnetic properties of the
Ti2C monolayer. This opens broad prospects for the use of nanomagnetic
electronic devices. Understanding MXenes surface termination and their
stability is critical for adapting these materials to specific applications
[20].

Experiments show that fluorine can be removed from MXenes by
heating up to temperature of 750 °C [21]. For many applications’
fluorine is not present in working environment, therefore we can assume
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that once cleared MXenes surface will not have fluorine terminations at
operation conditions.

Experiments have shown [4] that oxygen terminations are stable at
least up to 1400 K. Calculations predict [22] that full oxygen coverage is
thermodynamically favourable even at very high temperature 2700 K at
partial pressure of 10" bar. Therefore, it is very difficult to create such
conditions that oxygen will not be on the surface. So, for most appli-
cations of MXenes we should assume full oxygen coverage.

Hydrogen tend to adsorb on oxygenated MXenes forming OH ter-
minations. Whilst hydrogen binds much weaker than oxygen or even
fluorine and can be removed if necessary, it is ubiquitous in nature and
prospective application environments. Therefore, it's presence and
concentration on surface is in thermodynamic equilibrium and depends
on environment temperature, partial pressure, or generally on chemical
potential of hydrogen.

Here we considered three MXenes with general formula M2CO2 (M =
Ti, V, Nb). These MXenes are synthesizable [4] and are extensively
researched for a number of applications [23-25]. We have revelled
thermodynamic behaviour of hydrogen adlayer on these MXenes. Pa-
rameters of lateral interactions between adsorbed hydrogen adatoms
were estimated via DFT calculation. Adsorption isotherms were calcu-
lated within lattice model framework using parallel replica Metropolis
Monte Carlo method. Simulated isotherms were approximated with
analytical expressions.
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2. Computation details

The calculations were performed in the Quantum Espresso [26] and
SuSMoST [27] software packages. For DFT calculations the PBE func-
tional was used with Grimme-D3 corrections [28]. The cut-off energy

was fitted to convergence of total energy with 0.01 eV accuracy. The
cutoff energies for Ti2COz2- H, Nb2CO2- H, and V2CO2- H were 707 eV,

775 eV, and 802 eV, respectively. The distance between the MXene
layers was 12 A to avoid interactions of periodic images. Size of simu-
lated structures varied from 1 to 9 unit cells of an empty MXene sheet.
Hydrogen coverage varied from 1/9 to full coverage (1 ML), when each
oxygen atom on the surface had a hydrogen atom on it. Geometry
relaxation of all structures was performed to reach maximal force below

0.0001 eV/Ang (see Supplementary Information: out-file of DFT calcu-
lation). Fig. 1 shows images of the geometry-optimized MXenes M2COz2 -
H (M =Ti, V, Nb) configurations.

Obtained total energies were approximated by pairwise Hamiltonian
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Here Hiis the total potential energy of the i th structure, u is energy of
the empty MXene unit cell, Siis size of i th structure in unit cells, y is
energy of the hydrogen adsorption complex in the limit of zero coverage,
Niis the number of adsorbed hydrogen atoms, p is the number of coor-
dination spheres of the surface lattice with considered lateral in-
teractions, rjis the radius of j-th coordination sphere, kjis number of
hydrogen pairs at rj distance in i th structure, ® is the function of lateral
interactions. @ is tabulated due to discreteness of its argument. Values of
u, y, and ® wereﬁtted to DFT computed energies using least squares
method (2).
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Here Diis the total energy of i th structure calculated with DFT, n is
the number of DFT calculated structures (n = 29 for Ti2CO2, n = 31 for
V2CO2 and Nb2COz2). To ensure stability of this parameterization and
check Hamiltonian accuracy we employed cross-validation technique
(CV), particularly leave-5-out CV. For each considered MXene we
divided its set of DFT computed structures into validation subset of size ¢
= 5 and training subset of size n - t&All t-combinations of n structures

Ti,CO, - H Nb,CO, - H

were considered. Total number of combinations for each MXene was
equal to binomial coefficient Cin (118,755 for Ti2COz2 and 169,911 for
V2CO2 and Nb2CO2). For each CV combination values of u, y, and ® were
fitted to energies of a training subset:
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Here j is index of CV combination (7 < j < Cin), Tjis training subset of
j-th combination, uj, yj, and @®; are Hamiltonian parameters fitted to
subset Tjof DFT calculated structures. To estimate stability of parame-
ters fitting (2) we calculated mean values and standard deviations of the
same parameters over CV fittings (3). See Table 1 for obtained values. To
estimate accuracy of the obtained Hamiltonian we calculated maxi-
mums of absolute error per unit cell over validation subsets (4), these
values are also iF Table 1.
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Here j is index of CV combination (7 < < Ci), Q is a total set of DFT
calculated structures. Adsorption isotherms were simulated using the
obtained Hamiltonian by means of Parallel Tempering Monte Carlo

simulations. Simulations were carried out in the framework of the lattice
model [27] using the SUSMOST software package at temperatures from
25 K to 500 K. Simulations were performed on lattices with a linear size
L = 60. A 100,000 Monte Carlo steps were used to bring the system into
equilibrium followed by another 50,000 steps to calculate the averaged
characteristics.

3. Results and discussion
3.1. Model Hamiltonian

Hamiltonian fitting results are summarized in Table 1. The following
features are common for all considered MXenes:

1 Standard deviations of fitted parameters over cross-validation sub-
sets are of the units of meV scale, that is much smaller than values of
parameters itself almost in all cases. Therefore, we consider the
Hamiltonian parameterization as stable and rule out overfitting risk.

2 Maximum abolute errors (MaxAE) in all cases are of the order of 10
meV and less than so called chemical accuracy 1 kcal/mol.
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Fig. 1. Geometry-optimized MXenes M,CO; - H (M = Ti, V, Nb) configurations.
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Table 1

Parameters of the Hamiltonian of hydrogen adlayer on M,CO, MXenes fitted to
DFT calculations with, errors and cross-validation (CV) results. Ex.mol, =

15.85225 eV is a hydrogen atom energy in Hz molecule, urris the energy of the
empty MXene unit cell calculated by the density functional theory method.

Structure

Ti2CO2- H Urer
= 4208.75059
eV ao=3.014 A

V2CO2-H u ref
=4942.95771
eV ao=2.891A

Nb2CO2-H Uref
=4241.79793
eV ao=3.099 A

rlao
U - Uref, 21.47
meV
Mads =l - 636.33
E-mol,
meV
D, meV 1
\7_=
3
7
MaxAE, 21.47
meV
u - Uref, 6.05
meV
Vads = [ - 739.46
EH»mo/,
meV
o, meV 375
3
2
\7'

7
MaxAE, 8.96
meV

U - Uref, 5.13
meV
Yads = U - 115.11
Et-mol,
meV
o, meV J\7E
3
2
\7'

Total

DFT set

fit
22.57

634.21

118.8

31.26

41.62
19.33

10.87

739.5

144.4
2.52

34.6
12.58

9.26

531

114.05

94.07
1351

1431
3.71

6.43

CV fit
mean

4.97

155

119.29

30.53

41.85
19.21

6.98

1.67

7.52

144.61
245

34.66
12.57

3.55

1.04

93.95
13.6

14.19
3.57

3.71

CV fit
standard
deviation

6.71

251
1.77

25
2.54

1.63
0.93

2.06
2.2

121
0.72

Therefore, the obtained model with its parameterization is suffi-
ciently accurate for chemical applications.
3 Lateral interactions between hydrogen adatoms are always repul-
sive. First-neighbour interactions @ (ao) negatively correlate with
the lattice parameter ap being strongest for vanadium and the
weakest for niobium. Repulsion energy generally decay with dis-
tance, but between second-nearest neighbours ® (\3ao) it is always
weaker than between third-nearest neighbours @ (2ag). We suppose
that this is due to peculiarities of charge distribution and screening
effects. Similar effect was observed for oxygen adatoms on V2C

MXene [22].

Some peculiarities were observed for specific MXenes. DFT calcula-
tions converged much slower for Ti2COz2 than for Nb2CO2 and V2CO2.
Therefore, we managed to compute only 29 structures for titanium
within available computational budget. Whilst for niobium and vana-

dium we got 31 ones.
Also, for titanium MaxAE and standard deviations of Hamiltonian
parameters over CV samples were approximately twice larger than for

other considered metals, but still within chemical accuracy.

It is notable, that for Nb2CO2 parameter p is much smaller than for
Ti2CO2 or V2COg2. In Table 1 padsis an adsorption energy relative to
energy of molecular hydrogen, hence these values are essentially
adsorption energies at T = 0 K, when entropic contributions are absent.

3.2. Statistical adlayer simulations

Surface coverage isotherms are shown in Fig. 2 along with simulated
adlayer snapshots (see Supplementary Information: Monte-Carlo simu-

lation models). The isotherms show plateaus at coverages 6 = 0, 1/3, 2/
3, and 1 hydrogen monolayer (ML). Plateaus at 6 =1/3 ML and 6 =2/3
ML correspond to ordered phases with V3 x V3 R60° unit cell. Corre-
sponding simulated lattice snapshots are in plot insets in Fig. 2. These
phases are well known to exist in adsorption models on triangular lat-
tices with finite nearest-neighbour repulsions (for example see Fig. 4 (a)
in [29] or Table 1 in [30]). This result was expected due to dominating
magnitude of @ (ap) in lateral interactions of the Hamiltonian. This is
consistent with the study by Zhan et al. [31], who also observe hydrogen

coverage of 1/3 and 2/3 ML on TizCz2 at different values of the electrode
potential. In [20] lIbragimova, Puska, and Komsa also observes phase
2/3 ML on Ti2C (see Supporting Information, Fig. S7). They also
described the %2 ML phase, that we didn’t observe, probably because we
considered grand canonical ensemble that do not fix amount of adsor-
bate species, whilst it was noted [20] that surface with such a coverage is
very sensitive to changes in external factors and it is hard to fully predict
the composition of this phase. Perhaps it is possible to obtain ¥ ML phase
at very low temperature in a narrow range of chemical potential, but it is
out of scope of this study. The snapshots of 1/3 and 2/3 ML phases in
insets in Fig. 2 are taken from simulations at a temperature of 50 K.
Ordered phases with 1/3 and 2/3 ML coverage are visually observed at
low temperatures. At temperatures above 300 K no obvious plateau is
observed, and intermediate phases does not exist. Ranges of these phases
existence are different for considered MXenes. For Nb2COz it is consid-
erably smaller than for Ti2COz2 or V2COz2, that can be associated with
lower energies of lateral interactions for H adatoms on Nb2CO2.

Fig. 2(d) shows adoption isotherms shifted on the ground-state
binding energy pads for comparison of adsorptive properties of MXenes
at the same external conditions. One can see that at room temperature
vanadium coverage is always the highest one, and for niobium it is the
lowest. From ideal gas approximation it follows that at temperature T =
273 K free energy of hydrogen in molecular form is about 150 meV per
atom at pressure P = 1 atm and is about 300 meV at P = 0.5-10°% atm
(partial pressure of molecular hydrogen in atmospheric air [32]). At
these conditions hydrogen coverage is almost zero for niobium, 1/3 ML
for titanium, and a bit more than 1/3 ML for vanadium.

3.3. Adsorption isotherms

Pairwise Hamiltonian (1) is symmetric with respect to exchange of
occupied and unoccupied lattice sites. Consequently, all obtained iso-
therms are symmetric with respect to 8 =1/2 ML point. In particular:

0 A+p=1 6( A H) ®)

Here A is the energy of lateral interactions at full coverage. So 6(-A)
=1/2 ML is the symmetry point.

We approximated obtained adsorption isotherms with a sum of
shifted and scaled Langmuir isotherms satisfying (5) property.
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Here W is a Boltzmann weight function, 6L(u) is a Langmuir
isotherm, A is a scaling coefficient, s is a shifting coefficient. See Table 2
for obtained isotherm’s parameters.

Parameter A describes thermal stability of ordered phases, while
parameter s characterizes width of chemical potential range of inter-
mediate coverage phases. Values of A and s were fitted to calculated
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Fig. 2. Adsorption isotherms of hydrogen on MXenes M,CO, (M = Ti, V, Nb). Circles - Monte Carlo simulated points, lines - approximations with Formula (8). (a)-(c)
adsorption isotherms as functions of chemical potential relative to zero-coverage limit adsorption energy. (d) adsorption isotherms as functions of chemical potential

including binding energy at T = 273 K.

Table 2

Parammeters of SotTermT approxXmatons (Formura (8))-
Ti2CO2 691.02 0.40 592.63
V2CO2 620.04 0.77 609.64

NO7CO 30793 =T SHIHO

isotherms using least squares approach.
Value of A was calculated as a sum of lateral interactions ®(r)

weighted by coordination numbers of corresponding distances. It worth
noting, that significant part of A magnitude comes from further than
nearest lateral interactions (up to 75% for Nb). That confirms impor-
tance of long-range interactions for quantitative modelling of even such
a simple system.

From Figs. 2(a), 1(c) one can see that proposed approximations
predict more rapid transitions between ordered phases at low temper-
ature, than it is observed from simulations. In other cases, approxima- tion
errors are less than 0.03 ML.

4. Conclusion

We have investigated the MXenes M2CO2 (M = Ti, V, Nb) surfaces
reduction by hydrogen. Accurate and stable pairwise potential of lateral
interactions between hydrogen adatoms was constructed and parame-
terized for each considered MXene. This potential is always repulsive.
Nearest-neighbour repulsions negatively correlate with the lattice
parameter. Repulsions between second-nearest neighbours is weaker
than between third-nearest. Due to lateral interactions hydrogen adlayer

on considered MXenes features ordered phases with 1/3 and 2/3 ML

coverage and varying thermal stability. Long-range lateral interactions
significantly influence on adsorptive properties of MXenes, shifting in-
termediate coverage region by about 0.3 eV. Generally, the Nb2CO2
MXene turned to be the weakest hydrogen adsorbent, and the V2COz2 is

the strongest one. In atmospheric air at normal conditions it is expected
that Nb2COz2 has near-zero hydrogen coverage, while on V2CO2 and

Ti2CO2 hydrogen adlayer should form ordered phase with 1/3 ML
coverage.
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