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ABSTRACT

Proton transport across nanometer-thick membranes in an aqueous medium is important for applications in energy and molecular sieving.
Recently, Hu et al. [Nature 516(7530), 227-230 (2014)] experimentally demonstrated proton tunneling through 2D materials like graphene
and hexagonal boron nitride, opening up a wide range of applications in hydrogen-based technologies such as fuel cells. Here, we demon-
strate proton transport in an aqueous medium across a 2D cubic Ti,C membrane, a representative defective MXene, from ab initio molecular
dynamics simulations. We observe bidirectional translocation of protons, which occurs through the interstitial vacancies in the surface. We
show from our simulations that water dissociates on the membrane and the dissociated proton moves into the interstitial sites in the mem-
brane. The proton hops from interstitial-to-interstitial and transports across the membrane. We also show that this interstitial proton trans-
port is associated with an induced electric field that is modulated with bidirectional transport of protons across the membrane.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098709

MXenes (M, 1X,,) are an important class of 2D materials cur-
rently being explored for various applications in electronics, catalysis,
energy storage, and optics.” For instance, it has been shown that a
wide variety of ions can spontaneously intercalate between layers of
Trititanium dicarbide (Ti;C,) and act as capacitors, enabling them to
be used as energy storage devices.” MXenes consist of transition metal
carbides or nitrides, where metals usually have multiple oxidation
states. This enables the control of the stoichiometry of “X,” which
leads to interesting chemical properties. In addition, the transition
metals at the interface have free electrons, which enable these surfaces
to act as excellent catalysts. For example, the activation energy for
water dissociation on transition metal carbides ranges from 0.05 to
0.4eV," which makes water dissociation practically spontaneous once
it is adsorbed on the surface.

Proton conduction has been widely studied due to its applications
in fuel cells and gas separation membranes.” The mechanism for con-
duction in solids is starkly different when compared to water, where
proton transport occurs primarily through the Grotthuss Mechanism.”
In most solids, a proton has to physically move from atom-to-atom or
interstitial-to-interstitial in order to move through the material. In
addition, proton conductors consist of oxides, where oxygens act as
proton hosts and the proton hops from oxygen to oxygen.” Proton

conduction is particularly fast in perovskite oxides,” where the activa-
tion energy for proton transport is small. Recently, Hu et al. experi-
mentally demonstrated a new mechanism in which protons can
transport through 2D membranes, where protons quantum mechani-
cally tunnel through a single layer graphene and hexagonal boron
nitride (hBN) membranes, but not through thicker membranes such
as MoS,.!

In this Letter, we use ab initio molecular dynamics (AIMD) sim-
ulations to demonstrate proton transport in an aqueous medium,
through interstitial sites in a 2D cubic Ti,C membrane. This mem-
brane is a representative defective MXene and has titanium atoms
occupying a face-centered cubic lattice, with 50% of the centers of the
cubes occupied by carbon atoms. We chose Ti,C because it has a small
activation energy barrier of 0.09 eV for dissociation of water into H*
and OH " Even though we use 2D cubic Ti,C to demonstrate proton
transport, the method presented here can be used for other surfaces
with natural or artificial interstitial sites. For example, in the supple-
mentary material, Fig. S1, we demonstrate proton transport in 1-T
phase of 2D Ti,C with carbon vacancy defects.

2D cubic Ti,C has preexisting interstitial vacancies in its surface.
The side, top, and isometric views of such a membrane are shown in
Fig. 1(a), where the polyhedra marking the bonds between carbon and
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FIG. 1. (a) 2D cubic Ti,C. Side and top
views of 2D cubic Ti,C are shown. The
polyhedral formed by carbon and titanium
atoms can be visualized on the right in
teal. Interstitial sites can be seen as gray
circles. For clarity, the yellow shaded
region has been zoomed in to show the
interstitial sites, each formed by four tita-
nium atoms (red shaded regions), in an
isometric view. The gray circles are virtual
atoms, which mark the interstitial sites
where a proton can temporarily reside.
Only Ti-C bonds are shown in the mem-
brane for easy visualization. Titanium is
shown in blue, carbon in teal, oxygen in
red, and hydrogen in white. (b) System for
observing H™ translocation through 2D
Ti,C. Reservoir of water on either side of
a 2D-Ti,C (cubic) membrane, which has

(b) (c) 5000 T
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interstitial sites available for H' to trans-
port through. Only Ti-C and O-H bonds
are shown for clarity. (c) Evolution of z-
coordinate of H™ ions with respect to
time. Five sample trajectories of H ions,
which translocate through the membrane,
are shown. Black dashed lines indicate
the boundary of the membrane. Two of
the H™ ions translocate from the left reser-
voir to right (blue, dark blue) and two from
right to left (green, dark green). One of the
H™ ions (red) gets trapped in the intersti-
tial sites and remains in there until the end
of the simulation.
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titanium are indicated in teal. Gray circles in the top view of the lattice
indicate the interstitial sites. For clarity, the yellow shaded region in
the top view has been zoomed in to show the interstitial sites in the
form of 3 tetrahedrons, the corners of which are marked by titanium
atoms. Virtual atoms (gray) have been placed inside these tetrahedrons
to mark the locations where protons can reside in the interstitial sites.
The system studied to demonstrate proton transport through a 2D
cubic Ti,C membrane is shown in Fig. 1(b) and consists of two reser-
voirs of water separated by the membrane. Water first gets adsorbed on
the surface and forms a transient bond with one of the titanium atoms.
The bond between Ti and O is expected to be ionic, with approximately
60% ionic character. This value is calculated from Pauling’s empirical
equation to estimate the ionic character from electronegativity differ-
ences between a pair of atoms.” Due to the small activation energy bar-
rier for dissociation of water on this surface,” the adsorbed molecule
quickly dissociates into H" and OH~ ions. Due to random thermal
motion, the dissociated proton can move into one of the nearby intersti-
tial vacancies. Though it is likely that the proton comes back into the ini-
tial reservoir, in some cases, it has enough energy to translocate to the
other side. The energy required for translocation of proton to the other
side of the membrane needs to be larger than 0.41 eV. Figure 1(c) shows
the time evolution of the z-coordinate of five H* ions formed due to
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dissociation of water on the surface. As we can see from the green (dark
and light) and blue (dark and light) lines, translocation of H' ions
occurs in both directions and after translocation has occurred, and the
ions prefer to stay close to the surface, interacting with the OH ™ ions
adsorbed on the titanium atoms on the surface. In a few cases, a proton
gets trapped in the interstitial sites and is unable to escape. The z-
coordinate of one of these protons is shown in red in Fig. 1(c).

An interesting way of transporting protons in an aqueous
medium across a 2D Ti,C membrane is observed from the AIMD sim-
ulations, and the mechanism of how this occurs is shown in Fig. 2.
The initial configuration consists of the 2D Ti,C membrane, and 1
water molecule placed 3 A away from the surface. Water gets adsorbed
on the surface at around 217 fs of simulation time (t). Then, energy
minimization occurs where one of the hydrogen atoms of water moves
closer to one of the interstitial sites (t =703 fs). To better visualize the
location of the hydrogen atom, virtual Ti-H bonds are shown in the
figure, with a maximum length threshold of 2.2 A, and the titanium
atoms around the interstitial sites are numbered. As the simulation
continues, water dissociates into H and OH ™~ with an energy change
(AE) of 0.18 eV. The H' ion moves into the interstitial site and OH ™~
forms a bond with titanium atom numbered as 1 (*Ti). The dissociated
OH ion tends to jump from titanium atom-to-titanium atom on the
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t=217fs t= 703 fs _t= 768 fs
E = -970.062 eV E = -971.569 eV E=-971.187 eV
—
@)
t= 1231 fs t= 995 fs t= 906 fs
E=-971.413 eV E=-971.823 eV E=-971.657 eV

FIG. 2. Mechanism for H' translocation through 2D-Ti,C. The trajectory of a water molecule on the membrane is shown as a function of time. The closest Ti atoms to the pro-
ton are shown through bonds to visualize the location of the proton, along with numbered Ti atoms to show how the bonding between Ti-H changes with time. The time at
which the snapshots are taken and the corresponding energy of the system at that time are shown below each configuration. The inset snapshots show the top views for the
corresponding snapshot, to aid in visualizing the in-plane location of the proton. Only Ti-C bonds are shown in the membrane for clarity. Titanium is shown in blue, carbon in

teal, oxygen in red, and hydrogen in white.

surface, whereas the H ion hops from one interstitial to other. For
instance, between 906 and 995 fs, we see that the H" ion hops between
two adjacent sites, first bonded to four titanium atoms 2Ty, >Ti, *Ti, and
>Ti at 906 fs and to titanium atoms >Ti and ®Ti at 995 fs. Eventually, the
H* ion comes out of the other side of the surface, after 1231 fs of total
simulation time. In order to completely be free from the influence of the
lower surface, the proton needs an additional 0.41eV of energy. The
induced electric field across the membrane (discussed in the next para-
graph) can be one of the sources for this additional energy. We find that
the proton goes through the membrane by hopping from a minimum
energy location (stable site) to the next and overcomes an activation
energy barrier in order to do so. To get an estimate of the rate of proton
translocation, the diffusion coefficient of protons in the 2D Ti,C mem-
brane is estimated from the energy barriers using the Harmonic
Transition State Theory'” (see the supplementary material for details)
and is calculated to be 8.174 x 10~° m?%/s. In comparison, the diffusion
coefficient of a proton in water is 9.6 x 107 m?/s.

Figure 3(a) shows a representative mechanism of H ions trans-
location occurring in both directions of the membrane, and how an
induced electric field is created due to the movement. As the number
of H" ions changes with time, so does the induced electric field. A
cyclical change in this induced electric field is shown, where thermal
motion at 300 K would play an important role in the direction of H*
translocation, especially at the zero induced electric field. Each translo-
cation of a H" ion occurs after water gets adsorbed on the surface and
dissociates. The induced electric field in an AIMD simulation of the
system described in Fig. 1(a) is plotted with time in Fig. 3(a). The
induced electric field is normalized with the dielectric constant of
Ti,C, the electron charge, the thickness, and the area of membrane.
Thus, each proton translocation through the membrane corresponds

to a change of 1 unit of the normalized induced electric field. As the
simulation proceeds, we observe that the magnitude of the electric field
fluctuates, and this is a feature of the bi-directional transport occurring
across the membrane. In addition, the electric field changes in distinct
steps corresponding to the charge of each H* ion translocated. The bi-
directional transport of H* can also be explicitly seen in Fig. 3(c),
where the total number of translocations occurring in either direction
has been plotted with time. For the first few translocations, we observe
that a proton moving from left to right is immediately followed by one
moving from right to left. As the simulation proceeds, we see that the
difference between the number of protons translocating from left to
right (L to R) and from right to left (R to L) increases. It should be
noted that to make the transport more directionally selective, we can
control the initial pH difference or apply an external electric field to
overcome the induced electric field generated due to the translocation.

In conclusion, we demonstrate how interstitial vacancies in a 2D
material can be used to translocate protons in an aqueous medium.
We obtain protons in an aqueous medium through dissociating water
on the 2D cubic Ti,C surface, a representative defective MXene. The
mechanism through which proton translocations occurs has also been
discussed, and it is observed that the proton translocation is bi-
directional across the membrane due to the thermal motion of atoms.
Finally, we show that, as protons translocate through the membrane,
an electric field is induced across the membrane, which fluctuates with
time, either due to random thermal motion of atoms or due to a force
on the protons due to the induced electric field.

The analysis of proton transport through 2D Ti,C has been carried
out using ab initio molecular dynamics (AIMD) using the Vienna
Ab initio simulation (VASP) package.]1 The Perdew-Burke-Ernzerhof
(PBE)'"* exchange-correlation functional, which comes under the
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FIG. 3. (a) Induced electric field changing due to H™ ion translocation. A representative schematic of how the induced electric field on the membrane changes when H™ ions
translocate through it. The direction and magnitude of the electric field are shown using red arrows. The corresponding magnitude of charges on each wall of the membrane is
represented with charges (+ or —), where the walls of the 2D cubic Ti,C membrane are shown in blue. Yellow arrows indicate one translocation event, either occurring from
left to right or vice versa. Water adsorbed on one of the titanium atoms is indicated by H,O™. (b) Fluctuation of the induced electric field as a function of time: real time values
of the fluctuating electric field are plotted on the y-axis with time from an AIMD simulation of the system described in Fig. 1(b). This electric field is normalized by the electron
charge, the thickness of the membrane, and the area of the membrane. Water dissociating on the surface creates charged ions and a fraction of the H' ions generated translo-
cate across the pore. Each H™ ion translocating across the membrane changes the electric field by 1 unit. The discrete steps in which the electric field changes can be seen.
Positive values imply that the direction of the induced electric field is from right to left. (c) Number of H ions translocated: due to the fluctuating electric field and thermal oscil-
lations, H* translocation is observed through both left to right (L to R) and right to left (R to L) directions. The selectivity for achieving unidirectional transport of protons can be
controlled by the pH difference between the reservoirs or by applying additional forces on the system.

Generalized Gradient Approximation (GGA), was used and projected
augmented wave (PAW) pseudopotentials'” with an energy cutoff of
450eV and a Gamma-point-centered k-point grid of 2 x 2 x 2 were
used. The system used to demonstrate the mechanism of proton trans-
port consists of 64 titanium, 32 carbon atoms, and 1 water molecule.
The water molecule in this case is initially placed 3 A away from the sur-
face. In order to study the energetics of proton translocation through
interstitial sites, self-consistent density functional theory (DFT) simula-
tions were performed for each of the snapshots in Fig. 2. The energy cut-
off and the k-point grid used were the same as those for the AIMD
simulations. The system used to analyze the number of proton

translocations is shown in Fig. 1(c), which also consists of 64 titanium,
32 carbon atoms, along with 160 water molecules. 80 water molecules
are placed in each reservoir. The simulation box has the dimensions
17278 x 17.278 x 28 A%, and a canonical or isochoric-isothermal
(NVT) ensemble is used at 300 K, with a time step of 0.5 fs. Figure 1(c)
is plotted by tracking the z-coordinate of five sample H* ions, which
translocate across the membrane. The induced electric field and the
number of H" ions translocated in Figs. 3(b) and 3(c), respectively, are
calculated by tracking the z-coordinate of all the H" ions, and a particu-
lar ion is counted as translocated across the membrane when it moves
from either left to right or right to left in Fig. 1(b).
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See the supplementary material for the details on the calculation
of diffusion coefficient of protons in cubic 2D Ti,C membrane and
demonstration of proton translocation in the 1-T phase of 2D Ti,C
with carbon vacancies.
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