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ABSTRACT: As a promising layered electrode material, TiS»-based capacitive deionization (CDI) devices for water
desalination have attracted significant attention. However, TiS»/H,O interfacial features, potentially important for device
optimization, remain unidentified. Using Deep Potential Molecular Dynamics (DPMD), we characterized distinct aqueous
interfaces introduced by four TiS; terminations expected to be present as water intercalates into TiS,, namely, Armchair,
Zigzag, Zigzag-L, and Zigzag-R. First, we assessed important representative physical properties of the system to validate
the DPs. DPMD simulations agree well with experiments and first-principles simulations, suggesting the DPs are accurate
and reliable. Subsequent simulations of these TiS,/water interfaces revealed how TiS, surface termination influences the
structure of interfacial water. This effect is most evident in the first and second water layers close to the TiS; surface, and
more pronounced when spontaneous dissociative adsorption of water occurs. The extent of water dissociation on each
surface was evaluated using enhanced sampling. Zigzag-L is the only interface where proton transfer from adsorbed water
to TiS, surface S atoms is thermodynamically and kinetically favored. The coexistence of surface four-fold-coordinated Ti
(Tis) and one-fold-coordinated S (Si.) is found to be essential to making proton transfer feasible on the Zigzag-L surface.
Furthermore, remaining unprotonated S;. atoms can act as good proton acceptors after water dissociation. Thus, TiS, with
Zigzag-L termination may be a surface to avoid in CDI device construction, given that pH fluctuations adversely affect
performance. This work provides new understanding of TiS,/H,O interfacial features that could aid future design and
optimization of TiS,-based CDI devices for water desalination.

1. INTRODUCTION

Worldwide freshwater scarcity has grown in visibility and
importance in the past few decades due to increasing demand. '
The adoption of modern water collection and distribution
systems, water recycling and reuse, as well as seawater
desalination are among the most immediate strategies for
relieving the pressure on potable water supply. Among these
approaches, water desalination is the only method that can
increase existing freshwater supply. Industrial-scale water
desalination mainly relies on thermal desalination® and reverse

osmosis (RO).* Although RO is generally more advantageous
than thermal desalination due to its more environmentally
friendly operating conditions, its remaining disadvantages (e.g.,
high operating pressure and membrane fouling) have hindered
its large-scale deployment and encourage exploring alternative
technologies for water purification.

Capacitive deionization (CDI) is a potential alternative
strategy for water desalination.’ The operating principle of CDI
mainly features two electrochemical steps: electro-
chemisorption of ions onto the electrodes during charging and



ion desorption from the electrodes during discharging.
Motivated by energy storage materials with a similar operating
principle to CDI, layered materials could be a promising option
as the electrodes in CDI devices,” among which TiS, has
achieved some success.®’ Presser and co-workers showed that
TiS; performs stably for up to 70 cycles as a CDI electrode, with
salt removal capacity of 14 mg/g at a molar concentration of
600 mM NaCl.8° To improve TiS,-based CDI devices for water
desalination, fundamental understanding of the ion intercalation
mechanism and characterization of the TiS,/H,O interfaces
involved are foundational next steps. To this end, Li et al.
performed systematic, first-principles density functional theory
(DFT) simulations to gain an atomic-level understanding of
how ions intercalate into TiS, interlayers, and presented a
detailed theoretical explanation for the maximum Na' ion
capacity of TiS, under different operating conditions (i.e.,
supercapacitor vs. CDI).!% Subsequently describing the nature
of the TiSy/H,O interface becomes the next stage toward
optimization of TiS,-based CDI devices.

Characterizing the features of TiS,/H,O interfaces, especially
possible proton transfer between these two substances, is
important for a comprehensive understanding of the dynamics
involved in charge/discharge cycling of CDI devices, which
could aid in optimizing device performance. However, no
experimental or theoretical investigations have been reported
on this topic to date.

The complex mechanisms of proton transfer in condensed
phases can be predicted reliably by DFT-based molecular
dynamics (DFTMD). This technique has elucidated, at atomic
resolution, the collective proton transfer involved in hydroxide
and hydronium diffusion,''>!* as well as the mechanism for
these same ions recombining in liquid water.!* Although
accurate, the time- and length-scales achievable by DFTMD are
insufficient to capture properly any thermally activated proton
transfer at water-solid interfaces. As shown by a recent study of
the TiO,-water interface, simulation times longer than 10 ns are
required to capture the reversible dissociation of water on a
TiO, surface.” The high computational cost of DFTMD
typically limits the system size to hundreds of atoms and
simulation times to tens to hundreds of picoseconds.

Recent advances of deep neural networks (DNN) in physical
sciences substantially decreased the computational cost of
DFTMD with no substantial loss of accuracy.'!"!® Here, we
adopt one particular DNN model, Deep Potential Molecular
Dynamics (DPMD),!*?° which has been used successfully to
simulate a range of condensed phase systems,?!?%232425
including chemical reactions at aqueous interfaces. !>

In this work, DPMD is used to reveal the structure of liquid
water in contact with four different TiS, surfaces. The
developed DPMD models reproduce well the structures of bulk
TiS,, bulk liquid water, and TiS,-water interfaces predicted by
DFTMD. Subsequent enhanced sampling DPMD then is
employed to quantify the free energy surface for proton transfer
at TiS,/water interfaces. The long-time sampling provided by
DPMD is key to obtaining a converged density distribution of
water at TiS,/water interfaces and provides critical insights into
atomic-scale interfacial structures. Only proton transfer
between surface S atoms and water adsorbed on
undercoordinated Ti atoms is observed in the DFTMD (as well
as the DPMD) simulations and is the only proton transfer
considered here. Note that the TiS, surface remains charge
neutral during the proton-transfer reaction.

2. COMPUTATIONAL DETAILS
2.1 Interface models

According to our previous work,'® O1 stacking of 1T-phase
TiS, is the most stable stacking pattern for the intercalated
compound Na,TiS, when the Na concentration x is below 0.17,
ie, 0<x<017 , consistent with experimental
observations.?”*® We therefore assumed only O1 stacking in our
model of TiS; in TiS,/H,O interfaces, during the initial stage of
ion intercalation into the TiS; interlayers. Following earlier
theoretical work,” we considered four distinct TiS;
surfaces/terminations to construct the TiS,/H,O interfaces
(illustrated in Figure 1), denoted Armchair, Zigzag, Zigzag-L,
and Zigzag-R, respectively. We only investigate TiSo/H,O
interfaces through which ion and water
intercalation/deintercalation might occur, which is why the
interface between water and the TiS, basal plane is not
considered here (water will adsorb on the basal plane but cannot
diffuse subsurface, which is what is of interest for CDI).

The SCAN functional has been shown to reproduce
reasonably well compared to experiment the extent of water
dissociation on TiO,*® and surface-sensitive vibrational spectra
at the TiO»/water interface,’! suggesting it is accurate enough to
describe heterolytic dissociation at directly analogous titanium
dichalcogenide surfaces. Moreover, a SCAN-DPMD model
developed by some of the authors®? predicted the equilibrium
pH of water in reasonable agreement with the experimental
value. In addition, SCAN also predicts the structure and
dynamics of water with a good compromise between accuracy
and computational efficiency.>® The inclusion of van der Waals
interactions on top of SCAN improves the prediction of
interlayer spacing in layered materials;'®** thus it is necessary
to accurately model TiS, in this work. No experiments have
probed water dissociation on TiS, surfaces yet, so no direct
experimental validation of our TiS,/water simulations can be
made at the moment; our results therefore serve as predictions
to spur further experiments.

The lattice constants of the simulation box used to construct
the interfaces are: |d| = 17.06 4, B| =11.824,|¢] =
11.554, @ = 90°,8 = 90°y = 90° for Armchair; |d| =
6.82 A, |b| = 29.54 A, 1¢] = 11.55 A, @ = 90°, 8 = 90°,y =
90°  for  Zigzag;  |d|l = 6.824,|b| = 21.154,]¢| =
16.52 4, a = 77.42° B =90°y =90° for Zigzag-L; and
|ld| = 6.82 A, |b| = 29.544,1¢| = 1297 A, a = 117.1°,8 =
90°,y = 90° for Zigzag-R. To construct the interfaces, the light
blue region (half of the simulation box) in Figure 1 is filled with
sufficient H,O molecules to achieve a density close to 1 g/cm®.
Each interface model includes 20 TiS, formula units and 39
water molecules in the simulation box. These four interfaces are

therefore named after their corresponding surfaces, namely,
Armchair, Zigzag, Zigzag-L, and Zigzag-R.
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Figure 1. Four distinct TiS2 surfaces/terminations are considered
to construct TiS2/H20 interfaces, where the light blue region (half
of the simulation box) is filled with H>O molecules to achieve a
density close to 1 g/cm®. These four interfaces are denoted
Armchair, Zigzag, Zigzag-L, and Zigzag-R, respectively.

2.2 Details of DFT and DFTMD simulations

To provide training data to the DNN, we employed the
Vienna Ab initio Simulation Package (VASP)**¢ version 5.4.4
to perform spin-polarized DFT calculations within the all-
electron, frozen-core, projector augmented-wave (PAW)
formalism.>”*® As in Ref. 10, the following outer-shell electron
configurations were treated self-consistently for S, Ti, O, and
H, respectively: 3s23p*, 3p®3d?4s?, 2s*2p*, and 1s'. We showed
previously that the strongly constrained and appropriately
normed (SCAN)* exchange-correlation (XC) functional
coupled with the non-local *VV10* dispersion correction (i.e.,
SCAN-rVV10) offers the best compromise of acceptable band
gap and accurate lattice constants for bulk 1T-TiS, with respect
to the experimental values.!” We therefore utilized the SCAN-
rVV10 XC functional throughout. We used a kinetic-energy
cutoff of 520 eV for the plane-wave basis and sampled the
Brillouin zone of each structure with a [I'-point-centered
Monkhorst-Pack (MP)*! k-point grid with a spacing < 0.025 A
!, which together converge the total energy to within 0.2
meV/atom (see ref. 10 for details). To accelerate electronic
convergence, we employed Gaussian electronic smearing with
a width of 0.05 eV for all DFT calculations.

DFTMD simulation data were used as benchmarks for the
initial DPs fit only to static DFT data. These DFTMD
simulations also were carried out with the VASP code. In these
simulations, we employed exactly the same computational
settings as in the static DFT calculations described above
(including XC functional, dispersion correction, kinetic energy
cutoff, k-point spacing, and Gaussian smearing width). The
Nosé-Hoover*>* (NH) thermostat was used to sample the
canonical (NvT) ensemble at 300 K with a time step of 0.5
femtosecond (fs), which is sufficiently small to conserve the
NH energy. Classical equations of motion were numerically

integrated using the Verlet algorithm using the normal isotopic
mass of hydrogen.

2.3 DNN training and DPMD simulations

We constructed four DNN models following the smooth
version of DPMD, as implemented in the DeepMD-kit
package.** Both the energy and the feature networks are fully
connected 3-layers deep with 120 neurons each. A cutoff radius
of 6 A and a smooth cutoff of 3 A were used. All DPMD
simulations were performed with the LAMMPS code®
interfaced with DeepMD-kit. Enhanced sampling techniques
were performed with the Plumed package® integrated in
LAMMPS.

We employed random perturbations to provide initial DNN
training data for bulk TiS,, where a 0.2 A maximum random
displacement was applied for atomic positions while 0.5% and
2% maximum random cell deformations were applied for lattice

vectors @ and b/¢. With respect to DNN training for bulk water,
we first performed a 20-ps-long DFTMD simulation, then
evenly chose 200 data points from this trajectory (which is later
also used to benchmark our DPs regarding water density along
the surface normal direction) as the initial DNN training data.
In addition to these static DFT and DFTMD data used as the
initial training data, we also refined our DPs using a recently
proposed actively-learning scheme.*’” Atomic configurations of
liquid water, solid TiS, and TiS,/water interfaces (including
Armchair, Zigzag, Zigzag-L, and Zigzag-R surfaces) were
explored with DPMD simulations, which were then used to fit
the DNNs further. Configurations taken from enhanced
sampling of proton transfer at TiS,/water interfaces also were
used to train the DNN model. The data and input scripts used to
train the DNN potential is available at
https://github.com/marcoscaa/TiS,_ Water.

DPMD simulations also were carried out with a time step of
0.5 fs. The velocity form of the Stdermer-Verlet*® time
integration algorithm was used. A NH*** thermostat was
employed to control the temperature for the NvT ensemble and
a NH barostat was used to control the pressure for the NpT
ensemble in the DPMD simulations. Further details (including
the ensemble, temperature, and total duration of the trajectory)
will be given below for each system.

The free energy surface for proton transfer was obtained from
umbrella sampling.*” The smooth minimal distance (ds.tmin)
between a tagged outermost S atom of TiS; and all H atoms in
the system was used as the collective variable. This collective
variable has the following functional form

dS—H,min = Lﬁ
InY, exp vo
SH

with f = 500 the smoothness parameter and dsy the distance
between an S atom and an H atom. Four independent
simulations were performed, and each had one quadratic
(umbrella) potential applied at ds.pmin= 1.3, 1.55, 1.62 0r 1.9 A,
with force constants 200, 4000, 4000, and 100 kJ/mol/A,
respectively. The simulations were 600 ps long, with the first
100 ps discarded for equilibration. The free energy surface was
reconstructed using the weighted histogram analysis method.>°

3. RESULTS AND DISCUSSION



3.1 Benchmarking the DP models through representative
physical properties

To validate the performance of the trained DPs, we tested
some representative physical properties of bulk water, bulk
TiS,, and TiS,/H,0 interfaces, specifically: (1) the RDF of bulk
water; (2) the thermal expansion and phonon density of states
(DOS) of bulk TiS,; and (3) the water density along the surface
normal direction for the modelled TiS»/H»O interfaces.
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Figure 2. Radial distribution functions (RDFs) of bulk liquid water.
Comparison of experimental data (grey shaded areas, extracted
from ref. 51), DFTMD computed using SCAN-rVV10 (blue
curves, extracted from ref. 52), and our DPMD results (red curves)
for (a) O-0, (b) O-H, and (c) HH RDFs.

We first computed the RDF of bulk water using DPMD and
compared our results to the ones obtained from experiments and
DFTMD simulations that employed the same SCAN-rVV10
functional used to fit the DPs. DPMD simulations of bulk water
were performed within the NpT ensemble with total pressure of
1 bar at 300 K for a total duration of 10 ns. Figure 2 compares
the water RDF from experiment (grey shaded areas),’® earlier
DFTMD simulations (blue curves),> and our DPMD results
(red curves). For the O-O, O-H, and HH RDFs, goo(r), gon(r),
and guu(r), even though DPMD fails to reproduce quantitatively
certain key features (e.g., peak height and position) observed in

experiments, the results predicted by DPMD overlap nearly
everywhere with those computed by DFTMD. These findings
demonstrate that the trained DPs predict the structure of bulk
water with essentially the same accuracy as DFTMD
simulations using the same functional (at far lower cost).

We then validated the DPs further by comparing the thermal
expansion of bulk TiS, given by DPMD to experimental data.
To compute the thermal expansion curve of bulk TiS,, we
performed DPMD simulations within the NpT ensemble at a
pressure of 1 bar and 50, 100, 150, 200, 250, and 300 K, using
a 3x3x3 supercell model of the bulk 1T phase of TiS,. The
duration of each DPMD trajectory was 10 ns. The thermal
expansion was computed as ¢ /c3qq g, Where ¢ and c3q g are
the lattice constant ¢ obtained at temperature T and 300 K,
respectively. As shown in Figure 3a, the thermal expansion
predicted by DPMD agrees well with experiment.> The largest
deviation of ~0.05% occurs close to 0 K and can be attributed
to the deviation of the 0 K lattice constants predicted by SCAN-
rVV10 from experimental values.!®
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Figure 3. (a) Lattice thermal expansion of bulk TiS: from
experiment (blue circles and blue line, extracted from ref. 53) and
from DPMD simulations (red triangles and red line). ¢y and c3q9
are the lattice constant ¢ at temperature T and 300 K, respectively.
(b) Calculated phonon DOS of bulk TiS2 using DFT (green) and
DPMD (blue) simulations.

In addition to its thermal expansion, we also compared the
phonon density of states (DOS) for bulk TiS; given by DFT and
DPMD simulations. We performed phonon calculations using
phonopy** and phonoLAMMPS for DFT-SCAN-7VV10 and
DPMD, respectively, with the force constants computed
numerically from analytic gradients and finite displacements.*
In both cases, the phonon DOS were computed using a 6x6x6
supercell model of TiS,. As evident from Figure 3b, the phonon
DOS calculated by DFT and DPMD agree well, with most of
the DPMD phonon peaks deviating less than 0.3 THz (around
10 cm™') from the corresponding DFT phonon peaks. The
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deviations between the DFT and DPMD phonon DOS (such as
the peak height and width) might originate from the remaining
error in the force predicted by the DPs. The good agreement
between DPMD and experiment/DFT for thermal expansion
and phonon DOS suggests that the DPs are capable of
accurately modelling the ground-state static and near-
equilibrium dynamical properties of bulk TiS,.

While our DP models can reproduce the measured thermal
expansion of bulk TiS, (Figure 3a), the agreement with the
experimental RDF of bulk water is not as good (Figure 2). In
fact, the nonlocal V'V 10 dispersion correction has been shown
to accurately account for van der Waals interactions in layered
TiS,'" but does not properly describe the dynamical structure of
water. >
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Figure 4. Calculated density profiles of water confined between
two TiS2 surfaces adopting the following structures: (a) Armchair,
(b) Zigzag, (c) Zigzag-L, and (d) Zigzag-R. The water density
derives from both DFTMD (orange) and DPMD (blue) trajectories.
The blue curve represents the averaged density profile of the four
different DP models, while the blue shaded areas indicate the
density variation among different DPs. The green shaded area
indicates the density of Ti atoms in the TiS> surface layer closest to
the water in the left and right slabs.

Next, we benchmark the DPs for TiS,/H,O interfaces by
computing the water density along the surface normal direction
using DPMD and comparing it to results obtained from
DFTMD simulations. To make a fair comparison, the total
duration of the DFTMD and DPMD trajectories are both set to
20 ps, and only the last 10 ps of each trajectory is used to
calculate the water density profile. Figure 4 shows the
calculated water density along the surface normal direction for
water effectively confined (due to periodic boundary
conditions) between two thin slabs of Armchair, Zigzag,
Zigzag-L, and Zigzag-R structures. The water density profiles
computed from the DFTMD (DPMD) trajectories are shown in
orange (blue). The blue curves represent the averaged density

profile of different DP models, whereas the blue shaded areas
show the density variation among different DP models. The
green shaded areas indicate the density of Ti atoms in the TiS,
surface layer closest to the water in each slab (left and right in
each panel of Figure 4). The reference coordinate along the
surface normal of 0 A represents the center of the water phase.
Although the positions of some peaks shift slightly (especially
for Zigzag-L, where the agreement is least good), the DP
models reproduce the main features of the water density profiles
predicted by DFTMD for all four interfaces. Such agreement
between DFTMD and DPMD demonstrates that, in addition to
reproducing physical properties of bulk TiS, and water, the DPs
are also able to predict interface features with the same accuracy
as DFT. Note also that in the MD simulations corresponding to
the data in Figure 4, dissociative adsorption of water occurs on
the Zigzag-L. surface in both the DFTMD and DPMD
simulations. Such consistency further indicates the high
correspondence between DFTMD and DPMD simulations.
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Figure 5. Water density profile calculated using long DPMD
trajectories of 10 ns based on the enlarged water region for the
interface with (a) Armchair, (b) Zigzag, (¢) Zigzag-L, and (d)
Zigzag-R TiS: surfaces. The blue curves represent water density
profiles while the green shaded areas indicate the density of Ti
atoms in the outermost layer of the TiS2 surface closest to the water.

The water density profiles predicted by these DFTMD and
DPMD simulations are not perfectly symmetric and the water
density fluctuates significantly even in the center of the water
region. These artifacts are probably because the trajectories are
not long enough and the bulk water region is not large enough
to obtain realistic equilibrium interfacial liquid structures. We
therefore further enlarged the water region between the two
TiS; surfaces to be three, two, three, and two times larger than
their original dimensions for Armchair, Zigzag, Zigzag-L, and
Zigzag-R interfaces, respectively. We performed DPMD
simulations at 300 K for a total duration of 10 ns to recalculate
water density profiles between the two TiS; surfaces. The water
density profiles calculated using these long DPMD trajectories
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of 10 ns based on the enlarged water regions are shown in
Figure 5.

The larger water density profiles between the two TiS;
surfaces shown in Figure 5 now are almost perfectly symmetric
and the density attains its bulk value of around 1 g/cm’ in the
center of the water region for all four interfaces. However, the
different TiS, surface terminations exhibit significant variations
in the interfacial water structure. Most interestingly, the
intensity of the first peaks in water density near the surfaces of
Zigzag-L. are much lower than the values predicted for
Armchair, Zigzag and Zigzag-R. The origin of the difference
observed for Zigzag-L is that dissociative adsorption of water
occurs only at this interface, indicating that the dissociated
water decreases the amount of molecularly bound water (vide
infra) on the TiS; surface. The hydroxyl groups on the Zigzag-
L TiS; surface promote more disordered interfacial water than
the non-hydroxylated surfaces (i.e., Armchair, Zigzag, and
Zigzag-R), as observed from the lower heights of the first two
water oxygen density peaks near the Zigzag-L surface
compared to the remaining TiS; terminations.

In addition, we further validate our DNN models by directly
comparing DNN and DFT predictions of the following
quantities: (1) atomic forces predicted with configurations
absent from the DNN training data and (2) the potential of mean
force to move a proton from water to a TiS, surface S atom.
Detailed discussions of these additional validations can be
found in the Supporting Information.

3.2 Free energy surface for proton transfer between adsorbed
water and TiS,

To understand better the competition between molecular and
dissociated water adsorbed on TiS,, enhanced sampling
simulations were employed to quantify the relative
thermodynamic stability of these species. These simulations
accessed the free energy to move a proton from an adsorbed
water molecule to an outermost TiS, surface S atom (Figure 6).
The minimum S-H distance of the proton to this S atom was
used as the reaction coordinate. Proton transfer from adsorbed
water to the TiS; surface produces SH and OH groups adsorbed
on surface-exposed Ti sites. A covalent SH bond on TiS,
surface has an average bond length of ~1.36 A. In the absence
of proton transfer, only molecular (undissociated) water adsorbs
on undercoordinated Ti atoms. For this reason, the minima at
~1.36 A and ~2.18 A in Figure 6 correspond to dissociative and
molecular water adsorbed on TiS,, respectively (for details, see
Figure 7). Consistent with the 10-ns DPMD trajectory
producing water dissociation at the surface, this reaction is 0.17
eV downhill in free energy at the Zigzag-L/water interface, with
a free energy barrier of only 0.22 eV relative to the
undissociated state. On the other hand, the free energy of
dissociatively adsorbed water is 0.36, 0.38, and 0.49 eV higher
than molecular water at the Armchair, Zigzag, and Zigzag-R
interfaces with water, respectively, with corresponding free
energy barriers of 0.48, 0.50, and 0.61 eV relative to the
undissociated state. These much larger barriers explain why, at
least on the 10-ns timescale, no dissociative adsorption appears
in the water density profiles of these other surfaces.
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Figure 6. Free energy surfaces (FESs) for proton transfer between
adsorbed water and an outermost S atom on the TiS: surface as a
function of the S-H distance. A smooth and continuous S-H
minimum distance was used as reaction coordinate; its definition is
given in the methods section. The FES was computed from
umbrella-sampling DPMD simulations of the interface between
water and Armchair (red), Zigzag (dark blue), Zigzag-L (light
blue), and Zigzag-R (green) surface terminations of TiSz2. The
dissociated state of each system (local minimum on the left-hand
side) is taken as the zero-energy reference.

Water dissociation thus occurs more easily at the interface of
Zigzag-L, where it exhibits a smaller free energy barrier (0.22
eV) compared to the values predicted for the interfaces with
Armchair (0.48 eV), Zigzag (0.50 V), and Zigzag-R (0.61 eV).
Zigzag-L is also the only TiS; surface where water dissociation
is thermodynamically favored (with a free energy of -0.17 eV
relative to molecular water adsorbed on the surface). These
trends can be rationalized by examining the coordination
number of the surface Ti atoms and the relative affinity of
surface S for protons from water. Figure 7 shows that the
Armchair and Zigzag-L structures contain unsaturated, low-
coordination surface Ti (specifically, four-fold coordinated Ti,
i.e., Tis) compared to Zigzag and Zigzag-R, which have five-
fold-coordinated surface Ti, i.e., Tis). Lower-coordination-
number surface Ti are expected to be more reactive, enhancing
both water adsorption and dissociation on the Armchair and
Zigzag-L surfaces, compared to the other two surfaces.

Even though both Armchair and Zigzag-L surfaces contain
four-fold coordinated Ti atoms (Tis), the DPMD simulations
only yield water dissociation on the Zigzag-L surface. The main
difference between the water reactivity of Armchair and
Zigzag-L surfaces is the presence of one-fold coordinated S
atoms (Sic) on Zigzag-L but not on Armchair (S, is also absent
from Zigzag and Zigzag-R surfaces). The Armchair surface has
only two-fold coordinated S atoms, which have satisfied their
valence and thus are less chemically reactive than one-fold
coordinated S. Consequently, the surface Tis on the Armchair
surface binds two water molecules but neither favorably
dissociate (Figure 7). On Zigzag-L, however, heterolytic water
dissociation across Tis and S produces a OH group bridging
neighboring Tis. atoms and a surface SH group. The
combination of Tisx and Sic on Zigzag-L promotes the
dissociation of water so that OH™ will bind to Tis and H" will
bind to Sic. Such a local environment difference makes water
dissociation at the Zigzag-L interface more favorable than at
Armchair, Zigzag, and Zigzag-R.
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Figure 7. Local atomic environment for the four TiS: interfaces
with liquid water before (left) and after (right) water dissociation.
Panels with red border indicate the states with lower free energy.
The main reasons for easy water dissociation on Zigzag-L surface
are the presence of both four-fold-coordinated Ti (Ti4c) and one-
fold coordinated S (Sic) on the surface. Only selected water
molecules were shown for clarity. Blue, yellow, red, and pink
spheres represent Ti, S, O, and H atoms, respectively.

Of all the aspects that adversely affect CDI device
performance, pH fluctuations were found to be particularly
detrimental because (1) it negatively affects the ion desorption
process during discharge; (2) it results in one of the major side
reactions of hydrogen peroxide (H>O,) formation on the cathode
(via Oy + 2H" + 2¢" = H,0,);®% and (3) it directly causes
transformation of TiS; to TiO,, which further degrades TiS,-
based CDI device performance.® According to our analysis
above, not only surface Tis but also surface Si. atoms play a
crucial role in promoting water dissociation. The remaining
unprotonated S,. atoms on the Zigzag-L surface can serve as
good proton acceptors even after water dissociation occurs,
which undoubtedly will affect the interfacial pH. Although
further evidence is required, the potential proton transfer from
bulk water to the remaining S;; atoms (not investigated here)
may increase the pH near the Zigzag-L surface. Such pH
fluctuations may not occur on the Armchair, Zigzag, and
Zigzag-R surfaces because S is absent in these three cases.
Therefore, we expect that TiS, with Zigzag-L termination will
behave differently than the other three surfaces when used as
CDI electrodes. Specifically, those other three surfaces may be
superior, in that they do not have adsorption sites that would
affect the local pH.

4. CONCLUSIONS

In summary, we characterized interfacial structure and
reactivity of water nanoconfined between TiS, model
electrodes, via both DFT-MD and state-of-the-art deep-neural-
network-assisted molecular dynamics (DPMD) fit to DFT data.
Four different terminations/surfaces of TiS, were considered,
namely, Armchair, Zigzag, Zigzag-L, and Zigzag-R. The
simulations reveal that dissociative adsorption of water is

highly surface structure dependent and that proton adsorption is
preferred only on Zigzag-L, suggesting that the other surfaces
may be less susceptible to pH fluctuations during CDI cycling.

We benchmarked our DNN-trained models by examining
representative physical properties of bulk water, bulk TiS,, and
TiS»/H,0 interfaces. The trained deep potentials (DPs) predict
the radial distribution function of bulk water with the same
accuracy as DFTMD simulations using the same XC functional
and dispersion correction scheme. In addition, DPMD
simulations well reproduce experiments and DFT computations
regarding thermal expansion/phonon density of states of bulk
TiS,. Lastly, the DNN-trained DPs are able to predict interfacial
water density profiles along the surface normal with the same
accuracy as DFTMD.

With the DPs thus validated, we computed the free energy
surface for proton transfer at TiS,/water interfaces using
umbrella sampling. The Zigzag-L structure presented the only
interface where dissociative adsorption of water is both
thermodynamically and kinetically favored (with reaction and
activation free energies of -0.17 and 0.22 eV, respectively).
Analysis of the atomic environments of the four interfaces
reveals that under-coordinated surface Tisc and Sic atoms on the
Zigzag-L surface facilitate proton transfer from adsorbed water
to surface S atoms at the water/TiS, interface, unlike the other
three Armchair, Zigzag, and Zigzag-R surfaces, which do not
contain these highly reactive, singly coordinated S atoms, Si..

Further, after water dissociation takes place on the Zigzag-L
surface, the remaining surface S| atoms can serve as good
proton acceptors, which could produce OH™ near the surface. As
a consequence, the local pH close to the Zigzag-L surface could
increase whereas such pH fluctuations may not occur in the
other three cases due to the absence of surface Si.. Therefore,
TiS, with Zigzag-L termination is anticipated to exhibit
different device performance than the other three terminations
of TiS, when used as CDI electrodes. Specifically, we suggest
that if suppression of pH fluctuations is desired, fabrication of
TiS; electrodes that favor surfaces other than Zigzag-L could be
a useful design direction for CDI water desalination
applications.
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