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Highly Efficient Solar-Driven Carbon Dioxide Reduction
on Molybdenum Disulfide Catalyst Using Choline

Chloride-Based Electrolyte

Mohammad Asadi, Mohammad Hossein Motevaselian, Alireza Moradzadeh,
Leily Majidi, Mohammadreza Esmaeilirad, Tao Victor Sun, Cong Liu, Rumki Bose,
Pedram Abbasi, Peter Zapol, Amid P. Khodadoust, Larry A. Curtiss, Narayana R. Aluru,*

and Amin Salehi-Khojin*

Conversion of CO, to energy-rich chemicals using renewable energy is

of much interest to close the anthropogenic carbon cycle. However, the
current photoelectrochemical systems are still far from being practically
feasible. Here the successful demonstration of a continuous, energy
efficient, and scalable solar-driven CO, reduction process based on earth-
abundant molybdenum disulfide (MoS,) catalyst, which works in synergy
with an inexpensive hybrid electrolyte of choline chloride (a common food
additive for livestock) and potassium hydroxide (KOH) is reported. The
CO, saturated hybrid electrolyte utilized in this study also acts as a buffer
solution (pH = 7.6) to adjust pH during the reactions. This study reveals
that this system can efficiently convert CO, to CO with solar-to-fuel and
catalytic conversion efficiencies of 23% and 83%, respectively. Using den-
sity functional theory calculations, a new reaction mechanism in which the
water molecules near the MoS, cathode act as proton donors to facilitate
the CO, reduction process by MoS; catalyst is proposed. This demon-
stration of a continuous, cost-effective, and energy efficient solar driven
CO, conversion process is a key step toward the industrialization of this
technology.

1. Introduction

For more than 200 years, fossil fuels
have sustained our society as an unri-
valed source of energy due to their ready
availability, stability, and high energy
density. However, the increasing CO,
levels in the atmosphere, along with the
ever-increasing energy consumption in
modern society, have made the develop-
ment of renewable energy resources more
vital than ever!'”! Among the various
renewable energy resources, solar energy
has unique potential to replace fossil
fuels due to its abundance, sustainability,
and capability of being harvested.*¢
However, the main challenge with solar
energy is its intermittent and fluctuating
nature, which demands a reliable storage
method if sunlight is to be utilized as a
new large-scale energy source. Among
different storage methods, one promising
approach is to store the solar energy in the
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form of a burnable feedstock by electrochemical conversion of
existing CO, in the atmosphere.l>’~1% This method can provide
a versatile way to close the anthropogenic carbon cycle by ena-
bling two-way traffic between CO, emissions and solar made
chemical fuels.[11-13]

In recent years, there have been numerous efforts to estab-
lish a benchmark for solar-to-fuel energy conversion by the
photochemical approach.’121“19 However, the efficiencies
for different configurations, including photovoltaic electrolysis
(PV/electrolysis) and photoelectrochemical systems do not
exceed 13.4%.1L14151819] Here, we report the first successful
demonstration of an efficient, and scalable flow cell (electro-
lyzer) that delivers the photocurrent to the catalytic sites in
a continuous mode and exhibits solar-to-fuel and catalytic
conversion efficiencies of 23% and 83%, respectively. This
performance benefits from an inexpensive hybrid electro-
lyte of choline chloride (a common food additive for livestock
and waste product of soybean oil production) and potassium
hydroxide (KOH) that works remarkably well with a cathode
of molybdenum disulfide nanoflakes (MoS, NFs), an earth-
abundant transition metal dichalcogenide, and an anode of
iridium oxide nanoparticles (IrO, NPs).

2. Results and Discussion

The MoS, catalyst was synthesized in a chemical vapor transport
process followed by a liquid phase exfoliation method.?*-?2 The
synthesized MoS, nanoflakes coated on gas diffusion layer (GDL)
were then characterized using scanning electron microscopy,
Raman spectroscopy, and X-ray photoelectron spectroscopy
(Section S1, Supporting Information). Initially, we explored
the potential of choline-based amine electrolytes (dissolved in
deionized (DI) water) for the CO, reduction reaction on the
MoS, catalyst within a custom-made two-compartment three-
electrode electrochemical cell (Section S2, Supporting Infor-
mation). Figure 1a shows the linear sweep voltammetry (LSV)
results for 2 m choline chloride, choline bromide, and choline
bitartrate solutions. Among the different tested choline-based
electrolytes, 2 M choline chloride exhibits the highest current
density with the maximum of —210 mA cm™2 at —0.8 V versus
RHE compared to —120 and —70 mA cm™2 for choline bromide
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and bitartrate solutions, respectively (Figures S2a and S4, Sup-
porting Information). To increase the ionic conductivity of the
solution, we added different molar quantities of KOH while
keeping the overall salt concentration of the electrolyte constant
(2 m). Our results shown in Figures S2a and S4 of the Sup-
porting Information (Section S2, Supporting Information) indi-
cate that electrolyte with the ratio of 1 M choline chloride and
1 M KOH shows a current density of =315 mA cm™ at —0.8 V
versus RHE, which is highest among the tested electrolytes.
The obtained current density (315 mA cm™) in the CO, satu-
rated buffer electrolyte (pH = 7.6) is also more than two times
higher than that of previously studied acidic electrolyte (pH = 3)
50:50 vol% EMIMBF, ionic liquid/DI water (—150 mA cm™)
at the potential of —0.8 V versus RHE.?Yl At the low poten-
tial of —250 mV, the current density of —17.32 mA cm™ is
obtained for 1 m KOH/choline chloride, which is =1.5 times
higher than that of 50:50 vol% EMIMBEF,/DI water electrolyte
(-11.21 mA cm™).2%

We also studied the catalytic activity of MoS, NFs in 2 M
KHCO;, choline chloride/KHCO; (1:1 M) and 2 m KOH and
compared the results with choline chloride/KOH (1:1 wm)
electrolyte. Our LSV results in CO, saturated electrolytes
indicate about 2.5 times higher current density for 2 M KOH
(176.6 mA cm™2) compared with 2 v KHCO; (68.5 mA cm™).
The higher current density is attributed to the higher ionic con-
ductivity of CO, saturated KOH compared with KHCOj electro-
lyte. Furthermore, adding choline chloride to KOH and KHCO;
increases the current density by a factor of about 1.85 and 1.6,
respectively. We attribute this to higher CO, solubility in the
choline chloride electrolytes making the CO, species more
available for the reaction on the catalyst surface.

Product characterizations of the choline chloride/KOH
(1:1 m) electrolyte at different applied potentials (-0.2 to —0.8 V
vs RHE) confirms CO as the main product with an overall
Faradaic efficiency of 90% + 5% (Section S3, Supporting
Information). We also performed electrochemical impedance
spectroscopy (EIS) measurement (Figure 1b) at the cell potential
of =2 V to investigate the effect of charge transfer on the elec-
trochemical performance of tested electrolytes (Section S4, Sup-
porting Information). Results indicate that the choline chloride/
KOH system with the 1:1 molar ratio exhibits almost seven
and three times lower charge transfer resistance compared to
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Figure 1. a) Linear sweep voltammetry results of MoS, NFs at different choline-based electrolytes (a total concentration of 2 m), 50:50 vol% EMIMBF,/
DI water, and choline chloride/KOH (1:1 m) electrolyte. b) Electrochemical impedance spectroscopy of CO, reduction by MoS, NFs in 50:50 vol%
EMIMBF,/DI water, choline chloride (2 m), and choline chloride/KOH (1:1 m) electrolytes at the cell potential of —2.0 V.
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50:50 vol% EMIMBE,/DI water and 2 M choline chloride solu-
tions, respectively.?% The lower charge transfer resistance in
choline chloride/KOH electrolyte further confirms the superior
current density results in Figure 1la.

Next, we studied the energy efficiency of the CO, reduc-
tion reaction in a dynamic mode using the same cathode and
anode materials. We used a one-compartment cell (Section S5,
Supporting Information) instead of a two-compartment cell to
avoid a membrane separator between catholyte and anolyte.
This is mainly due to unique feature of the electrolyte which
uniformly provides high ionic conductivity and high CO,
solubility. The one-compartment cell configuration reduces the
potential loss, leading to an increased cell efficiency during the
electrochemical reaction.?>24 It should be noted that the ini-
tial pH of the choline chloride/KOH (1:1 M) solution is about
13.3, which drops to 7.6 after CO, saturation due to the forma-
tion of bicarbonate ions as discussed, later in the computational
part. The electrolyte saturated with CO, (pH = 7.6) was cycled
in the flow cell at the rate of 0.5 mL min~!. Figure 2a shows
the current density of the CO, reduction reaction obtained
from chronoamperometry experiments at different cell poten-
tials (-1.5 to —2.0 V, Section S6, Supporting Information). As
shown in Figure 2a the maximum current density of about
-185 mA cm™ was obtained at the cell potential of —2.0 V,
which is equivalent to 660 mV overpotential considering the
thermodynamic potential of —1.34 V for the flow cell. We note
that our EIS experiments at different cell potentials show neg-
ligible internal resistances in the flow cell (Figure S10 and
Section S7 of the Supporting Information).

The product stream analysis of the flow cell shows that the
system is largely selective for CO formation at different applied
potentials (—1.5 to =2 V), as confirmed by gas chromatography
measurement (Section S8, Supporting Information). Our
results indicate an F.E. of 93% + 5%, cell efficiency of about
83% and turnover frequency (TOF) of 4.25 s7! at —1.5 V cell
potential (Figure 2b). The maximum TOF of about 10 s™! was
recorded at —2.0 V (overpotential of 660 mV), which is fairly
comparable to the highest CO, reduction TOF reported so
far.?% The calculated cell efficiency, TOF, and F.E. at other cell
potentials are presented in Figure 2b.

To examine the stability of the electrolyte, we performed
nuclear magnetic resonance (NMR) experiments of the
fresh and used electrolytes (KOH: choline chloride = 1:1 M)
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(Section S9, Supporting Information). The 'H and C NMR
spectra confirm the stability of the choline chloride electrolyte
in the flow cell experiments without any evidence of electrolyte
decomposition. Moreover, we measured the concentration of
K* via atomic adsorption spectroscopy and pH of the electro-
lyte in 30 min time intervals during a 15 h continuous process
(Section S10, Supporting Information). These results indicate
that concentrations of both cations remain fairly constant,
suggesting the charge neutrality during the electrochemical
process.

To drive the process by solar energy, we coupled the flow cell
to a triple junction photovoltaic (T]J-PV) cell with a maximum
efficiency of 29.1%. Figure 3a depicts the schematic of our
solar driven CO, conversion process. The [~V character-
istic curves of the TJ-PV cell with a surface area of 12.8 cm?
under 1 sun illumination and in the dark mode is depicted in
Figure 3b. This surface area is intentionally selected since it
could deliver the open circuit voltage and photocurrent of 2 V
and —182.5 mA under 1 sun illumination (1 KW m2), respec-
tively (Figure 3b; Figure S14, Supporting Information). This
provides the optimum voltage and total current required by
1 cm? area of the catalyst (in the flow cell) at 2 V (Figure 2a).
Considering a photocurrent of =—182.5 mA at 2.0 V, the total
efficiency of the TJ-PV cell is calculated to be 28.5% which is
very close to its maximum efficiency (29.1%). The solar-to-fuel
efficiency (SFE) was also measured during a 15 h continuous
processing of CO, while monitoring the current density and
voltage simultaneously. As shown in Figure 3c, the process
starts with a current density of =~182.5 mA cm™ and decays
to =~175 mA cm™? (red line), implying about 4.9% loss during
15 h of the process. The SFE of the process (Figure 3d) indi-
cates an average value of 18.2% under 1 sun illumination
(Section S11, Supporting Information) with a negligible varia-
tion during 15 h of the experiment.

To measure SFE with respect to the number of the sun
illuminations (Section S12, Supporting Information), the PV
cell was calibrated to generate the required photocurrent for
the CO, reduction reaction at each cell potential by varying the
number of sun illuminations (0.5-1 sun). Figure 3e shows the
calculated SFE at different sun illuminations. At 0.5 sun illumi-
nation, we obtained an SFE of about 23% and a reaction current
density of 85.95 mA cm™. To the best of our knowledge, this is
the highest SFE reported for the CO, reduction reaction.
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Figure 2. Continuous CO, reduction reaction (flow cell) results. a) Current density at different cell potentials. b) Calculated cell efficiency and turnover
frequency (TOF) of flow cell at different cell potentials. The flow cell shows the efficiency of ~83% at —1.5 V and TOF of =10 (s™') at —2.0 V cell potential.
(inset) Faradaic efficiency measurement for MoS, catalytic system with Choline chloride/KOH (1:1 wm) at different cell potentials.
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Figure 3. Solar-driven flow cell results. a) A schematic of flow cell using solar energy to drive CO, reduction reaction. b) Characteristic curve of the PV-
cell with the surface area of 12.8 cm? under 1 sun illumination and also in the dark mode. The operational point based on the performance of flow cell
(electrolyzer) as well as maximum power point (MPP) is also shown in this figure. ¢) The current density of reaction and input potential during 15 h
process under 1 sun illumination. The current density of about —180 mA cm™2 and potential of —2.00 V were recorded during the process. d) Solar to
fuel efficiency of flow cell under 1 sun illumination during 15 h process. The process shows an average SFE of 18.2% during the photoelectrochemical
reaction that is limited by PV cell efficiency (=29.1%). e) Solar to fuel efficiency of flow cell with respect to the number of the sun illumination. The

results show 23% solar to fuel efficiency at 0.5 sun illumination.

Classical molecular dynamics (MD) simulations, ab initio
molecular dynamics (AIMD), and density functional theory
(DFT) calculations were performed to gain insights into the
mechanisms behind the CO, reduction in the choline chloride/
KOH and MoS, NFs system.

In order to gain a better understanding of the molecular
interactions of different species during the CO, reduction pro-
cess, we first carried out classical MD simulations. We observed
that in equilibrium, the region of highly concentrated OH~
anions almost coincides with the first density peak of the CO,
molecules (see Figure 4b). Accordingly, we performed DFT-
based AIMD simulations, and observed that among different
species inside the system, the CO, and the OH™ bind together
to form a HCO;™ ion (see the trajectory snapshots in Figure 5a).
This suggests that the OH™ ions react with the added CO,
molecules to form bicarbonate anions. Previous reports2>-2¢l
for CO, reduction on metal electrodes suggest HCO;~ forma-
tion from CO, and OH™ in buffered electrolytes at near neutral
pH. This is also supported by the experimental observation that
CO, saturated choline chloride/KOH electrolyte has a pH of
around 7.6.

Next, we carried out DFT calculations to further investigate
the reaction mechanism and to study the possible role of bicar-
bonate ions in facilitating CO, exchange toward the MoS, edge
sitesl’] (Section S13.2, Supporting Information). Figure 5b
shows that the presence of the HCO;™ ion and a H,0 molecule
facilitate the CO, exchange via bond breaking/forming with a
low free energy barrier of 0.19 eV. Figure 4b shows that the first
density peaks of HCO;™ ions and CO, molecules are almost at
the same location, close to the negatively charged MoS, cathode
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surface (=1.7 A away from the MoS, edge sites), suggesting
that HCO;~ ions and CO, molecules can participate in the low
barrier CO, exchange process to supply sufficient reactants for
the electrochemical reactions. Moreover, our results indicate
that the cathode surface exhibits a strong propensity for the K*
adsorption over the choline molecules. This is supported by the
penetration of K* ions between the MoS, NF interlayer spaces
(Figure 4a), exhibiting a high-density peak at =2 A relative to
the outermost Mo edge atoms. The adsorption of the bulky cho-
line cations onto the MoS, edges is impeded due to their unfa-
vorable electrostatic interactions with the accumulated K* ions
(Figure S28 and Section S14 of the Supporting Information).
Thus, the depletion of choline molecules in the electric double
layer region and the smaller size and steric effects of K* atoms
expose more catalyst active sites for CO, reduction.

Our electrochemical experiments for choline chloride/KOH
electrolytes were carried out under nearly neutral, i.e., pH = 7.6
condition that is consistent for a long period of time (15 h).
This indicates the overall concentrations of both OH™ and H*
are extremely low during the reaction. This is likely due to the
considerable amount of HCO;™ ion in the electrolyte, acting as
a pH buffer. The CO, and proton concentrations at the cathode
depend on both mass transfer that determines their supply rate
and the current density that determines their consumption
rate. While the oxygen evolution reaction on the anode generate
protons,?®l CO, reduction at nearly neutral pH and high cur-
rent densities is likely limited by the cathode side as was shown
to be the case for metal electrodes.[?>20]

Thus we propose that for the Mo$S, cathode reactions at low
overpotentials water molecules could instead act as proton

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Classical MD simulation results. a) Snapshot of classical MD simulation trajectory of choline chloride/KOH/KHCO; (1:1:1 m) electrolyte
system with MoS, nanoflakes. Water molecules are represented by transparent spheres and Mo and S atoms are illustrated by blue and yellow colors,
respectively. The color for the rest of the species are given in the legend of (b). b) Center of mass number density profiles of the choline chloride/KOH/
KHCO; (1:1:1 m) electrolyte system with MoS, nanoflakes. The lower inset (b1) is the zoomed-in electric double layer (EDL) region close to the MoS,
interface. The upper inset (b2) is a snapshot of K* ions coverage on the MoS, surface. The dashed blue line indicates the zero on the z-axis, which is
set to the outermost Mo edge atoms location.

donors for CO, reduction and release OH~ ions. We hypoth-  HCO;~ (HCO;™ + OH™ = H,0 + CO;3?") resulting in a steady
esize that at low overpotentials in a steady-state mode, these  state distribution of CO3*~ and HCO;™ and the generated pro-
OH~ ions could be consumed again by the CO, molecules tons from the anodel?®! that satisfies mass transfer require-
near the cathode to form HCO;™ (similar to the process shown  ments. Therefore, we carried out DFT calculations to investigate
in Figure 5a). The generated OH™ ions could also react with  possible reaction pathways on MoS, cathode that could result
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Figure 5. Density functional theory results. a) DFT-based AIMD trajectory snapshots, showing HCO;™ formation. b—d) DFT CI-NEB calculation results
for different steps in CO, reduction process. b) CO, exchange process, (c) *COOH (* representing adsorbates) formation, and (d) C—OH bond
breaking to produce *CO. The initial state (IS), transition state (TS), and the final state (FS) associated with their corresponding free energies (AG) are
shown. In all the CI-NEB calculations, the solvation corrections are calculated by adding water molecules in the first solvation shell around the species,
followed by the structural relaxations (Section S13, Supporting Information).
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in low overpotentials with H,O as the proton donor. As shown
in Figure 5¢, one H,0 molecule near the Mo edge splits, and
the dissociated proton transports through the hydrogen bond
chain, reaching the *CO, to form the *COOH complex with
free energy barrier of 0.21 eV. The relatively low free energy
barrier indicates a fast process of *COOH formation with H,O
molecules donating protons (Figure 5c). We note that this reac-
tion mechanism, in which the water acts as a proton donating
agent under a neutral pH condition (pH = 7.6) is very different
from the previously studied EMIMBF, ionic liquid electrolyte
system, 2%l where the main source of protons was the H* ions in
the acidic environment (pH = 3).

Figure 5d shows the subsequent process of C—OH bond
breaking aided by proton transport to form *CO. Similarly,
one H,0 molecule splits near the Mo edge and the dissoci-
ated proton approaches the —OH group of the *COOH by
transferring through the hydrogen bond chain. The C—OH
bond finally breaks and a new H,0 molecule is formed.
This process has a small free energy barrier of 0.21 eV.
The newly formed H,0 molecule reorients itself to form
hydrogen bonds with the neighboring H,0 and *CO, which
further lowers the total energy and makes the whole reac-
tion strongly exergonic, with the formation free energy of
—-1.05 eV.

For the desorption of produced CO from the cathode sur-
face, our calculations show that when the CO coverage is
1 monolayer (ML), the binding energy per CO on a Mo atom
is 0.92 eV (Table S4, Section S13.6, Supporting Informa-
tion). However, when the CO coverage on the MoS, surface
is increased to 2 ML after accumulation of CO, the binding
energy for the second CO on a Mo atom decreases to 0.35 eV.
These results suggest that during the electrochemical reactions,
the Mo edges of the MoS, NF cathodes would have high CO
coverage (>1 ML) to make the CO desorption easier. This is also
consistent with our previous study.2%

3. Conclusion

We have demonstrated a continuous solar-driven electro-
catalysis process that effectively converts CO, to CO. Our
results indicated that nanostructured MoS, catalyst inside
an inexpensive hybrid electrolyte of choline chloride/KOH
exceed the CO, reaction rate of previously studied expensive
EMIMBF, ionic liquid. Using a solar-driven single compart-
ment flow cell we obtained a maximum solar to fuel and cat-
alytic conversion efficiencies of 23% and 83%, respectively,
tested up to 15 h of continuous process. Our classical MD,
AIMD, and DFT simulations revealed that the superior CO,
reduction performance of the choline chloride/KOH and
MoS, NFs system could be attributed to: (i) the accumulation
of K* ions near the MoS, surface displacing the bulky choline
cations, leading to higher availability of the active sites; (ii)
binding of OH™ and CO, to form HCO;™ ions, which could
enhance the effective CO, concentration close to the cathode
through equilibrium exchange as well as participate in mass
transfer; and (iii) water molecules near the cathode that act
as proton donors to facilitate the reduction process by MoS,
cathodes.
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4. Experimental Section

Electrolyte Preparation: different choline base salts, i.e., choline
chloride, choline bromide, and choline bitartrate, and KOH were
purchased from Sigma-Aldrich and diluted with deionized water
(18.2 MQ) until desired concentrations.

Catalyst Preparation: MoS, NFs were synthesized using a modified
liquid exfoliation method. In brief, 300 mg MoS, powder synthesized
by chemical vapor transport method was dispersed in 60 mL
isopropanol solution and sonicated for 20 h using sonication probe
(Vibra Cell Sonics 130W). The solution was then centrifuged for about
60 min to separate nanoflakes with average size of about 100 nm from
its bulk media. IrO, nanopowder (50 nm) was purchased from Alfa
Aesar. The powder was dispersed in DI water and IPA solution with w/
vol ratio of 10(w):0.6(v):0.6(v) and coated on GDL for electrochemical
experiments.

Electrochemical ~ Experiments:  Three-electrode  electrochemical
experiments were carried out using a custom designed two
compartment three-electrode electrochemical cell. The synthesized
MoS, NFs coated on porous GDL substrate via layer by layer
deposition process was used as a working electrode. Platinum
mesh (gauze 52 mesh, Alfa Aesar) and Ag/AgCl (BASi) were used
as counter and reference electrodes, respectively. Different choline-
based electrolytes at desired concentrations, e.g., 0.5, 1, and 2 m were
used as electrolytes. The voltage was swept between +0.4 and —0.8 V
versus RHE with 50 mV s™' scan rates. LSV curve was then recorded
using a Voltalab PGZ100 potentiostat (purchased via Radiometer
Analytical SAS) calibrated with a RCB200 resistor capacitor box. The
potentiostat was connected to a PC using Volta Master (version 4)
software. All flow cell experiments were also performed in a custom-
designed one compartment electrochemical cell (Figure S8, Supporting
Information) consisting of MoS, NFs deposited on GDL as a cathode,
IrO, nanopowder coated on GDL as the anode and CO, saturated
1:1 m choline chloride/KOH as the electrolyte (Section S5, Supporting
Information). The reactor was also connected to a T)-PV solar cell in
order to power with solar energy. The PV cell was provided by a local
company, Micro-Link Device, Inc. at Chicago. More detailed information
can be found in the following link: http://mldevices.com/index.php/
product-services/photovoltaics

Computational Details: Density functional theory calculations and
ab initio molecular dynamics simulations. The detailed reaction
mechanisms of CO, reduction at MoS, cathode surface were studied
with DFT method using VASP package.?>3% The Perdew-Burke—
Ernzerhof exchange-correlation functional was employed.?'l The plane
wave basis sets were used for periodic system calculations, with a
kinetic energy cutoff of 400 eV. All structural relaxation processes
were identified as converged until the maximum residual forces were
smaller than 0.05 eV A~'. Spin-polarized calculations were used for all
systems involving MoS, NFs. For the k-point grids, unless otherwise
mentioned, gamma-point was used for all the molecular species
and gamma-centered 4 X 1 x 1 k-grids was used for periodic systems
involving crystals. AIMD simulations were carried out to study the
interactions between different species in the choline chloride/KOH
system. All AIMD simulations were performed using the time step of
1 fs. The NVT ensemble was applied to the system at the temperature
of 298 K. Climbing image nudged elastic band (CI-NEB) method3%3l
was used to explore the CO, equilibrium exchange process and the
MoS, surface catalytic properties. The intermediate images were first
generated by performing linear interpolation between the geometries
of the initial state and the final state. The transition state search was
conducted by the Quick-Min force-based optimizer to converge to the
saddle point.’4 More details on DFT and AIMD simulations can be
found in the Supporting Information.

Classical Molecular Dynamics Simulation: These simulations were
carried out using the GROMACSE! software with time step of 1 fs. The
bulk electrolyte systems were initially equilibrated in the NVT ensemble
by a simulated annealing procedure. The final configuration was
equilibrated for 2 ns followed by a production run of 10 ns in the NPT

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ensemble at the pressure of Tatm and temperature of 298.15 K. The
temperature and pressure were kept constant using the Nosé—Hoover
thermostat,?®37! and Parrinello-Rahman barostat®® with the time
constants of 0.2 and 1 ps, respectively. Periodic boundary conditions
were applied in all directions. The details about the force field and
interactions between different species are given in the Supporting
Information. Trajectories of the atoms were collected every 1 ps to
obtain the results. The bulk density and self-diffusion coefficient of
different species were calculated using the final 6 ns trajectories of the
NPT production simulation. For the confined systems, the electrolyte
is sandwiched between two blocks of vertically aligned MoS, sheets
separated by a surface-to-surface distance of 17 nm in the z direction.
Each block consists of 12 vertically aligned MoS, sheets each extended
in the x—z plane with Mo terminated edge atoms pointing toward the
electrolyte. The lateral dimensions of the sheets were 7.111 x 7.080
nm?. A periodic boundary condition was applied in all the directions
with an extra vacuum of 33 nm in the z direction to avoid slab-slab
interactions between periodic images. During the simulation, the
MoS, sheets were frozen, i.e., their positions were not updated. The
electrolytes close to the negatively charged MoS, wall with charge
density of o, = —0.053 e nm™ were simulated. For more detail
regarding the simulation setup, force fields, and results; please refer to
the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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