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Abstract

Bismuth telluride is among the most studied thermoelectric materials. Its performance,
which is among the highest around room temperature, is dependent on exfoliation to thin
nanosheets. While previous research has examined the exfoliation mechanism by ionic liquids
(ILs), this study provides more detailed information about the solid-liquid interface, including
predicted values for IL contact angles (0) on Bi2Tes. Molecular dynamics simulations are
employed to compute # and other properties of interest, including mass and charge ordering,
adsorption energy, and electrostatic potential. All properties save the latter are strongly
dependent on anion size and slightly dependent on cation size. The IL contact angles display a
wide range of values, from 97.7° for the smallest ions to 53.2° for the largest ions. An analysis
of the molecular-level interactions in these systems serves to explain this behavior, and they

indicate that reduced cohesive interactions in bulkier liquids are primarily responsible.
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1. Introduction

Bismuth telluride (Bi2Tes3) and its alloys are among the longest studied thermoelectric
materials, with applications in power generation (the Seebeck effect) and solid-state cooling (the
Peltier effect).! The efficiency of thermoelectric materials is quantified by their dimensionless
figure of merit (ZT), which must be greater than 3 or 4 for widespread practical use.’ Bi2Te3 has
the highest ZT near room temperature among widely-studied thermoelectric materials, but it still
remains around 1 in bulk Bi2Tes. Recent research has worked to raise this number by decreasing
one or more of the material’s dimensions to the nanoscale.®” BizTes occurs as 1 nm thick
nanosheets composed of covalently bonded atomic layers of Te-Bi-Te-Bi-Te, and these sheets
are primarily held together in the bulk material by van der Waals forces. A scalable process is
needed that can efficiently exfoliate Bi2Tes into two-dimensional nanosheets without imparting
structural defects or impurities. Moreover, due to the growing interest in many other two-
dimensional materials (graphene, MoS2, MoSe2, WSe2, hBN, TiB, etc.), there is a compelling
motivation to develop a better understanding of the interfacial and solvation properties of these
materials for future applications.

Various techniques have been employed to separate these nanosheets from the bulk material,
including sonication, gas evolution following intercalation, and mechanical separation.> 3! One
experiment used ionic liquids (ILs) for this purpose, and the process was also modeled
computationally.'®!! Tonic liquids are salts characterized by full separation of charges between
molecules while remaining liquid at low temperatures. Some of their unique properties include
low vapor pressure, high thermal stability, and tunability based on the choice of cations and
anions. Additionally, the full charge separation permits different interactions with partially

charged species (like Bi2Tes) than are possible with traditional solvents.!>!* Abedini, et al.



investigated the role of ionic liquid choice on Bi2Tes exfoliation via molecular dynamics (MD)
simulations and quantified each species’ effectiveness in aiding exfoliation.!” However, those
computational details are difficult to directly measure in experiments, and the Bi»Tes-IL systems
have not been widely characterized.

The details of a solid-liquid interface are often investigated via the contact angle 6, which
quantifies the relative interaction strengths between the three phases. The literature is replete
with studies of water on surfaces such as metals, silica, carbon allotropes, and polymers, !>
including computational comparisons.!”!? IL wetting behavior has also been extensively studied
experimentally,?*-2* but computational results are scarce for these materials, with the earliest
molecular-level simulations appearing approximately a decade ago.?* In MD simulations,
substrates for ionic liquid drops have consisted of a relatively small range of materials, including
graphene,” graphite,”® Si,”’ poly(ethylene oxide),?® TiO2,> and BN.*°

This study examines the contact angles formed by imidazolium-based ILs on a BizTes
surface, as well as mass and charge ordering, adsorption energy, and electrostatic potential. In
general, these properties display a wide range of values, which are strongly dependent on anion
size but slightly dependent on cation size. An analysis of the molecular-level interactions in
these systems serves to explain this behavior and provides critical information about the

fundamental interactions in the system that can be used for designing effective exfoliation

Processes.

2. Simulation Details
Eleven different liquids are studied, including combinations of cations 1-ethyl-3-

methylimidazolium ([emim']) and 1-butyl-3-methylimidazolium ([bmim™]) with anions [CI],



[Br], [BF4], [PF¢], and bistriflimide ([Tf2N"]), as well as water. Each IL drop contains 300
cation-anion pairs, and the water drop contains 2500 molecules to achieve a similar size
(approximately 2.6 nm radius). While the finite droplet sizes may slightly affect the predicted
contact angles at the nanoscale, it was not computationally practical to simulate a range of
droplet sizes for each liquid at a range of temperatures. Additionally, beyond a threshold size for

a given system, the contact angle is often much less sensitive to change with size; both the ionic
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liqui and water droplets are at or above the threshold in similar simulations.

In order to build the simulation models, PACKMOL?3 is first used to create cubic boxes with
each bulk liquid for initial equilibration, prior to placing the liquids on the BizTe3 surface. Our
MD simulations are performed using GROMACS* 4.6.5 with a timestep of 1 fs, and periodic
boundary conditions are applied in all three directions. The Lennard-Jones potential is used to
model nonbonded interactions with a cutoff of 1.4 nm. The IL force field parameters are taken
from OPLS-AA,* with modifications by Lopes et al.,” and the TIP3P and SPC/E models are
used for water for comaprison.*® We expect that the SPC/E model is more accurate for our
interfacial simulations given its more accurate surface tension, though each model has other
strengths and weaknesses.>® Unlike neighbor interactions are calculated via the Lorentz-Berthelot
mixing rules. Electrostatic interactions are modeled using the particle-mesh Ewald summation
with a cutoff of 1.4 nm, and a reciprocal space parameter of 0.16 nm. Temperature is maintained
using the Nosé-Hoover thermostat with a 0.4 ps time constant.

In order to improve equilibration, the IL drops were equilibrated through simulated annealing
at constant volume in different stages: (a) the temperature is first increased from 550 K to 1000

K over a period of 100 ps; (b) the temperature is then maintained at 1000 K for 800 ps; and (c)

then the temperature is reduced to 550 K over 100 ps. Water is equilibrated via a 1 ns isothermal-



isobaric ensemble (NPT) simulation at 298 K and 1 bar maintained by the Parrinello-Rahman
barostat with a time constant of 20 ps. After equilibration, the cubic liquid systems are placed
0.65 nm above the Bi2Tes surface for a canonical (NVT) simulation with the same parameters as
above, except that the reciprocal space parameter is increased to 0.32 nm to speed up the
simulations in the larger box.

140 in the x

The Bi2Tes surface is constructed by repeating the bulk crystallographic unit cel
and y dimensions, with an overall thickness of two quintuple layers (1.768 nm). Additional
layers are not added due to increased computational cost and the short-range interaction cutoff of
1.4 nm. It has also been shown that previous studies of phosphorene®? and MoS2*! have
approximated the bulk material (for wetting purposes) with thinner substrates than used here.

The dimensions of the surface are extended to prevent the liquid drops from interacting with
their periodic images; this gave dimensions ranging from 10.11x10.28 nm to 16.26x16.37 nm,
and the z dimension was 15 nm. The Bi2Tes sheet is frozen in place, a common simplification:
27,31, 4243 that reduces computational cost with negligible impact on predicted contact angles for
water.** The van der Waals interactions between the surface and the liquids are described by the
universal force field,* and the partial charges are taken from Kullmann, et al.*®

Once the liquid droplets are placed in contact with the Bi>Tes surface, the systems are
equilibrated for an additional 10 ns at 1 bar and 550 K (298 K for the water droplet). The ILs are
then simulated at 500 K, 450 K, and 400 K for 5 ns each, with the final 3 ns of each run used for
analysis. Since the predicted contact angles did not display any significant temperature
sensitivity (Figure S1), additional extended runs of 10 ns are performed only at 450 K. A

representative snapshot is shown in Figure 1, along with an illustration of the contact angle

applied in our simulation analysis.
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Figure 1. (2) Simulation snapshot of the IL droplet on the two-layer Bi>Tes; surface, along with an illustration of the
contact angle. The atoms are colored according to their species: Te (orange), Bi (purple), H (white), C (gray), N
(blue), Br (red); (b) [llustration of the curve fitting approach applied to the liquid droplet profile, with the uppermost
and bottom points (green) discarded from the analysis. The solid black line represents the Bi,Te; surface (defined
by the center of the uppermost atoms).

Several different techniques are used to quantify the interactions between the liquid droplets
and the BizTes3 surface. For instance, a circle-fitting technique*’-*® (Figure 1) is used to compute
the liquid contact angles with the surface. For each frame in the MD trajectory, the atoms in the
droplet are translated in the x-y plane and superimposed so that each frame has the same x-y
center of mass (and averages values can be consistently calculated). The droplet is assumed to
be spherical, which allows measurement of the radial density profile in discs normal to the
BixTes surface. For each layer, the bulk density is computed in the innermost 1 nm radius of the
drop, and the edge is defined as the region with density half that of the bulk. Droplet edge points
for low density layers are discarded due to poor statistics. Specifically, points with heights
below the first density peak at the solid-liquid interface (the lowest points) and the points above
the minimum radius (typically 1.0-1.5 nm) are discarded. A least-squares fit is used to generate
a fitted circle, and the contact angle is computed as the intersection of the circle with the BizTes

surface, defined as the plane of the uppermost atomic centers. Standard deviations for the contact
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angle values are computed by dividing the trajectory into four 2.5 ns segments, calculating the
contact angle for each, and averaging.

Next, the adsorption energy for the droplets is calculated by comparing the potential energy
for the system (Usys) to the potential energies of the drop alone (Udrop) and sheet alone (Usheet);
the difference between the system’s and individual components’ energies is defined as the
adsorption energy: Uads = Usys — (Udrop + Usheet). This value is normalized by the droplet-sheet
contact area (4c), giving a normalized energy of Uads = Uads / Ac. Standard deviations are
calculated by analyzing four 2.5 ns segments, as before.

In order to quantify the molecular-level electrostatic interactions in the system, the
electrostatic potential (ESP) is computed for the exposed surface of the liquid droplets (i.e.,
excluding the Bi2Tes surface). To do this, an atomic probe with a diameter of 0.26 nm (kinetic
diameter of helium) is used to sample points on the liquid surface, and the ESP is calculated from
the partial atomic charges corresponding to the different atomic sites. The ESP at each point on
the surface (approximately 10° total samples) is then used to obtain the ESP distribution

(averaged over 10 different frames from each system trajectory).

3. Results and Discussion
3.1 Contact Angles

The contact angles of each liquid at 450 K are displayed in Figure 2 (numerical values
provided in Table S1). As evident in Figure 1, a smaller contact angle occurs for a more wetting
liquid. Experimental results for water’s contact angle on Bi2Tes3 include 51.7°-75.2°% and 8°-
36°,% though both experiments correspond to rough Bi2Tes surfaces, in contrast to the perfect

surface modeled in the present study. We expect that the SPC/E contact angle for water is more
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accurate because of its surface tension accuaracy, another interfacial property. The trend for the
ILs corresponds to the exfoliation performance reported by Abedini et al.,'® with larger anions
(such as [Tf2N]) being both more wetting and more effective solvents for exfoliation. The
contact angles of the larger cation ([bmim']) are always lower, though there is less of a trend in
the alkyl chain length versus exfoliation efficiency.!? Interactions between the liquid and the
surface (both for exfoliation and droplet behavior) can be explained by the relative strengths of
cohesive (liquid-liquid) and adhesive (liquid-surface) interactions. A liquid displaying increased
wetting behavior can be explained by a combination of decreased cohesive forces and increased
adhesive forces. We propose, based on the other properties measured, that the behavior is

primarily due to decreased cohesion.
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Figure 2. Contact angles at 450 K (298 K for water). Error bars represent standard deviations from averaging four
2.5 ns windows, each with 250 frames. The light gray bar for water shows the TIP3P model’s results, and the dark
gray bar shows the SPC/E model’s results.

3.2 Mass Distribution



Figure 3 displays the normalized mass distribution of the droplets versus distance from the
surface. This allows for comparison of the density of the liquids near the surface. The liquids
tend not to display significant long-range ion ordering, as evident by the relatively constant
densities versus distance in Figure S2; only slight deviations occur. The heights of the first peak
in Figure 3(a) show that [Cl]- and [Br’]-containing liquids (with peak heights of 2.0) are more
ordered than those with [BF47] or [PFe] (heights of 1.73 and 1.68, respectively), and much more
than with [Tf2N"] (1.41) close to the surface. The decrease in order is also present with
increasing cation size, as shown in Figure 3(b), though the effect is stronger immediately
adjacent to the surface and with smaller anions. Specifically, the first peak heights for [bmim']-
containing liquids are as follows: [CI]-1.69, [Br']-1.66, [BF47]-1.63, [PFs]-1.59, [T2N"]-1.38. If
larger molecules were more wetting due to increased adhesion, it is expected that they would be
denser near the surface due to stronger liquid-surface interactions. However, the opposite trend
is observed, which is likely due to reduced cohesion, so the liquid spreads (wetting more) and is
less dense (lower peak). Figure 4 directly compares these peak heights to contact angle, showing
that the trend is relatively linear. It is not surprising that the trend seems to disappear with very
high peaks, since there is an absolute limit on contact angle (180°), while density relative to bulk
density is not necessarily limited. Additionally, it is expected that contact angle decreases
rapidly just above a peak height of 1, since the linear fit otherwise predicts complete wetting
with a peak height of less than 1, which is not reasonable. Finally, the four points ([bmim][CI],
[bmim][Br], and both water models) excluded from the linear regression share the common
properties of small molecule size and contact angle greater than 90° (i.e., a non-wetting regime).
The latter property is expected to have a stronger impact, since [bmim][CI] and [bmim][Br] are

only slightly larger but fit the regression very well. For the non-wetting fluids, it is assumed that



the fluid structure is more strongly influenced by cohesive interactions than surface interactions,

leading to a decay in the linear correlation.
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Figure 3. Mass density profiles (total of cation and anion) near the solid-liquid interface. (a) Comparison of anion
effects with respect to the [emim™] cation. (b) Comparison of the cation effects for the smallest and largest anions.
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Figure 4. Relationship between contact angle and density distribution perpendicular to the Bi,Te; surface (defined
by the height of the first peak of the normalized density). The data correlate linearly (R? = 0.985) for all but the most
strongly ordered liquids (Jemim][Cl] and [emim][Br] and water), the four rightmost points, which are excluded from
the fit.

3.3 Charge Distribution
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The Te (interfacial) atoms on the Bi2Tes surface have a negative partial charge (6 =-0.26 e),
which affects the behavior of charged and partially charged atoms in the liquid. It is expected
that more adhesive liquids would exhibit high positive charge density near the surface, due to
attractive electrostatic interactions. However, Figure 5(a) shows that [Tf2N"], the most wetting
anion, has high negative charge density close to the surface, so increased Coulombic attraction to
the surface is not likely to be responsible for the lower contact angle. Figure 5(b) demonstrates
that the attenuating effect of longer cation alkyl chains also occurs for charge density. It should
also be noted that larger anions have individual atoms that may reach closer to the surface than
the single [CI] or [Br7] atoms, even when the mass density peak locations are equal. Those
negatively charged extremities of the larger anions are responsible for the high negative charge
density near the surface in their respective liquids. This is especially evident in Figure 5(c)-(d),
which shows that [CI]’s negative charge peak occurs farther from the surface than [T2N]’s.
Additionally, the charge distribution attenuates quickly with increasing distance, so the droplet-

sheet system does not preserve long-range ion order in the liquid.
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Figure 5. Total charge density profiles in liquids (excluding Bi,Tes) near the solid-liquid interface, following the
orthogonal distribution method illustrated in Figure 7(a). (a) Comparison of anion effects corresponding to the
[emim™] cation. (b) Comparison of cation effects for the smallest and largest anions. (¢) Individual ion contributions
for [emim][Cl]. (d) Individual ion contributions for [emim][Tf,N].

The mass and charge distributions in Figures 3 and 5 were calculated in the typical manner
by considering the atoms in slices parallel to the surface (Figure 6(a)). On the other hand, the
charge distribution near the vacuum-liquid interface was determined using spherical shells
centered at the fitted circle’s center, as shown in Figure 6(b). Due to the differing sizes of the

droplets, the distributions are shifted to begin at the density peak nearest the vacuum interface
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instead of at the circle’s center. In contrast to the solid-liquid interface, the outer spherical
surface of the droplets shows very weak charge ordering for larger anions. The ILs containing
[CI'] and [Br] display multiple distinct peaks in this region (Figure 7a)), mimicking the order at
the solid-liquid interface. For the larger anions, the same rough shape is observed (slight
positive charge near the edge for [BF4] and [PF¢] and slight negative charge for [Tf2N]), though
the magnitude is far lower than it is near the surface. The trend of reduction in peak height for

the [bmim*] cation is also present in the spherical charge distribution (Figure 7(b)), again

showing its tendency to reduce order.

(b)
Xx 0 X l

Figure 6. Depictions of charge and mass distribution calculation methods (represented as circles in two dimensions
with exaggerated shell thickness for clarity). Arrows show increasing horizontal axis direction in Figures 3, 5, 6.
The dark gray regions represent lower distance vales, and the light gray regions represent higher distance values. (a)
Orthogonal distribution. (b) Spherical distribution. The 0 distance is value shifted inward for clarity.
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Figure 7. Total charge density profiles in the liquids near the liquid-vacuum interface, following the spherical
distribution method illustrated in Figure 6(b). The plots are ordered with the first peak at 0 nm; the zero-density

edge occurs around -0.5 nm. (a) Comparison of anion effects on the [emim™] cation. (b) Comparison of cation
effects for the smallest and largest anions.

3.4 Adsorption Energy

Figure 8 shows the adsorption energies of the droplets, with a trend similar to that for contact
angle. The lower magnitudes of the values for the larger ions mean that they adsorb less strongly
to the surface, which is counterintuitive for liquids that have larger contact areas, and it further
implies that the reduced cohesion is the primary cause of improved wetting. The experimental
surface tension data in Table 1 support this as a more direct measure of cohesive energy,
showing that the liquids with larger molecules are less prone to forming a spherical surface (and
thus more prone to wetting). Additionally, the decrease in adsorption energy (as opposed to
equal energies for each system) could imply that adhesion actually decreases with increased ion
size, and that reduced cohesion is even more responsible for the behavior than is initially

apparent. The flatter shape of the more wetting droplets may also be responsible, i.e. the contact
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area increases, but the thickness of the droplet decreases, possibly to within the interaction range
with the sheet. However, such an explanation is likely insufficient for the very large differences
in energy between [Tf2N"] and [CI], for instance. Again, the SPC/E model for water is likely

more accurate, especially given the correlation of surface tension and adsorption energy.
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Figure 8. Adsorption energy of liquids calculated from the energies of the droplet alone, surface alone, and droplet-
surface system. Standard deviations are from averaging four 2.5 ns windows. The light gray bar for water shows the
TIP3P model’s results, and the dark gray bar shows the SPC/E model’s results.
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Table 1. Experimental surface tensions of ILs and water.

Cation Anion | Surface Tension (mN/m) 450 K Extrapolated Surface
Tension (mN/m)
[CI] 62.60 (333 K)°*! 54.16
[Br] 64.40 (348 K)*? 54.54
[emim'] | [BF4] |52.05 (298 K), 50.85 (328 K)** | 45.98
[PFe] | - —
[THNT] | 35.71 (298 K)** 26.58
[CI] 49.64 (308 K), 47.81 (333 K)*! | 39.96
[Br] 49.98 (308 K), 48.67 (328 K)*? | 40.78
[bmim™] | [BF4] | 44.25 (298 K), 42.98 (323 K)*° | 35.60
[PFs] | 44.23 (298 K), 43.19 (323 K)* | 37.37
[TH:NT | 33.07 (298 K), 32.11 (323 K)* | 27.12
Water 71.99 (298 K)*¢ —

The surface tension of a liquid and its contact angle on a surface are often strongly correlated
by the Zisman relation.”’ Figure 9 depicts this behavior for the studied liquids using the
experimental surface tensions in Table 1; they are extrapolated to 450 K using a linear fit versus
temperature, which follows typical IL behavior.>® The critical surface tension of Bi2Tes3 (the
surface tension of a liquid needed for complete wetting) is estimated as the x-intercept, 6.17
mJ/m?. Figure S3 shows the Zisman plot of the 450 K contact angles versus surface tensions
near 298 K, giving a critical surface tension of 19.27 mJ/m? for Bi>Te3; if the contact angles
change little between 298 K and 450 K, this estimate should be accurate near room temperature.
The experimental surface studies by Jian et al.*’ has an estimated surface energy of 22.8-29.5
mJ/m? using water as a probe fluid; so the rougher experimental surface does not require as low a

liquid surface tension for complete wetting, which is expected.
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Figure 9. Zisman plot using calculated contact angles and experimental surface tension (extrapolated to 450 K). A
linear fit gives a critical surface energy for BiTe; of 6.17 mJ/m?.

3.5 Electrostatic Potential

In contrast to the other properties studied, the electrostatic potential distribution on the
droplet surface is nearly equal for all anions (Figure 10(a)). The mean potentials for [emim][CI]
and [emim][Br] are -0.157 V and -0.141 V, respectively, and the larger anions have means of
approximately 0 V. The slight negative mean for the halide-containing liquids is surprising
given the positive charge ordering both near the solid interface and on the outer spherical edge.
On the other hand, the more neutral potential means for the larger anions are to be expected,
since they have weaker charge ordering, especially at the spherical edge. Figure 8(b) shows that
[bmim*]-containing ILs tend to have a slightly narrower distribution, which is also likely due to
reduced charge density. The anions still yield similar distributions with [bmim*], though they
tend to be more centered near 0 V. The electrostatic potential distribution on the water surface
(centered at -0.093 V) is much wider; however, though water has strong charge ordering near the
solid interface, the ordering is relatively weak near the vapor interface. The broader distribution

may be due to water’s high partial charges compared to the outer atoms in IL molecules. Here,
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the water size and potential well parameters are quite similar for both models, so overall droplet

structure is likely responsible for the difference.
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Figure 10. ESP distribution on the droplet surface. Insets depict liquid ESP viewed from above (a) Comparison of
anion effects on the [emim™] cation. (b) Comparison of the [emim*] and [bmim™] cations and water models.

4. Conclusion

The interactions of ten different ILs and water with the BixTe3 surface were studied via MD
simulations. The contact angles were observed to decrease with increasing cation and anion size,
mirroring the previously reported exfoliation trends.!” The results of most analyses differed
strongly with changing anion size, while the differences between [emim'] and [bmim"] were less
pronounced, especially for larger anions. In particular, the charge distribution showed
fundamentally different behavior for different anions (both orthogonal to the solid surface and
radially, near the liquid-vacuum interface). Atom ordering near the surface also displayed a
region of strong correlation with contact angle, with weaker ordering found for more wetting

liquids. The adsorption energies of the liquids counterintuitively displayed the same trend as for
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the contact angle, which, combined with experimental surface tensions, gave the strongest
evidence that reduced cohesion was responsible for the behavior. A Zisman plot was also used
to estimate the critical surface energy of Bi2Tes with a good linear fit. Finally, the ESP displayed
less sensitivity to the anion, instead showing a narrower distribution (fewer extreme potentials)
with increased cation chain length. Water, which was typically between the IL extremes for most
other properties, had a very broad ESP distribution, attributed to its relatively high partial

charges.

This study has provided the contact angles of various ILs on Bi:Tes, which are relatively
simple to measure experimentally (compared to the direct exfoliation process). The results act as
a computational benchmark for the relatively unstudied interaction of these components, and
experimental comparisons have already been made with water, though the roughness of BizTe3
caused discrepancies even between experiments. Reducing defects in surfaces used for
experimental comparison will allow a more accurate comparison to and validation of the

computational model, as would further computational studies accounting for surface roughness.
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Supporting Information
Supporting information for this article is available. This includes a table with numerical values
of the contact angles, the temperature dependence of contact angles, additional density profiles, a

Zisman plot, and simulation snapshots.
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