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BSTRACT: Heterogeneous ice nucleation (HIN) triggered by mineral surfaces typically exposed to various ions can have a signif-
ant impact on the regional atmosphere and climate. However, the dependence of HIN on the nature of the mineral surface ions is
11 largely unexplored due to the complexity of mineral surfaces. By taking advantage of the unique property that the K™ on the
pmically flat (001) surface of mica can be facilely replaced by different cations through ion exchange, muscovite mica was selected
its simpler nature provides a much more straightforward system to serve as the model for investigating the effects of mineral
rface ions on HIN. Our experiments show that the surface (001) of H*-exchanged mica displays markedly higher HIN efficiencies
an that of Na-/K-mica. Vibrational sum-frequency generation spectroscopy reveals that the H-mica induces substantially less ori-
tation ordering, compared to the Na-/K-mica, within the contact water layer at the interface. Molecular dynamics simulations sug-
st that the HIN efficiency of mica depends on the positional arrangement and pointing orientation of the interfacial water. Formation
the hexagonal ice 1A basal-type structure in the first water layer atop the mica surface facilitates HIN, which is determined by the
ze of the protruding ions atop the mica surface and by the surface adsorption energy. The orientational distribution is optimal for
N when 25% of the water molecules in the first water layer atop the mica surface have one OH group pointing up, and 25% have
e pointing down, which, in turn, is determined by the surface charge distribution.

embedded with various types of ions are key to the formation
of ice clouds.?*!%!* Through studying a variety of solutes to-
gether with general types of ice nucleating particles (silver io-
dide and silica etc.), Zobrist et al revealed that HIN can also be
properly described by water activity only if the surface proper-
ties of the ice nucleating particles are not affected by ionic so-
lutes.>'* Meanwhile, Kumar and coworkers found deviations of
HIN temperatures existed with those predicted by water activity
due to specific chemical interactions between particular ions in
aqueous solutions and surfaces of feldspars (i.e., surface ion ex-

troduction

Heterogeneous ice nucleation (HIN) is widely observed in
ariety of environmental and biological processes. A better
derstanding of the mechanisms underlying HIN is of im-
yrtance, for example, to the development of improved model
cloud formation, which can directly affect numerous atmos-
eric processes such as precipitation, radiative budget and cli-
ate on Earth."> However, predicting and tuning HIN is still
ry challenging nowadays, due in part to the lack of molecular-

el mechanisms of HIN.%" In the upper troposphere, ice parti-
es can form in pre-existing liquid aerosols via homogeneous
e nucleation. As a quantitative measure, Koop et al. intro-
ced water activity (i.e., the ratio between the water vapor
essure of the solution and that of pure water under the same
nditions) as a determinant for homogeneous ice nucleation in
aqueous solution.?

However, ice nucleation often occurs via HIN on foreign
surfaces in nature.’ For instance, the surfaces of mineral dust

change, adsorption and surface degradation).*! That is, the
HIN efficiency of mineral dusts differs greatly as the alteration
of surface properties caused by the addition of ionic solutes.’
Therefore, studies have been devoted to the effects of ions on
ice nucleation atop a variety of mineral particles. 10121427
However, conflicting conclusions still exist due to the chemical
and physical complexity of the mineral surfaces.>*!%1428 Ag
such, investigation of ice
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gure 1. Schematic illustration of HIN efficiency on mica surfaces with different cations. The K* on freshly cleaved mica surfaces can
successfully exchanged to become R* (R* €{Na’, K*, Rb*, Cs" or H'}), by immersing the freshly cleaved mica into 0.5 M RCl solutions
p panels include the expanded side view of the molecular structure of muscovite mica obtained from MD simulation slab. Purple, white,
, yellowish, pink, and blue spheres stand for potassium, hydrogen, oxygen, silicon, aluminum, and R atom, respectively.) Next, the mod-
d mica surfaces were washed with Milli-Q water and dried with nitrogen gas. A water droplet (0.1 uL) was subsequently placed on the
pared mica surface (bottom panels). Tn was then measured in a closed cell placed on a cryostage by monitoring the nucleation of water
plets with a high-speed camera coupled with an optical microscope (SI).

cleation on well-defined systems of mineral surfaces with
s is highly desired.

On the other hand, although very few theoretical and ex-
rimental studies on how the ion specificity and associated in-
facial water regulate HIN, the effects of the property of inter-
ial water on HIN have been studied by molecular dynamics
D) simulations.?*** Lupi et al.?® have shown, using MD sim-
tions, that HIN on graphitic surfaces is closely correlated
th the layering of the liquid water at the interface.>*° This
nclusion is compatible with those drawn from simulation
dies of HIN on crystalline surfaces®!, on atomically flat sur-
es and on surfaces with concave wedges.>* While the role of
erfacial water has been intensely studied, direct experimental
dies of the effect of ions on interfacial water and on the HIN
iciency are crucial to achieving improved mechanistic under-
nding and tuning of HIN. In view of those, muscovite mica
rfaces with different cations were undertaken in order to es-
lish a close correlation between the ion specificity and inter-
ial water, and the impact of ion specificity on HIN. As mica
n be freshly cleaved to have an atomically flat surface (001)*¢
the effects of common ions*’, surface roughness, and fluctu-
ons induced by organic surfaces*>*! on the interaction of wa-
/ice with the surfaces can be neglected. More importantly,
en the freshly cleaved mica is immersed in aqueous solution
der ambient conditions, the cation K on the outmost mica
rface can be readily exchanged with other cations in the solu-
n, such as: H', Cs*, Rb*, Ca?" and Na* depending on the con-
ntration of ions.**** Therefore, mica surfaces with varying

cations can be employed as a more straightforward system for
understanding the fundamental mechanisms of HIN by ions on
mineral surfaces. Our measurements show that the HIN effi-
ciency, measured by ice nucleation temperature Ty and ice nu-
cleation delay time fp is sensitively dependent on the cations on
the mica surface. The mica surface with atop H-exchanged (H-
mica) displays the highest HIN efficiency, while mica surface
with atop Na" (Na-mica) has the lowest efficiency in promoting
ice nucleation among mica surfaces with various cations. Vibra-
tional sum-frequency generation (VSFG) spectroscopy analysis
reveals that the H-mica has the least orientated interfacial water.
In contrast, the Na-mica has the most orientated interfacial wa-
ter. Moreover, MD simulations show that the smaller dipole
projection along the z-direction (the surface normal direction)
of the interfacial water tends to give higher freezing tempera-
tures. The HIN efficiency of the mica surface also depends on
the positional arrangement and the pointing orientation of the
interfacial water.
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esults and Discussion

Effect of mica surface cations on the HIN efficiency. As
own in Figure 1, the expanded side view of the molecular
cture of muscovite mica indicates two layers of tetrahedral
4 sheets sandwiching one octahedral aluminum layer. The
bstitution of Si* by AI*" in the SiO4 sheet leads to intrinsic
gative charges of mica surfaces, which are neutralized by
ctrostatically bound interlayer K* (the top panels of Figure
.38 This allows muscovite to be cleaved along its basal plane
1) with the K* distributed equally on the two freshly cleaved
mically flat surfaces.’**” The mica was peeled off with the
tire wafer to avoid defects, and then nitrogen gas was blown
ntly over the exposed mica surface to remove any possible
all residues. The K* can be exchanged by immersing the
shly cleaved mica surface into corresponding ionic solutions
obtain the mica surfaces atop with either H", Na*, K* (K-
ca), Rb™ (Rb-mica) or Cs™ (Cs-mica), “*** as illustrated in
gure 1 (for more details, see Supporting Information, SI).
gures S1-S2 show XPS spectra of mica surfaces after expo-
re to various ionic solutions. Figure S1b shows the appear-
ce of the peaks in the energy region of 1080-1060 eV, 310-
0 eV, 250-230 eV and 740-720 eV, indicative of Na s, K 2p,
3p and Cs 3d orbital binding energy region, respectively.
e XPS spectra confirm the success in exchanging of Na*, K*,
*, and Cs" on the mica surface. The removal of CI by rinsing
mica surfaces with Milli-Q water was also confirmed by
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gure 2. (a 1-3) A typical freezing process of a water droplet in a closed cell, i.e., microscopic images of water droplet before and after
ezing on the H-mica and Na-mica (001). (b) Ion-specific effect on the T of the water droplet on the surfaces (001) of cleaved mica, H-
ca, Na-mica, K-mica, Rb-mica and Cs-mica. (¢) The influence of cooling rate on 7u. (d) The delay time (#p) dependence of ice nucleation
the various cation-embedded mica surfaces, which was measured by recording the time needed for ice nucleation to occur on a cation-

XPS, due to the absence of signal in the region of Cl 2p orbital
(Figure S2). The surface morphology and roughness of freshly
prepared mica surfaces with various cations were detected by
Atomic Force Microscope (AFM). As shown in Figure S3, no
obvious difference in the morphology of the samples was iden-
tified, and the roughness of various cation-exchanged mica sur-
face are all less than 0.8 nm. The contact angles of 0.1 uL water
on various cation-embedded mica surfaces are around 8.0~ 10
° , suggesting that the contact area of 0.1 uL water on mica sur-
faces with various cations is indistinguishable, within error
(Figure S4). Therefore, we can safely conclude that the rough-
ness and contact area do not affect HIN on cation-exchanged
mica surface.

After drying the mica surface with flushing nitrogen gas, the
Tu of water droplets (0.1 uL) on mica surfaces was measured in
a closed cell*® with different locations, and each with one freez-
ing cycle,*’*® and the freezing of droplets was monitored with a
high-speed camera connected to an optical microscope* (Fig-
ure 1, Figure S5 and Scheme S1). As shown in Figure 2a (1-
3), the ice nucleation temperature Ty of water droplets on the
surface of H-mica is ca. -20.0 °C, whereas it is ca.-26.0 °C on
Na-mica. The order of 7% on the mica surfaces with cations is
TH H-mica > TH Cs-mica > TH Rb-mica > TH K-mica > TH Na-mica, S Shown
in Figure 2b, at a cooling rate of 5.0 °C min’!. The mica surface
with H" exhibits a substantially higher average Ty than those



th other alkali cations, regardless of the cooling rate as indi-
ted in Figure 2¢. These results unambiguously show that the
depends on the type of cation on the mica surfaces.

Moreover, the corresponding ice nucleation delay time (¢p) of
ter droplets on the surfaces of various cation-embedded mica
s investigated to further validate the HIN efficiency of mica
rfaces with H or alkali metal species.’®*! The time needed (¢p,
time interval between the time when the substrate reaches a
get temperature and the time when the ice nucleus appears)

the ice nucleation to occur from the water droplets was
asured for each type of cation-embedded mica surface. We
t the delay time versus the temperatures, as shown in Figure
; the delay time increases exponentially as the surface tem-
rature increases on the various cation-exchanged surfaces.>
oreover, by fixing three specific supercooling temperatures of
.0 °C, -23.0 °C and -25.0 °C as shown in Figure S6, 7p of
ter droplets on the surfaces of H-, Na- and Rb-mica was fur-
r measured. At the supercooling temperature of -23.0 °C, ice
cleation occurred on the surfaces of H-, Na- and Rb-mica at
out 0 s (i.e., the HIN occurs before the substrate reaches the
get temperature), 284 s and 3921 s, respectively. #p on the Na-
ca is nearly one and four orders of magnitude longer than that
the Rb- and H-mica, respectively (Figure S6). In general, #p
creases as the supercooling temperature decreases, whereas
ice nucleation often occurs before the substrates reach the
get supercooling temperature on the H-mica at -23.0 °C and
5.0 °C (Figure S6). Furthermore, the ice nucleation on the
-mica requires a substantially longer average #p than those on
H-mica and Rb-mica as shown in Figure S6. These results
monstrate that the H-mica markedly enhances the HIN effi-
ncy, whereas the HIN efficiency is much lower on the Na-
ca. However, the molecular mechanism causing these differ-
ces in HIN efficiency remains unclear.
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gure 3. (a) A schematic illustration of the flow cell used for the
asurement of SFG signals from the mica-water interface. The
laser beams pass through the mica sample and overlap on the mica-
water interface both in space and time. (b) Average SFG intensity
of mica-water interfaces in the region of OH-stretch region be-
tween 3000 and 3550 cm!, which is normalized to the intensity
of the K-mica-water interface (i.e., an intensity of 1 per defini-
tion).

Structure of interfacial water. To investigate how the interfa-
cial water atop mica was regulated by the surface properties,
VSFG was employed. Owing to its spectroscopic selection
rules, VSFG is interface specific and provides cation-specific
vibrational spectra of interfacial water atop mica surfaces in the
liquid state.> To avoid signal variations caused by sample-to-
sample differences (Figure S7), a flow cell was used to ex-
change surface cations by flowing ionic solutions through the
cell (Figure 3a and SI). To probe the mica-water interface, the
laser beams passed through the mica sample and overlapped at
the mica-water interface both in space and time. Figure S8
shows an IR transmission spectrum of a mica sheet with a con-
stant transmittance of about 80% through the investigated fre-
quency region of 3000 cm™ to 3550 cm™.. The disappearance of
SF response upon isotopic exchange of H,O with D,O (spectra
in Figure S9) confirms that the observed signal originates from
the mica-water, but not from the mica-air interface.

The integrated SFG intensity normalized to the intensity of
the K-mica-water interface is shown in Figure 3b (Figure S7).
On H-mica the integrated SFG intensity throughout the fre-
quency range of the OH-stretch vibration is the lowest. In con-
trast, the integrated SFG intensity is the highest on Na-mica. As
the SFG intensity correlates with the z-projection of the average
water dipole moment, this means that the change of average wa-
ter alignment depends on the specific cation species on the mica
surface. The observed SFG intensity variations thus reflect
changes in the average orientation of interfacial water dipole
moments.>* As such, the highest Ty for H-mica correlates with
the lowest extent of orientation of the interfacial water. On the
other hand, the Na-mica that gives the lowest Ty shows the
greatest extent of orientation of the interfacial water. As a result,
we conclude that the formation of ice is probably hindered by
strongly oriented (Na-mica) and favored by weakly oriented (H-
mica) interfacial water. This conclusion is consistent with pre-
vious reports that the density and orientation of the interfacial
water govern the HIN efficiency, which can be affected by the
surface lattice and/or surface charges etc.’*>” However, this ef-
fect cannot fully explain the observed ion specific ice nucleation
capability on the mica surfaces with different cations, as no
clear connection has been made between the positioning and
alignment of the interfacial water molecules; further, it remains
to be unveiled on the relationship between the properties of in-
terfacial water and surface cations as well as the correlation be-
tween the properties of interfacial water and the capability of
HIN of mica surfaces.

Molecular-level insight into HIN on mica surfaces. To gain
molecular-level insight into HIN on mica surfaces with differ-
ent cations, as well as the orientation of the interfacial water
atop mica surfaces, the dipole moments of water atop mica were
analyzed based on the MD simulations by using both TIP6P3®
and TIP4P/Ice® water potentials according to the computational
details in SI, in which water molecules within the interfacial
region of 2.0 nm on the mica surface were selected (Figure
S11a). The dipole projection along the z-direction (the normal
direction of the surface) was used as a quantitative measurement
of overall water orientation. As shown in Figure 4a, the order
of the dipole moments of water at the interface along the z-di-
rection of the mica surface is: dipole; H.mica < dipole; cs-mica < di-
pole: ro-mica < dipole: Na-mica< dipole; k-mica. The same trend is ob-
served by using the TIP4P/Ice water potential as shown in Fig-
ure S11d.
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gure 4. (a) Dipole projection in the z-direction of mica surfaces with various cation species. (b) Structure snapshots of the first water layer
ght panels), right after spontaneous ice nucleation, on the H-, K-, and Cs-mica, respectively. (¢) Computed order parameter AD (angle
viation) of Gjix (£0;0:0x), i.e., the oxygen atoms of the nearest water molecules 7, j and k lying within 3.5 A at the interface, with respect
the tetrahedral angle, throughout the MD simulation. Here, AD = <| 6;i—109.47|>. The smaller the AD, the closer to the crystalline ice on
urface the network is. (d) Adsorption energies Ea per H20 between water and mica surface with various cations replacement by both PBE

e H-mica surface exhibits the least dipole projection in the z-
ection, while the Na-/K-mica surfaces exhibit the largest di-
le projection along the z-direction. The SFG measurements
o suggest the smallest dipole, atop H-mica surface and obvi-
sly larger dipole, on the Na-mica surface than on the H-mica
rface (Figure 3b); moreover, based on the freezing tempera-
e measurements, indicating that a smaller dipole: of the in-
facial water leads to a higher freezing temperature (Figure

).

To gain deeper insights into how the ion specificity induces
interfacial water to regulate the HIN on the (001) surface of
ca, MD simulations were performed with the water model
TP6P). As reported in previous studies,’** TIP6P is an ef-
tive water model, particularly, allowing ice nucleation to be
served within a few hundreds of nanoseconds in the MD sim-
tion. Here, typically, the liquid water at the interface started
freeze within 200 ns, as depicted in Figures S12 and S13.
The HIN of water molecules was observed to start from the sec-
ond and third layers of water above the K-mica surface at about
176 ns (see Figure S12d), as also indicated by the second and

ctional and dispersion corrected PBE functional (PBE-D3) under DFT framework.

third major peaks with doublet (see Figure S12¢). After HIN,
the ice structure continued to grow in the z-direction until the
entire liquid water slab was frozen at about 450 ns (see Figure
S12e and12f, and Movie S1). This nucleation and growth be-
havior is consistent with previous studies of HIN on kaolinite
surface.®>% Similar ice nucleation and growth processes are
also observed on the Na-/Rb-/Cs-mica surfaces, respectively. In
contrast, on the H-mica surface (notably, H is bonded with the
oxygen atoms of the mica surface in the form of OH), the HIN
started from the first layer of water as shown in Figure S13c
and 13d. Notably, the positional arrangement of the first water
layer on the H-mica surface is the ice I/ basal-like structure, as
shown in Figure 4b (top panel), whereas the positional arrange-
ment of the first water layer on the K-mica and Cs-mica surfaces
is irregular polygons and much different with the ice 14 basal
structure (Figure 4b middle and bottom panels). To describe the
water structure at the interface more quantitatively, we com-
puted the order parameter AD, which is indicative of the mis-
match between the positional arrangement of water molecules
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gure 5. (a) Ratio of water molecules pointing down and up in the first layer of water atop mica during the spontaneous HIN processes on
H-mica, K-mica and Cs-mica surfaces. Note: the appropriate ratio of water pointing down/up in each ice layer is 25% during the sponta-
ous freezing processes. (b) Structure snapshots of water on the H-mica and the K-mica surfaces after 50 ps AIMD simulation. Green and
e balls represent the hydrogen atoms on the mica surface and the hydrogen atoms of pointing-down water molecules, respectively. Inset
the enlarged view of the red frame. (c¢) Charges carried on the oxygen atoms of the first layer of mica and charges carried on the H and K

cies of the H-mica and K-mica, respectively.

the interface and that of the crystalline ice structure through-
t the MD simulation (see Figure 4¢). The AD of the first-layer
ter molecules atop the mica surface with alkali cations ex-
it relatively large values compared with that of the tetrahe-
1 H-bonded network of ice. This is due to the disordered ar-
gement of water molecules with irregular polygons among
gaps of the alkali cations throughout the MD simulation. On
H-mica surface, however, the AD values are notably smaller
igure 4c). Indeed, a structural transition of the first water
er from irregular polygons to the ice 1h basal-like structure
s observed at the time of 150 — 200 ns, as shown in Figure
(top panel).

Due to the perfect lattice structure match between mica (001)
d ice Ih basal surface, the surface of mica (001) has been
ewed as a template for the formation of the first layer water
resembling the basal structure of ice 12 without considering the

surface cations (see Figure S14). If the interaction between cat-
ions and water is the same, the larger radius of the cations on
the mica surface, the more likely the template effect would be
broken due to the ions protruding from the mica surface, thereby
lowering the HIN efficiency. It is suggested that the first water
layer cannot be arranged in the form of hexagonal structures on
both the K-mica and Cs-mica during the spontaneous freezing
in our MD simulations (middle and bottom panels in Figure
4b). On the other hand, the weaker the surface adsorption ener-
gies of the water molecules are, the easier the interfacial water
molecules can reorganize into the ice 14 basal-like structures.
This factor is also related to HIN efficiency, as indicated by the
consistent sequence between the surface adsorption energy
(Figure 4d) and the freezing temperature (Figure 2b). It is con-
sistent with the report of Zolles et al. that strong ion-water in-
teractions inhibit the ice-like structuring of water molecules in
the vicinity of ions on the surface.?® Indeed, the fact that HIN
occurs more easily on the H-mica surfaces can be attributed to



th the least broken of the template effect (Table S2) and the
est adsorption energy (Figure 4d) between the surface and
erfacial water, among all cations considered in this study.
th factors are favorable for the positional arrangement of wa-
molecules in the form of the hexagonal basal structure of ice
at the interface, and for the high HIN efficiency on the H-
ca surface.

To identify a relation between the distinct orientation of the
erfacial water and the HIN efficiencies on the mica surfaces,
ratio of water molecules pointing down and pointing up in
ch water layer was evaluated and recorded during the sponta-
ous HIN processes. Based on the study of Shao et al., the
aller the polarity of the interfacial water layer, the easier the
terogeneous water freezing on the substrate.®” The case of in-
facial water layer with the smallest polarity is 25% water
lecules pointing up and 25% water molecules pointing
wn, which is similar to the structure of ice 1h. As depicted in
gures S15 and S16, the appropriate ratio of water molecules
inting down/up is usually 25% during the spontaneous HIN
cesses for water layers away from the mica surface, in which
is the smallest polarity along the normal direction of the sur-
e. Thus, the ratio 25% of the water molecules pointing
/down in the interfacial layer is taken as the benchmark to
sess the heterogeneous freezing appropriateness atop the sub-
ate. As shown in Figure 5a, on the H-mica surface, the ratio
water molecules pointing down and pointing up are both
und 25% in the interfacial water layer. However, on the K-
ca and Cs-mica surfaces, 75% and 67% water molecules of
first layer are pointing down, while 19% and 16% water of
first layer are pointing up, respectively. The ratio of water
lecules pointing down/up in the first water layer atop the K-
ca and Cs-mica surfaces substantially deviates from 25%. It
this reason that water freezing on the H-mica surface is much
sier than on the K-mica and Cs-mica surfaces.

Using ab initio molecular dynamics (AIMD) simulation, the
inting orientation of interfacial water on the H-mica and the
mica surfaces were further confirmed (see Movies S2 and
). Indeed, water molecules on the H-mica surface present no
ferential pointing orientation at the interface (Figure 5b),
ereas O-H groups of water molecules tend to point toward
oxygen atoms of the K-mica surfaces (Figure 5b). To un-
rstand this behavior from the electron-transfer point of view,
computed electron density distribution and performed Mul-
en charge analysis for the H-mica and the K-mica surfaces,
pectively (Figure S17). On the K-mica surface, each oxygen
m carried more negative charges than that on the H-mica sur-
e (Figure 5¢) Meanwhile, each K atom atop mica surface
ied more positive charges than each H atom on the mica sur-
e. Thus, water molecules at the interface tend to point down
the K-mica surface due to the H of H,O being attracted by
re negative charges on the oxygen atoms of mica surface and
O of H,O being attracted by the protruding K atoms with
re positive charges atop mica surface.

onclusion

We have investigated the ion-specific effect on the HIN effi-
ncy of the mica (001) surface by measuring ice nucleation
perature Ty, ice nucleation delay time #p, and SFG spectra
of interfacial water, as well as by performing MD simulations.
We find that the smaller dipole projection along z-direction of

water at the interface tends to give higher Tu. The HIN effi-
ciency on the mica surface also depends on the positional ar-
rangement and the pointing orientation of the water molecules
at the interface. The arrangement of interfacial water that can
mimic the hexagonal ice 1% basal structure favors the HIN, and
such arrangement can be tuned by the size of the protruding cat-
ion species atop the mica surface and the surface adsorption en-
ergy. The favorable pointing orientation (25% water molecules
pointing down/up in the first water layer atop mica surface) of
water molecules at the interface is also crucial for the HIN,
which is controlled by the surface charge distribution. Overall,
the highest T given by the H-mica can be attributed to a com-
bination of several factors, namely, the formation of hexagonal
ice Ih basal-like structure of water at the interface, the weakest
surface adsorption between water and H-mica surface, and the
favorable pointing orientation of the interfacial water in the first
water layer atop H-mica surface. In contrast, the lowest Ty of
Na-/K-mica can be attributed to the protruding cation alkali
metal species atop mica surface, which prevent the formation of
ice 17 basal-like structure in the first water layer, and to the
strongest surface adsorption as well as the highest deviation
from the favorable pointing orientation of interfacial water re-
sulted because of the more negative charges on the oxygen at-
oms of mica surface and the more positive charges on the pro-
truding cation species atop mica surface. This comprehensive
mechanistic study provides molecular-level insights into how
the ion-specificity of the mica surface affects the HIN effi-
ciency. Such insights will help to attain a better understanding
of HIN on other mineral surfaces.
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