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ABSTRACT

Heterogeneous ice nucleation is a common process in the atmosphere, but relatively little
is known about the role of different surface characteristics on the promotion of ice nucleation.
We have used a series of iron oxides as a model system to study the role of lattice mismatch and
defects induced by milling on ice nucleation activity. The iron oxides include wiistite (FeO),
hematite (Fe,0;), magnetite (Fe;04), and goethite (FeOOH). The iron oxides were characterized
by X-ray diffraction (XRD) and Brunauer-Emmett-Teller (BET) surface area measurements. The
immersion freezing experiments were performed using an environmental chamber. Wiistite (FeO)
had the highest ice nucleation activity, which we attribute to its low lattice mismatch with
hexagonal ice and the exposure of Fe-OH after milling. A comparison study of MnO and wiistite
(FeO) with milled and sieved samples for each suggests that physical defects alone result in only

a slight increase in ice nucleation activity. Despite differences in the molecular formula and
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surface groups, hematite (Fe,Os3), magnetite (Fe;O4), and goethite (FEOOH) had similar ice
nucleation activities, which may be attributed to their high lattice mismatch to hexagonal ice.
This study provides further insight into the characteristics of a good heterogeneous ice nucleus
and, more generally, helps to elucidate the interactions between aerosol particles and ice particles
in clouds.

INTRODUCTION

Ice nucleation impacts the microphysical and optical properties of clouds and, thus, the
Earth’s radiative budget. Without a solid particle, water droplets must be supercooled to -38 °C
to undergo homogeneous ice nucleation. Heterogeneous nucleation allows ice to form at warmer
temperatures in comparison.! A variety of aerosol particles such as mineral dust 2%, biogenic
material 1%, and soot ''"13 are commonly found in the atmosphere and can act as ice nucleating
particles. The ice nucleation activity of aerosol particles is widely variable,'* however, due to
the complexity of atmospheric aerosol particles and the sensitivity of ice nucleation activity to
the surface properties of particles.

Among the general categories for ice nucleating particle, bacteria and other biogenic
material have been found to have some of the highest ice nucleation activities. Mineral dust
nucleates ice over a range of temperatures, with some of the most active beginning nucleation
around -10 °C, which is significantly colder compared to biological nuclei that have been shown
to nucleate ice as warm as -2 °C.”!5 Studies have shown that ice nucleating molecules,
commonly proteins, are the main indicators for the ice nucleation activity of biological
material.!6-1® While aerosol particles have large spatial and temporal variations over the globe,
the overall concentration of mineral dust has been observed to be much higher than biological

material.!® The scarcity of biological material could be, in part, a result of ineffective in situ
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collection methods or the quick sedimentation of biological material because of their size and
hygroscopicity.?0-?!

In comparison to biological material, small mineral dust particles < 1.8 um have been
observed to have long atmospheric lifetimes.?>?3 Lattice match and morphological defects are
two properties of mineral dust aerosol that have been shown to impact ice nucleation activity.?*
The effect of lattice match between a heterogeneous nucleus and ice on ice nucleation has been
extensively studied, primarily through modeling studies, though lattice spacing is often tied to
other factors which influence ice nucleation activity, such as composition.?>3? Similar lattice
spacings suggest that the crystal lattice of the particle can act as a template for water molecules
to arrange that will facilitate the formation of an ice lattice and initiate ice nucleation. Studies
have shown that good lattice match can be a contributing factor in ice nucleation activity but is
not necessary.>>2¢ Historically, Agl has been viewed as an example compound for ice nucleation
with high lattice match with hexagonal ice, but additional research has found that surface charge
can negate the ice nucleation activity.>!'34 In molecular dynamic (MD) simulations, a lattice
mismatch boundary of 5.7% is defined, in which lower mismatch shows the highest ice
nucleation activity, and a higher mismatch results in a sharp decrease in ice nucleation activity.3
In addition, a high lattice match does not correlate directly to having good ice nucleation activity
as shown with BaF,, which has a high lattice match but nucleates ice at -15 °C, likely as a result
of wettability and electrostatic charges at the BaF, surface.3¢

Morphological defects on the surface can include physical defects such as pores, step-
edges, and irregular shapes.’7#! A direct observation study has shown that ice nucleates along
the cracks and other physical defects found on feldspars.*?> Along these defects, the studies

suggest that confined water in the wedges/cracks as well as the arrangement of hydroxyl groups



Physical Chemistry Chemical Physics

in these defects may promote ice nucleation.®* In addition, surface features have been shown to
arise from the phase separation of Na™ and K*-rich domains. The resulting topographical surface
features were proposed to be important ice nucleation sites of alkali feldspars.** Defects can be
native to the structure of the material, but they can also be introduced with mechanical
processing. For ice nucleation experiments, the studied material is often processed, which can
create defects. The defects may expose functional groups that would not be otherwise available.
Hiranuma et al. observed an order of magnitude increase in the ice nucleation activity for milled
hematite compared to the unprocessed hematite.*> Similarly, Zolles et al. found that milled quartz
followed a similar trend.*® In both studies, it was speculated that the milling created physical
defects with a possible change in the surface site density of functional groups.*>:46

Atmospheric particles are complex systems that have undergone both chemical and
physical processing. As such, determining which properties of a particle affect its ice nucleation
activity can be difficult to narrow down. Alternately, simple model systems can be studied to
control as many variables as possible and investigate the effect of specific surface properties. In a
previous study, we have examined the effect of crystallinity and crystal structure on the ice
nucleation of alumina samples.*’ In this paper, we have characterized iron oxides as a model
system with similar compositions and high crystallinity to explore the effect of crystal structure
and surface functional groups on ice nucleation activity. Of the iron oxides studied, hematite
(Fe,O5) and goethite (FeOOH) are the most commonly found in nature with hematite found in
rock deposits and goethite in soils.*® Magnetite (Fe;O4) is found as a component in igneous
rocks.*® Although wiistite (FeO) is rarely found naturally above the Earth’s lower mantle because
of its instability at temperatures below 570 °C, an ambient temperature-stable, synthetic wiistite

(FeO) sample is purchasable from manufacturers and thus, was added to the study as an
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additional iron oxide to compare.’%>! With the exception of wiistite, iron oxides are often found
as components in mineral dust aerosol, especially Saharan dust.>? In addition, iron-containing
mineral dust has been widely studied because it has been hypothesized to be an important source
of iron for ocean biogeochemistry.’33¢ As a common compound in mineral dust, iron oxide can
undergo reactions in the ocean as well as in the atmosphere. Processing in the atmosphere has
been shown to improve the solubility of iron aerosol particles which are then available for
absorption by primary producers in the ocean.’”->® This study focuses on the ice nucleation of
iron oxide as a model system to understand the ice nucleation of compositionally complex
mineral dust. Thus, the iron oxide system allows us to study the effect of lattice match, physical
defects, and functional groups at the surface on ice nucleation activity.
EXPERIMENTAL METHODS

The iron oxide samples were purchased from Sigma Aldrich (FeO >99.6% (large
crystals), Fe;03 >99.9% (spherical), Fe;04 97% (spherical), FeOOH 30-63% Fe (leaf-like crystal
aggregates)), and MnO (large crystals) was purchased from Acros Organics (99.99%). X-ray
diffraction (XRD) was used to determine the purity and crystallinity of the iron oxide samples.
The diffractograms were taken on a Malvern Panalytical Empyrean with Co Ka radiation with a
current of 40 mA and a voltage of 40 kV. The powder samples were loaded onto a background
silicon holder. The goniometer angles were set from 5.54 to 84° 26 with a scan step time of
24.765 s. The XRD diffractograms were analyzed using Jade XRD libraries and whole pattern
fitting. BET analysis with nitrogen gas was performed on an ASAP 2020 Automated Surface
Area and Porosimetry System to determine the surface area of each sample.>® The hydroxyl and
oxygen-metal surface groups on the iron oxides were determined with X-ray photoelectron

spectroscopy (XPS) using a Physical Electronics VersaProbe II. The instrument was equipped
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with a monochromatic Al Ka X-ray source and a concentric hemispherical analyzer. Low energy
electrons and argon ions were used for charge neutralization. Calibration of the binding energy
axis was performed using sputter cleaned Cu and Au foils.

Immersion freezing data were taken using an environmental chamber described in detail
in Alstadt et al.%° Briefly, 2 uL droplets of 0.02 wt. % of iron oxide powder in UHPLC-MS water
(Fisher Scientific) were pipetted onto silanized slides (Hampton Research). The iron oxide
powders were generally used as they came from the manufacturer; however, FeO required
milling for the powder to be small enough to be dispersed in solution. Milling the other iron
oxide samples would not further reduce their sizes, nor would we expect changes in their
physical or chemical properties. The milling was done on a McCrone Micronizing Mill. The
sieved FeO and MnO samples were passed through a 20 um sieve. The sieved and milled FeO
look similar when imaged with scanning electron microscopy. Both surfaces are smooth with
few defects, although the milled sample has scattered jagged edges. Unless stated otherwise, all
wiistite (FeO) data was performed with milled wiistite (FeO) that was less than one week old.
Results from XRD show that the mineral is stable in structure over this time period. Then, the
slides were placed into the ice nucleation chamber. Pictures were taken every 0.5 °C as the
chamber was cooled by liquid N, at a cooling rate of 3 °C/min. The chamber has a continuous
steady stream of purified N, gas to prevent condensation and ice formation on the cooling block.

For each 0.5 °C interval, the frozen droplets were visually counted to calculate the frozen
fraction with a minimum sample size of 240 droplets. The cumulative frozen fraction (f;..) was

calculated according to the equation

n(T)

fice:T (1)
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where n(7T) is the total number of frozen droplets at a given temperature, and N is the total
number of droplets in the sample population. Background water (homogeneous) freezing and
surface area differences between the iron oxide samples were used to normalize the frozen
fraction data. K(7), the number of nucleation sites per milliliter of water at a specific temperature

for each trial, was then calculated.!”-%! The equation for K(7T) is given by:

—In[1—F(T)]

K(T) = 7 X d (2)

where F(T) is the fraction of droplets frozen at a specific temperature, V' is the drop volume in
milliliters, and d is the dilution factor. The K(7) for Millipore water was subtracted from the K(T)
of each iron oxide data set. Then, the cumulative number of surface sites per unit area as a
function of temperature (n;) was calculated from K(7) using the equation
ng=K(T)xC! (3)

where C is the total surface area of iron oxide in a given volume. C was calculated from the BET
surface area and the weight percent of the iron oxide samples prepared for immersion freezing.
For each average K(7), the n; was calculated with the standard deviation calculated using the
standard deviation of the calculated K(7) of each trial. Error in ny is represented by the standard
deviation between the trials, typically 8 trials at minimum were used for each sample.

Lattice mismatch between the iron oxide samples and hexagonal ice was calculated. The

following equation was used to calculate the lattice mismatch (&) along an axis:

Qop,s — Qo,i

6= * 100 4)

Qo,i

where ay, sis the lattice constant of the substrate, and a,; is the bulk lattice constant of ice I;. A
high value of § indicates a poor lattice match and a higher level of strain on the bulk ice
templating on the substrate.

RESULTS & DISCUSSION
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From the XRD diffractograms found in Figure 1, all the iron oxide samples were found to
be highly crystalline. The high crystallinity is evident from the narrow peaks and low
background noise. Other studies have found that crystallinity can affect ice nucleation
activity.4”-62 Bi et al. used molecular dynamic simulations and observed that a combination of the
crystallinity of the graphitic surface and the strength of the water-carbon interaction directly
influenced the ice nucleation activity. A crystalline surface with a sufficient water-carbon
interaction strength will induce templating for the water molecules and create a strained ice
lattice.%? In addition, the surface area of the iron oxides was measured using BET (Table 1). The

porosity of these samples is negligible as determined from the BET characterization.

30 X103 T — " ) L A — A
25 —

2 L1 \
‘S 204 et
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8 15 —— Goethite (FeOOH)
2> —— Hematite (Fe,053)
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Figure 1. The diffractograms of the iron oxide samples. The wiistite (FeO) sample was milled.
The diffractograms of the different samples are offset for clarity.
Table 1. The BET analysis of the iron oxide samples shown with uncertainty from the

instrument.
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Sample Surface Area (m%g)
Wiistite
[FeO] 0.86+0.02
(mill)
Wiistite
[FeO] 0.55+0.05
(20 pum sieve)
Hematite

5.86+0.02
[Fe,Os]
Magnetite

7.79 +0.03
[Fe304]
Goethite
[FeOOH] 10.62 £0.02

In Figure 2, the frozen fraction and number of active sites per cm?, ny, as a function of
temperature, is shown. Aside from the sieved and milled wiistite (FeO) samples, all the other iron
oxide samples are similar in their ice nucleation activity. From the frozen fraction data in Figure
2a, it can be seen that the iron oxide samples have higher ice nucleation activity than that of
background freezing. In Figure 2b, n; was calculated and showed a stark difference between
wiistite (FeO) and the other iron oxide samples. The freezing onset of wiistite (FeO) at -7 °C is
unusually warm for an inorganic compound. This temperature is on par with the ice nucleation
temperature ranges of biological materials, which have been shown to be some of the best ice
nuclei.”?!

K-feldspar, another inorganic compound, has been observed to nucleate ice as warm as -
2 °C, which is warmer than found with wiistite (FeO).*> The mechanism that causes ice
nucleation in feldspar is likely different than in wiistite (FeO). For feldspar, the perthitic texture
has been found as one of the underlying reasons for its ice nucleation activity. Strain from the
phase separation of Na* and K™ rich domains create crystallographic dislocations that can create

surface features for water to be attracted to and then initiate ice nucleation.?!'44? In comparison to
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bacteria and feldspar, wiistite (FeO) does not possess ice nucleating proteins, and the simplicity
of the crystal structure limits the creation of multiple types of domains to attract water and

promote ice nucleation.
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Figure 2. (a) The frozen fraction of the iron oxide samples and the background freezing of
UHPLC-MS water, and (b) the number of active sites per cm? (ng) as a function of temperature
for the same samples. The figures share a legend

Previous research has found that a high lattice match between the ice structure and the
crystal structure of a particle can promote ice nucleation.*’ In Table 2, the lattice parameters
were found using whole pattern fitting using Jade and its libraries. From there, the lattice
mismatch along the a, b, and c-axis was calculated from Equation (4) with respect to hexagonal
ice, I. Agl and corundum were included for comparison. Corundum was found in a previous
study to be the best sample among the aluminum oxide samples tested.#’ Figure S1 shows the
lattice mismatch values compared to cubic ice. In Figure 3, the number of active sites at -20 °C,
except for wiistite (FeO) which is at -19 °C, are plotted against the lattice mismatch along the a-
and b-axis. For most of the samples, the lattice mismatch values are well above 5.7 % except for
the a-axis of goethite and the a- and b-axis of wiistite (FeO). Goethite has a similar ice nucleation
activity to hematite and magnetite, which indicates that the low lattice mismatch along the a-axis
did not affect the ice nucleation activity. On the other hand, wiistite has a lattice mismatch of -
4.24 % along the a and b-axis. The negative lattice mismatch indicates that the water molecules
in the hexagonal ice lattice would have to compress to template along the surface, which is
unfavorable because of the repulsive interactions between water molecules during compression.
Nevertheless, the lattice mismatch is low, which may indicate that the repulsion from the
compression is sufficiently small that ice nucleation is still improved by the low lattice mismatch.

Lattice mismatch with respect to cubic ice was calculated in Table S1.



Table 2. The lattice mismatch along the a-, b-, and c-axis of the iron oxide samples with respect

to hexagonal ice, I}, to three significant figures.

Physical Chemistry Chemical Physics

Lattice parameters® Lattice mismatch along the axis

a b c a (%) b (%) c (%)
I2 4.50 4.50 7.32 - - -
Agl? 4.68 4.68 7.66 4.07 4.07 4.69
Corundum®
[a-ALOs] 4.77 4.77 13.0 6.07 6.07 77.9
(Hexagonal)
Hematite
[Fe,0s] 5.03 5.03 13.8 12.0 12.0 88.0
(Hexagonal)
Magnetite
[Fe;04] 5.93 5.93 14.6 31.8 31.8 99.0
(Hexagonal)
Goethite
[FeOOH] 4.61 9.99 3.03 2.63 122 -58.6
(Orthorhombic)
Wiistite
[FeO] 431 4.31 431 -4.24 -4.24 -41.2
(Cubic)

aThe lattice parameters of I;, and Agl were obtained from Cox et al. (2012).2
The lattice parameters of corundum were taken from Chong et al. (2019).47
°The lattice parameters for the samples and corundum were determined from whole pattern fitting using Jade software.
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Figure 3. The lattice mismatch along the (a) a-axis and (b) b-axis are shown relative to the
number of active sites at -20 °C for each of the iron oxides except for wiistite (FeO) which is at -

19 °C. The dotted line correlates to a 0% lattice mismatch.

In addition to lattice match, physical defects at the surface can have a significant impact
on the ice nucleation activity. In this study, relatively large pellets of wiistite (FeO) had to be

processed further to disperse in water for the ice nucleation experiments. During milling, the
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wiistite crystallites are ground to micron-sized particles, while preserving the crystal lattice.
However, milling can introduce physical defects that, in turn, can affect the ice nucleation
activity. In an ESEM study by Kiselev et al., it was seen that ice nucleated along the visible
cracks and other defects after repeated experiments, which would suggest that these areas
contained active sites for ice nucleation.? Other studies have shown that certain pore sizes can
promote ice nucleation by facilitating hydrogen bonding and inducing a crystal lattice with
confined water.%%-649 To examine the effect of milling, MnO powder was prepared in the same
fashion as wiistite (FeO). Both minerals have a value of 5.5 on Moh’s hardness scale, and as a
result, they should have similar mechanical processing from milling.®® The ice nucleation data of
the milled and sieved samples can be seen in Figure 4. Milled MnO has a slight increase in ice
nucleation activity, but it is negligible compared to the increase seen in wiistite (FeO). This result
indicates that physical defects alone cannot account for the high ice nucleation activity of milled

wiistite (FeO).
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Figure 4. The ice nucleation results of FeO and MnO with two different preparations: milled and
20 pum sieved. The background freezing is UHPLC-MS water.

Because physical defects alone could not explain the ice nucleation activity of wiistite,
potential chemical origins were explored. In Table 3, the XPS results are shown for the iron
oxides and MnO. From XPS, the concentration of certain surface functional groups such as C-O
and Fe-OH of the samples can be compared. Carbon and O-C can be found as contamination on
all of the samples. Even with rigorous cleaning and storage under vacuum, adventitious carbon
coatings form readily on surfaces. However, in ice nucleation studies with organic coatings, it is
found that coatings need to have sufficient coverage over the particles to result in an overall
decrease in ice nucleation.®”-%% Thus, the contamination is not taken into consideration. Besides
the organic contaminants, oxygen and metal species were found at the surface. The XPS results

of three different wiistite (FeO) samples can be seen. Two milled samples were used: a more
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freshly milled wiistite (FeO) sample, tested 1-week after milling, and an older milled sample,
tested 2-months after milling. The purpose of these two samples was to determine the stability of
any newly exposed functional groups that arise from milling. Interestingly, a higher Fe-OH
concentration is found in the 1-week sample compared to the 2-month sample. The Fe-OH
concentration was 11.9 % for the 2-month sample, which is comparable to the 10.9% Fe-OH for
the 20 um sieved wiistite (FeO). In comparison, the milled MnO and sieved MnO are similar in
their percentages of Mn-OH. The higher Fe-OH density found in the freshly milled wiistite (FeO)
compared to the sieved sample suggests that the higher percentage of hydroxyls promotes ice
nucleation; whereas the MnO samples have comparable Mn-OH densities and ice nucleation
activities. Goethite, however, has the highest Fe-OH percentage, yet it does not show a high ice
nucleation activity. While this result may be partially due to lattice match, the relationship
between the number of hydroxyl groups and ice nucleation activity is not straightforward.
Studies by Lupi et al. and Cox et al. have shown that a high concentration of hydroxyls at the
surface can impede ice nucleation.®79 Thus, the high concentration of hydroxyls on goethite
may be be detrimental for ice nucleation. Additionally, Pedevilla et al. found through a series of
MD simulations that it was not the arrangement of OH groups or the relationship of the OH
pattern to ice that influenced ice nucleation, but the OH group density and the substrate-water
interaction strength which varies between samples. Furthermore, they found for that for kaolinite,
the OH density increased along cracks and edges where covalent bonds are broken and
hydroxylated, which may explain why freshly milled FeO has the better ice nucleation activity.”!
On the other hand, magnetite has similar Fe-OH concentration as 1-week milled wiistite (FeO)
but has worse ice nucleation activity. Simulations have shown that hydroxyls may be a

contributing factor to ice nucleation activity by increasing the wettability of a surface. From
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these simulations, the ability of water molecules to orient into an ice-like lattice was found to be
more important.'-%° Therefore, freshly milled wiistite (FeO) seems to have enough hydroxyls to
hydrogen bond with water molecules as well as a good lattice match with hexagonal ice along
the a- and b-axis that will allow for templating of the water molecules into an ice-like lattice.

Table 3. The XPS results of the iron oxide samples and MnO.

Concentration (atom %)
Sample C Fe/Mn | O-C 1(\)/[-,(1;?% 1(\)41:)-(Fe’
FeO milled 187|251 |76 320|166
(1 week)
f;ggﬁgi 195 [220 102|355  |119
fZe(?Mm sieve) 169 273 28 2 107
EZTS?{G 12.8 30.3 5.4 422 9.2
1[\1/:[2;%83]“6 11 |267 |22 24 176
?Fzgfgﬁ] 11.2 24.9 3.0 26.0 34.9
MnO milled 18.1 24.7 4.9 40.5 11.8
gg?tm sieve) 18.1 25.6 3.6 40.2 12.4

CONCLUSION

In this study, the ice nucleation activities of several atmospherically relevant iron oxides
were compared. Within the iron oxide system studied, hematite (Fe,O;), goethite (FeEOOH), and
magnetite (Fe;O04) had similar ice nucleation activities, which may be attributed to the high

lattice mismatch with hexagonal ice. Wiistite (FeO) was observed to have surprisingly high ice
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nucleation activity, which is higher than many atmospheric mineral dust particles.”!> Although
not atmospherically relevant like the other iron oxide samples, wiistite (FeO) was chosen because
of its high lattice match with hexagonal ice. The lattice mismatch of wiistite (FeO) along the a-
and b-axes was shown to be low, although the ice lattice would have to compress to fit the
template along the wiistite (FeO) crystal lattice. Repulsion forces result in compression of the ice
lattice, which is unfavorable. Nonetheless, the compression may be sufficiently small that the
high degree of lattice match promotes ice nucleation. Because wiistite (FeO) was the only sample
that required milling, comparison studies with sieved wiistite (FeO) and milled and sieved MnO
were used to observe the effect of physical defects on ice nucleation activity. The sieved and
milled MnO had comparable ice nucleation activities with the milled sample showing a slight
increase. From the comparison with MnO, it was concluded that the physical defects were not
the only contributing factor for the high ice nucleation activity of the milled wiistite (FeO). XPS
analysis showed that freshly milled wiistite (FeO) had a higher concentration of hydroxyls
compared to the sieved wiistite (FeO), which may promote the ice nucleation process. In addition,
the Fe-OH concentration of the freshly milled, 1-week old wiistite (FeO), is greater than the 2-
month old milled wiistite (FeO), which suggests that the newly exposed hydroxyls are not stable
over a long time period. The milling of wiistite (FeO) provided insight into improving ice
nucleation activity of particles using mechanical force to expose functional groups. Overall, the
ice nucleation activity of wiistite (FeO) may be a result of a combination of the increased site
density of hydroxyl groups caused by milling and the high lattice match along the a- and b-axes.
The findings from this study have provided further insights into the mechanisms of
heterogeneous ice nucleation. Specifically, the processing that the particles undergo before ice

nucleation experiments can have a significant impact on their ice nucleation activities. In
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laboratory experiments, the samples are often processed by milling, grinding with a mortar and
pestle, or other mechanical forces. Although the physical defects may or may not contribute to
the ice nucleation, processing could change the functional groups at the newly exposed surfaces,
which could possibly change the ice nucleation activity. In a broader sense, atmospheric particles
often experience aging and processing the atmosphere. As such, changes to the surface
properties of atmospheric particles after processing and their effect on the site density of
functional groups at the surface could be an important factor when considering the ice nucleation
activity in cloud models. The exposure of functional groups after mechanical processes can have

potential important impacts on ice nucleation and warrants further investigation.
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