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Heterogeneous ice nucleation is a physical chemistry process of critical relevance to a range of topics
in the fundamental and applied sciences and technologies. Heterogeneous ice nucleation remains
insufficiently understood, partially due to the lack of experimental methods capable of obtaining in situ
microscopic details of ice formation over nucleating substrates or particles. We present microscopic
observations of ice nucleation events on kaolinite particles at the nanoscale and demonstrate the
capability of direct tracking and micro-spectroscopic characterization of individual ice nucleating
particles (INPs) in an authentic atmospheric sample. This approach utilizes a custom-built ice nucleation
cell, interfaced with an Environmental Scanning Electron Microscope (IN-ESEM platform) operated at
temperatures and relative humidities relevant for heterogeneous ice nucleation. The IN-ESEM platform
allows dynamic observations of individual ice formation events over particles in isobaric and isothermal
experiments. Isothermal experiments on individual kaolinite particles demonstrate that ice crystals
preferably nucleate at the edges of the stacked kaolinite platelets, rather than on their basal planes.
These experimental observations of the location of ice nucleation provide direct information for further
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1. Introduction

The different phases of water (vapor, liquid water, and several
forms of ice) are of interest to a broad range of scientific
disciplines because of their fundamental importance to all
aspects of life, environment, and technology. Ice can form
through homogeneous and heterogeneous nucleation. If water
or aqueous solutions are cooled down to the homogeneous
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theoretical chemistry predictions of ice formation on kaolinite.

freezing limit, then they can form ice spontaneously by homo-
geneous nucleation. However, ice can also form on a substrate
by heterogeneous nucleation at higher temperatures that lie
between the homogeneous freezing limit and the ice melting
point. In the applied sciences, the heterogeneous nucleation of
ice plays an important role in technologies of cryopreservation,' ™
freeze-drying in biomedical research and the food industry,*
and the development of anti-icing coatings for aircraft.>®
In atmospheric chemistry and physics, ice nucleation initiated
by airborne particles governs the formation and microphysical
properties of ice and mixed phase clouds.”'® However, the
description of the physicochemical characteristics of particles
which control the formation of atmospheric ice crystals is
insufficient for the predictive understanding of their impacts
on cloud formation, cloud life cycle, and thus, climate.

In the atmosphere, heterogeneous ice nucleation is initiated
by airborne particles (ice nucleating particles, INPs), which
frequently have complex multicomponent and multiphase
composition. Heterogeneous ice nucleation can proceed via
immersion freezing (ice forms on an INP suspended inside a
supercooled droplet), deposition ice nucleation (ice nucleates
from the supersaturated water vapor onto the solid INP surface),
condensation freezing (ice forms after water vapor condenses
onto an INP at supercooled conditions), and contact nucleation
(ice forms in a supercooled droplet upon collision with an INP)."*
To advance our understanding of heterogeneous ice nucleation,
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an ideal laboratory experiment would allow in situ observation
of the ice nucleation process on the nanoscale: something not
possible in field studies.” Such an experiment would yield
information on the composition and morphology of the
individual INPs and the nucleation mechanisms.

Environmental scanning electron microscope (ESEM) allows
direct, in situ observations of particle (or other substrate)
hygroscopic transformations with tens of nanometer spatial
resolution.'>™® Hence, it represents a significant improvement over
more commonly used optical microscopy (OM) approaches.'® >
Complemented with X-rays microanalysis, ESEM has the potential
to conduct microscopy studies of ice nucleation along with
chemical characterization of the INPs. Currently, the limiting
factor for ESEM ice nucleation experiments is the ability to
accurately control temperature and relative humidity (RH)
above the sample over a broad range of freezing temperatures.
Understanding the propensity of INPs, relevant to the processes
of atmospheric ice formation, requires experiments at precisely
controlled cooling rates of less than 2 + 0.2 K min~*, down to
temperatures of 190 K.**7° Recent ESEM experiments, using
Peltier cooling stages, have examined the ice nucleation onsets
of mineral dust INPs of known composition®"**> and micro-
scopic imaging of the ice surface topography®® at temperatures
as low as 233 K. However, experimental studies of atmospheric
ice nucleation, and applications in cryo-biology**?** require
experimental platforms that can probe wider ranges of low
temperatures, cooling rates, and RH, and preferably, accompanied
with physicochemical analysis of INPs or other samples.

In this work, we present ice nucleation studies using a novel
ice nucleation-ESEM (IN-ESEM) experimental platform employing
a custom-built cryogenic temperature controlled cell that allows
experimental observation of ice nucleation over particles
deposited on substrates. This platform allows precise control

(B)
ESEM
Imaging

Temp.
Control

LN, out

View Article Online

PCCP

of temperature and RH with respect to ice (RHj.), up to the
water saturation conditions. Thus, it provides experimental
coverage over the extreme conditions relevant for ice and mixed
phase cloud formation in the atmosphere. We demonstrate
capabilities of the IN-ESEM platform based on ice nucleation
experiments over kaolinite particles. These experiments show
that ice nucleates preferentially at the edges of the layered
platelets of kaolinite. Theoretical chemistry simulations are
necessary to improve our understanding of ice nucleation
initiated by the edge sites of kaolinite.>>” An additional case
investigation was also performed to demonstrate the capability
of INP detection and tracking in a field-collected sample,
complemented by chemical characterization of individual INPs.

2. Experimental section

2.1 Ice nucleation cell coupled to an environmental SEM
(IN-ESEM)

Fig. 1 shows schematics of the ice nucleation cell and the
experimental layout of the IN-ESEM platform. The ice nuclea-
tion cell is a custom-built, temperature-controlled cryo-stage
based on a previously developed ice nucleation setup.’®*° As
shown in Fig. 1A, the main components of the ice nucleation
cell include: a sample holder, a cryo-stage (cooling and heating
elements), and a base attached to the SEM motorized stage. The
sample is placed in the holder, which is then mounted, via an
O-ring, to the cover of the cryo-cooling stage. The 0.2 mm?
opening in the cover sealed with an O-ring resting on the
sample allows exposure of the sample to water vapor present
in the ESEM chamber. The temperature of the cryo-cooling
stage is controlled by a resistively heated element (Minco Product
Inc.) while constant cooling is provided by liquid nitrogen.
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Fig. 1 Schematics of (A) the expanded view of the ice nucleation cell and (B) the experimental layout of the IN-ESEM system. Panel A: Ice nucleation cell
components include: (1) cover with opening (0.5 mm in diameter) allowing sample exposure to water vapor and electron beam; (2) Viton O-rings for
sealing; (3) sample holder (copper plate, brown) with a sample substrate (green square); (4) compartment for Pt-100 temperature sensor; (5) heating
element; (6) liquid nitrogen (LN,) cooling block; (7) spacer to reduce heat transfer to the base; (8) base attached to SEM motorized stage; (9) a convoluted
tube attached to the base containing the LN, and electronic connectors. Panel B: The IN-ESEM system consists of: an ESEM chamber (indicated as a
dashed square), temperature control unit (shown on the left), and a water vapor source (shown to the right of the ESEM chamber) providing a flow of

humidified Nx(g).
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A temperature sensor (+0.15 K, Pt-100, Omega Engineering Inc.)
embedded below the sample holder is calibrated, as described
below, to monitor the sample temperature.

To perform ice nucleation experiments as a function of RH it
is critical that the observed sample area is the coldest spot in
the entire setup. Otherwise, water diffuses to the coldest point
and results in ice buildup at unwanted locations, ultimately
disrupting the experiment. Furthermore, the gradient of water
vapor in the chamber is altered during the experiment; this
results in uncertainty in the RH above the sample (which is
derived from the known water partial pressure and sample
temperature). To circumvent these effects, the cryo-cooling
stage is placed into an evacuated housing assembly mounted
in the ESEM chamber. The liquid nitrogen supply tubes and
electronic connectors are also contained within the evacuated
assembly (Fig. 1). Additionally, to ensure that this tube does not
act as a cryo-pump for gases in the ESEM chamber, its exterior
is wrapped with heating tape. To minimize water adsorption,
the cover and base of the ice nucleation cell are made out of
high-density polyether ether ketone (PEEK). These efforts are to
ensure that the sample area is the coldest part in the system.

Fig. 1B shows the schematic of the IN-ESEM platform
assembly with the IN cell installed inside the ESEM chamber.
The IN-ESEM system is interfaced with a temperature control
unit (Model 22C, Cryogenic Control Systems, Inc.) and a water
vapor supply setup. The field emission gun ESEM (Quanta 3D
model, FEI, Inc.) with a gaseous secondary electron detector is
used for imaging. The ESEM is equipped with imaging software
to continuously monitor and record in situ changes over the
sample. At the lowest magnification, the entire 0.2 mm? sample
area is within the image frame, which is digitally recorded.
The temperature control unit regulates the power output for the
heating element based upon the temperature sensor reading.
The water vapor source provides water vapor for inducing ice
nucleation and for imaging in ESEM. For the ESEM used in this
study, the adaptable chamber pressure ranges from 10 Pa to
2600 Pa. In general, the spatial resolution of the microscope is
decreased at higher pressures, thus only water vapor was used at
temperature above 230 K to achieve better spatial resolution for the
imaging. Because of the minimum chamber pressure of 10 Pa, the
mixture of N, and water vapor is used to achieve lower dew points
(i.e., Saturation water vapor partial pressure less than 10 Pa) for the
ice nucleation temperature below 230 K. Total operating pressures in
the ESEM range between 10-600 Pa. These low operating pressure
conditions can cause the volatilization of semivolatile materials from
particles which could affect the particle physiochemical properties.
Thus, IN-ESEM measurements need to be assessed with this caveat
in mind. Ultra-high purity dry N(g) passes through a temperature
controlled water reservoir and mixes with additional dry N,(g) to set
a desired dew point, (Ty), and then is pumped into the ESEM
chamber. The water vapor partial pressure in the chamber is varied
by changing the temperature of the water reservoir and the N,(g)
flows. The water vapor partial pressure is inferred from
the measurement of T4 using a chilled mirror hygrometer
(GE Sensing, Model 1311XR) operating over 188-303 K. The
flow of humidified N,(g) is ~0.5 standard liter per minute.

This journal is © the Owner Societies 2016
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2.2 Particle sample generation and collection

Laboratory generated particles of kaolinite (Fluka), NaCl
(Sigma-Aldrich, >99%), and a sample of field-collected ambient
particles were used. Silicon wafer substrates coated with a silicon
nitride film (Silson Ltd, for the remainder of the manuscript
referred to as the substrate) were used. Kaolinite particles used
for ice nucleation experiments and helium ion microscope
imaging were dry deposited onto the substrate as described in
previous studies.>* The deposited kaolinite particle diameters
were less than 10 pm, with a mean diameter of 2-3 um as
determined from SEM images. NaCl particles were generated by
nebulizing 0.5 M NaCl aqueous solution, the aerosols pass
through a diffusion dryer, and are collected by a cascade Multi
Orifice Uniform Deposition Impactor (MOUDI).*® NaCl particles
were collected at the 7th stage of the MOUDI with a 50% cut-off
aerodynamic diameter of 0.56 um. The ambient particle sample
was collected with a MOUDI (8th stage with 50% cut-off diameter
of 0.32 pm) at the ground sampling site during the California
Research at the Nexus of Air Quality and Climate Change
(CalNex) campaign on May 19, 2010 (12 am to 6 am).>’

2.3 Experimental procedure and INP identification

Two types of ice nucleation experiments are possible with the
IN-ESEM system: (i) isobaric ice nucleation experiments at a
constant water partial pressure (i.e. the dew point temperature
(Tq) is constant), while the temperature of a sample/particles
(Tp) decreases, thereby simulating cloud formation in the
atmosphere; (ii) isothermal ice nucleation experiments where
T, is kept constant and the water vapor partial pressure is
increased to increase RHj.. The isobaric experiments are
performed to detect ice nucleation onsets for an ensemble of
particles present in the entire sample (~0.2 mm? sample area)
at the low magnification of ESEM, followed by subsequent
tracking and chemical imaging of individual INPs. The isobaric
experiments serve to yield the ice nucleation ability of the
sample. Individual sub-micrometer size particles are usually
not clearly seen at the first part of the experiment when the
ice nucleation onsets are recorded at coarse magnification.
The second part of the experiment involves tracking and detailed
imaging of individual INPs. The isothermal ice nucleation
experiments are performed at selected temperatures, whereas
water vapor partial pressure is gradually increased at the rate
of ~15 Pa min~ " starting from 10 Pa. In these experiments, ice
nucleation events on individual particles are imaged with high
magnification. Both isobaric and isothermal experiments can be
conducted for ice nucleation onset measurements, ice nucleat-
ing particle tracking, and ice nucleation location tracking.

Fig. 2 illustrates the experimental trajectories of RH;. versus
T, in the isobaric ice nucleation experiments. First, T}, is
decreased from room temperature at a rate of about 2-5 K min~*
to the investigated temperature (a few degrees higher than Ty).
Then, the water vapor partial pressure in the ESEM chamber is
adjusted to reflect sub-saturation, RHj.e < ~90%, as illustrated
by the blue square in Fig. 2. Subsequently, T}, is decreased
(at a selected rate of 0.2-0.5 K min~ ") to increase RHj. until
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Fig. 2 Representative experimental RHic. versus particle temperature (T)
trajectories (dotted black lines) for the isobaric experiments. The black
solid, green dashed, and cyan solid lines represent water saturation (RH,, =
100%), ice saturation (RHice = 100%), and homogeneous ice nucleation
limit, respectivelyf” Arrows indicate the increase of RHi. along the
trajectories. The square symbol indicates the starting point of an experi-
ment and the star indicates the observed onset of an ice nucleation event.

formation of ice or water uptake is observed (indicated by the
blue star in Fig. 2). Consecutive ESEM images are acquired every
3 seconds. During each experiment, the electron beam exposure
is minimized by using (1) a short scanning time (i.e., 1-3 us per
line), (2) low number of lines (512 or 1024 lines per frame),
and (3) lower electron beam current (i.e., less than 0.43 nA) to
reduce potential beam damage. At these settings the tempera-
ture of the sample changes no more than 0.025 K during image
acquisition time. T, and total pressure in the chamber are
recorded continuously. After observation of an ice nucleation
event, Tq is calibrated as described in Section 2.4. RH;. over the
particles is calculated from the calibrated T4 and T}, according to
RHjce = P(T4)/Pice(Tp) where P(Ty) and Pio(T},) represent the water
vapor partial pressure in the ESEM chamber and the saturation
vapor pressure over ice at Ty, respectively.*!

The onsets of ice formation (or water uptake) by particles are
determined by the changes in particle size (or phase) from the
recorded ESEM images. With a lateral resolution of ~50 nm,
very small amounts of liquid water on the particles (from water
vapor condensation) can be detected by ESEM imaging. The ice
nucleation onset is defined as the value of T, and RH;.. where
initial ice formation or water uptake is observed. Ice formation
following the water uptake is determined as immersion (or
condensation) freezing. Deposition ice nucleation occurred
when no visible liquid water uptake was evident in the ESEM
images. Fig. 3 and Movie S1 (ESIT) illustrate examples of
deposition ice nucleation and immersion freezing induced by
kaolinite particles, respectively. Fig. 3 displays a selected set of
images of deposition ice nucleation recorded in an isobaric
experiment. Starting at 210 K, the particle temperature was
decreased at 0.5 K min~' and images were recorded every
3 seconds. As shown in Fig. 3, the ice nucleation onset on kaolinite
particles occurred at 207.3 K and 116.9% RH;c.. After the first ice
nucleation event, the particle temperature continuously decreased,
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Fig. 3 Ice nucleation on kaolinite particles imaged by IN-ESEM. Images
show (A) before ice formation, small gray dots depict the kaolinite
particles; (B) first ice nucleation event (onset), the first ice crystals become
visible (circle); and (C and D) more ice crystals form after increase in
RHice. Tp and RHice are shown in the legends. Scale bars are 100 um.

resulting in a continuous increase of RH;. during which
additional ice nucleation events proceeded. For identification
of INPs after ice crystal formation, the sample was warmed at a
rate of 0.5-4 K min~" while images were recorded until the ice
crystals completely sublimate and only the residual INPs remained.
Movie S2 (ESI{) shows an example of the INP identification process
which is discussed below.

2.4 Precise temperature measurements

For precise measurements of sample temperature and RHjce
calculation, T, and T4 require accurate calibration. T, was
calibrated by measuring the melting points of three standards:
1-hexanol (221.15 K), decane (243.55 K), and dodecane (263.58 K)
purchased from Sigma-Aldrich (99% purity). For each compound,
the measurement was repeated a minimum of 6 times employing
three independent samples as described previously.*® The
calibration confirmed that the response of the temperature sensor
embedded in the cryo-stage was linear from 190-273 K with an
uncertainty less than 0.2 K (see Fig. S1 and Movie S3, ESIT).

The water vapor partial pressure inside the ESEM chamber,
P(Ty), is determined by measuring the 2-D projected surface
area (SA) of ice crystals as T, was varied.’>® With a constant P(T,)
in the chamber ice crystals grow or shrink (i.e. their SA
increases or decreases, respectively) by decreasing or increasing
the sample temperature T}, below or above Tg4, respectively.
Fig. 4 and Movie S4 (ESIt) illustrate the Ty calibration experiment.
At the beginning of the calibration experiment with an ice crystal
present, T, is higher than Ty (RHj.e < 100%), resulting in
sublimation of the ice crystal and a corresponding decrease
in SA. At equilibrium, the ice crystal maintains a constant SA
reflecting T, = Tq (RHjce = 100%). Further decreasing of T},
results in growth of the ice crystal via water vapor deposition.

This journal is © the Owner Societies 2016


http://dx.doi.org/10.1039/c6cp05253c

Published on 14 September 2016. Downloaded by PNNL Technica Library on 02/11/2016 18:42:24.

PCCP
0 50 100 150 200 250 300 350
'm T T T T T T
% - 2234
N
36 H
g L - 2232
o 34 t <
4 F . ~
> 223.0 °
~ | 3
c 32 #2228 &
() —
= [0}
< 30 F -4 222.6 g.
[0}
Q | 0]
8 o8t 2224 Q2
>
) 4 2222
26
L 1l 2220

0 50 100 150 200 250 300 350

Time / Second

Fig. 4 Changes in ice crystal surface area (black symbols) and tempera-
ture (solid red line) during a dew point temperature (Ty4) calibration
experiment.®® The blue arrow and gray area indicate the equilibrium point
when Ty equals T, of the ice crystal (RHice = 100%) resulting in the
minimum ice crystal surface area.

The resulting conservative experimental uncertainties are
AT, < £0.2 K, ATy < £0.25 K, ARH;.e < £11% at 200 K,
and ARHj.. < £3% at 260 K. In addition to the T}, and Ty
calibration, the observed deliquescence of NaCl particles
(DRH = 78% at 252 K) was in excellent agreement with previous
reports.”>** As shown in Movie S5 (ESIf), both NaCl deliquescence
and water condensation occurred uniformly across the sample
area, indicating homogeneous water vapor distribution across the
0.2 mm?” sample area probed in the experiments presented here.

2.5 Chemical imaging of individual INP

Identified INPs were characterized by micro-spectroscopic analyses
using scanning electron microscopy with energy dispersed analysis
of X-rays (SEM/EDX) and scanning transmission X-ray microscopy
with near edge X-ray absorption fine structure spectroscopy
(STXM/NEXAFS). ESEM, equipped with an EDAX X-ray spectro-
meter with a Si(Li) detector with a 10 mm?” active area and an
ATW2 window, was used to determine the size, surface area,
morphology, and elemental composition of individual particles
including the INPs."®' X-ray analysis of the identified INPs
was acquired at an acceleration voltage of 20 kV and a beam
current of 430 pA. Elemental compositions of INPs were deter-
mined from the recorded X-ray spectra. More details on the SEM/
EDX analysis and X-ray mapping of individual particles are reported
elsewhere.**** Individual INP characterization at high resolution
was always performed after ice nucleation experiments to minimize
potential beam damage from extended electron beam exposure.
Digital pattern records allowed relocation of INPs in separate
single-particle analysis by STXM/NEXAFS.>' STXM/NEXAFS has
been applied in numerous studies of atmospheric particles. An
overview of the application of this technique and analysis of
particles and technical details are published elsewhere.*®°
STXM/NEXAFS detects transmitted soft X-rays generated from
the synchrotron light source across a raster-scanned sample.
Images are obtained over a range of photon energies to provide
NEXAFS spectra.”' Analysis of NEXAFS spectra provide chemical
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composition and mixing states of individual particles with
spatial resolution of ~30 nm.’>® Acquired carbon K-edge
spectra allow identification of the organic carbon, elemental
carbon (ie. soot), and overall contribution of inorganic
components within individual particles.

A helium ion microscope (HeIM, Orion NanoFab, Zeiss Inc.),
a surface sensitive technique,”” was used for advanced imaging
of the surface ultrastructure of particles. The instrument was
operated at 30 keV and 1.0 pA with a spatial resolution of
0.8 nm. The HeIM imaging revealed ultrastructural details and
surface topography of kaolinite particles.

3. Results and discussion
3.1 Isobaric ice nucleation experiments

Evaluation of the IN-ESEM platform performance was con-
ducted by measuring ice nucleation onsets of blank substrates
and standard kaolinite particles in isobaric ice nucleation
experiments.?® Ice nucleation on the substrate (in the absence
of particles) was performed to determine the onset conditions
of ice nucleation induced by the substrate itself. Fig. 5 shows
water condensation on the blank substrate at water saturation
(RH,, = 100%) corresponding to RH;.. from 120% to 145% for
temperatures from 255 to 235 K. Below 235 K, ice nucleation
occurred on the substrates at RH;.. from 148% to 165%. These
results are consistent with our previous measurements
on the same substrates using the OM technique.'®?"3°
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Fig. 5 Ice nucleation onsets detected in IN-ESEM experiments over
kaolinite particles and particle-free substrates. Solid, dotted, and dashed
lines indicate the water saturation (RH,, = 100%), ice saturation, and
homogeneous ice nucleation limit,%> respectively. Green solid and open
circles indicate the onsets of ice nucleation and water condensation on a
blank substrate, respectively. Symbols represent the ice nucleation onsets
of kaolinite particles using IN-ESEM system (blue diamonds) and optical
microscopy method (various grey symbols)'®*° via immersion freezing
(open symbols) and deposition mode (solid symbols), respectively. Light
brown shaded area indicates the suggested conditions®® required for
homogeneous ice nucleation in 7.5-15 nm pores.

Phys. Chem. Chem. Phys., 2016, 18, 29721-29731 | 29725


http://dx.doi.org/10.1039/c6cp05253c

Published on 14 September 2016. Downloaded by PNNL Technica Library on 02/11/2016 18:42:24.

Paper

The measurements on the particle-free substrates indicate the
range in T}, and RHj.. below which the substrate has no effect
on ice nucleation.

Fig. 5 and Fig. S2 (ESIt) compare the ice nucleation onsets of
kaolinite particles detected in these IN-ESEM experiments to
previous studies.'®?%*%% In this study, the total particle sur-
face areas available for the ice nucleation (0.5-2.6 x 10~> mm?)
were about a factor of three lower than those used previously
(1.3-7.9 x 107> mm?®).">*? The results obtained using the
IN-ESEM system are in excellent agreement with previously
reported data.’® Below 246 K, kaolinite particles initiated ice
nucleation through the deposition mode (i.e., no liquid water
involved). The results show that the RH;. onset required for ice
nucleation on kaolinite particles decreased from 115.7% RHjc,
at 244 K to a lower onset of 111.2% RH;.. at 233 K, and then
continuously increased to 133% RH;.. at 204 K. Above 246 K,
first water condensed on the particles which was followed by
immersion freezing at water saturation conditions. Previous
studies reported the lowest temperature for immersion freezing
ranged between 251 and 254 K*'*°%%% in agreement with this
study. The high-resolution imaging capability of IN-ESEM
revealed water condensation on kaolinite particles at tempera-
tures as low as 246 K demonstrating the ability to discriminate
between different ice nucleation pathways.

3.2 Isothermal ice nucleation experiments

Identifying the nucleation sites or locations within individual
particles or substrate surface is essential for obtaining a funda-
mental understanding of heterogeneous ice nucleation. There are
no reports of direct experimental detection of heterogeneous ice
nucleation at the nanoscale.”””®® It has been suggested that
morphological features on mineral surfaces, such as steps, cracks,

Greyscale intensity (a.u.)

Greyscale intensity (a.u.)
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and cavities promote ice nucleation.®” Fig. 6 shows the typical
morphology of kaolinite particles imaged by HeIM. The kaolinite
particles have layered structures of stacked platelets oriented
perpendicular to their basal planes.”®”® The surfaces of the basal
planes are relatively smooth (Fig. 6E-H), whereas edge surfaces of
the stacked platelets are much rougher (Fig. 6A-D). Roughness
of particles surfaces can be assessed through digital processing
of the gray scale intensity of HeIM images which reflect the
secondary electron signal from the surface. Adjacent peaks
of the grayscale intensities along a line scan over the HeIM
image indicate surface irregularities, such as steps, cracks, or
trenches, and the distances between these peaks indicate the
sizes of these irregularities (see Fig. 6C and G). Characterization
of kaolinite particles using HeIM imaging indicates that the
trenches along the stacked platelets range from 30 to 110 nm
with a mode size of ~55 nm, whereas the surface irregularities
on the basal plane range from a few nanometers to 20 nm with
a mode of ~9 nm. These observations are consistent with
previously reported values.””*7¢

The IN-ESEM platform provides the capability to identify the
location of ice nucleation events within individual particles and
is capable of capturing early stages of ice formation and its
dynamic evolution. Fig. 7 demonstrates dynamic imaging of ice
micro-crystals formed on a kaolinite particle. This isothermal
ice nucleation experiment was performed at 205.4 K and water
partial pressure starting at 10 Pa increasing at the rate of
~15 Pa min~" (i.e., RHj increases at the rate of ~3% min").
ESEM images in Fig. 7 display the location of ice nucleation events
on an individual particle followed by growth of the hexagonal ice
crystals. As shown in the images, ice crystals nucleate on the side
of the stacked platelets, rather than on their basal planes. At these
experimental conditions, ice nucleation is likely not occurring on
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Fig. 6 Characteristic surface irregularities of kaolinite particles, such as steps, cracks, or trenches. (A, B, E and F) HelM images showing surface
morphology of kaolinite particles, panel B shows an enlarged image for the marked area in panel A. (C and G) Surface roughness expressed as grayscale
intensities for the line scans along the arrows marked in panels B and F, respectively. The gray values are used to infer characteristic sizes of surface

features summarized by the size distribution histograms (D and H).
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Fig. 7 Isothermal nucleation of ice on an individual kaolinite particle at 205.4 K. Ice formation is initiated at 124 Pa. False-colored images of kaolinite
(brown) and ice crystals (blue) are shown for clarity. Dashed contour line shows the basal plane and arrows indicate direction of the stacked kaolinite
platelets. Images show (A) prior to ice nucleation; (B) onset of ice formation, 124.2% RHice; (C—F) post ice nucleation event and growth of the ice crystals.
ESEM images A—F were acquired sequentially, separated by 3 seconds. Scale bars are 5 pm.

the basal planes present within the stacked layers because no
nucleation is initiated on the outermost basal plane which is
directly exposed to water vapor in the ESEM chamber. Thus, the
edges of the stacked platelets are responsible for the formation of
ice which was consistently observed here. This observation was
further confirmed by additional isothermal experiments included
in Fig. S4 and S5 of the ESL7

Recently, it was proposed that deposition ice nucleation on
mineral surfaces was likely a homogeneous or immersion
freezing of water in pores or cavities.®® Experimentally derived
onset conditions shown in Fig. 5 are compared to modeled
predictions of pore condensation and freezing (PCF) onsets.*®
Fig. 5 includes the calculated PCF freezing onsets for pore sizes
in the ranges of 7.5-15 nm as the light brown colored area. The
majority of deposition ice nucleation onsets for temperatures
lower than 245 K fall in the range in which homogeneous
freezing in 7.5-15 nm pores is expected. As discussed above, the
surface irregularities on the basal planes of kaolinite range
from a few nanometers to 20 nm with a mode of ~9 nm. These
surface irregularities are in general agreement with the estimated
pore sizes for underlying PCF calculations. Assuming that ice
nucleated by homogenous freezing of water in ~9 nm pores on
the particle surface, some ice nucleation events should have also
been observed on the basal planes. However, based on closer
examination of multiple isothermal experiments on individual
kaolinite particles, (Fig. 7, Fig. S4 and S5, ESIt), formation of ice
was consistently observed only on the edges of the stacked
platelets. These cannot be fully explained by the PCF hypothesis.
These observations suggest that likely chemical differences
between the edge and the basal plane surfaces may define their
propensity to nucleate ice. The kaolinite surfaces consist of either
hydroxylated alumina or non-hydroxylated siloxane basal planes
of the platelets held together by hydrogen bonding. The platelets’

This journal is © the Owner Societies 2016

edges are terminated with dangling OH groups that can be
protonated or unprotonated.**®®’” Theoretical chemistry
modeling has shown that the edges of kaolinite particles
have a stronger affinity for water and both protonated and
unprotonated edges would absorb water at lower RH than
alumina and siloxane basal planes.*® Our experimental observa-
tions suggest that the edges of platelets are the active sites of ice
formation on kaolinite particles. Although hexagonal rings of
water molecules are not predicted to form on the edges of
kaolinite,”” different forms of ice might have nucleated at the
early stage and then transformed into the thermodynamically
favorable hexagonal ice.’®”® Further simulation study is needed
to confirm this hypothesis.

Fig. 8 Identification of individual INPs. (A) Ice crystals nucleated on the
particles; (B) sublimation of ice crystals; (C) identification of INP (in black
squares) after complete sublimation. Scale bars are 10 um.
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Fig. 9 Chemical imaging of individual INPs using STXM/NEXAFS analysis. (A—E) The compositional maps of individual particles including the INPs
(marked by arrows). The different colors represent organic carbon (green), organics and inorganics (blue), organics and elemental carbon (red), and
a mixture of organic, elemental carbon and inorganics (cyan).*° (F) Carbon K-edge spectra for the five identified INPs. The absorption bands of 285.4,

288.5 eV, and 286.5 eV are also shown. Scale bars are 1 um.

3.3 Chemical imaging of individual atmospheric INPs

To demonstrate the experimental capability of tracking and
chemical imaging of micrometer or sub-micrometer size INPs,
ice nucleation experiments were also conducted on particles
collected during the CalNex field campaign. In an experiment
mimicking cirrus cloud conditions, a group of INPs initiated ice
nucleation at ~145.3% RH;.. and 205.4 K via deposition mode.
The onset values are consistent with our previous OM observa-
tions over particles collected at the same location, time, and with
similar total particle surface areas for ice nucleation (0.15 vs.
0.26 mm?).2° Fig. 8 illustrates the identification of the INPs in
the field-collected sample. Fig. 8A and B display the sublimation
of ice crystals. Once the ice crystal completely sublimates, it
leaves behind the INP residues as shown in Fig. 8C. Movie S5
(ESIt) shows the dynamic sublimation of these ice crystals.

The sample with identified INPs was transferred for STXM/
NEXAFS analysis which was then followed by SEM/EDX elemental
analysis. STXM/NEXAFS allows characterization of the carbon
bonding and the mixing states of individual INPs. Carbon
K-edge spectra were collected for the selected sample areas
including the identified INPs and particles in close proximity
to the INPs which did not nucleate ice. Fig. 9A-E show
the compositional maps of five selected sample areas. The
compositional maps illustrate the spatial distribution of major
carbon-type components within individual particles. This
analysis demonstrates that INPs in the selected sample were
composed of organic and elemental carbon. These results are
consistent with the SEM/EDX analysis showing that these INPs
only contain C, N, O as illustrated in Fig. S3 (ESIY).

Fig. 9 indicates that the composition and mixing states of
the identified INP are similar to those of the surrounding non-
nucleating particles. The STXM/NEXAFS analysis demonstrates

29728 | Phys. Chem. Chem. Phys., 2016, 18, 29721-29731

the complex composition of the INPs. The relative contributions
of chemical components of the identified INPs are different.
Based on the Carbon K-edge spectra shown in Fig. 9F, the optical
density at the characteristic energy for different carbon func-
tional groups, such as COOH (288.5 eV) and C—C (285.4 eV),
shows the abundance of different organic species within the
individual INPs.>® Every INP differs somewhat in terms of
its composition, morphology, and mixing state, although the
overall composition is similar among those particles. Thus,
the combination of complementary analytical techniques can
advance the fundamental understanding of ice nucleation by
these ambient particles. The ice nucleation measurement observed
in the IN-ESEM experiments combined with chemical imaging
by SEM/EDX and STXM/NEXAFS allows in-depth physical and
chemical characterization of individual INP and has the potential
to yield physicochemical picture of heterogeneous ice nucleation.

4. Conclusions

The novel IN-ESEM experimental platform was employed
to investigate ice nucleation by laboratory generated and
atmospheric particles at temperatures and RH relevant for
cloud formation. The IN-ESEM system was calibrated by
measuring the melting points of organic compounds and
validated using ice nucleation onset measurements on kaolinite
particles. A field collected particle sample was used to illustrate
the identification and chemical imaging of sub-micrometer size
INPs. The IN-ESEM platform can be applied to microscopic
observation of individual ice formation events, detection of
freezing temperatures and RH onsets, and identification and
location of ice crystals on particle surfaces. When complemented
by chemical imaging techniques, the IN-ESEM ice nucleation
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measurements allow the physicochemical description of INPs.
The IN-ESEM experiments allow ice nucleation examination
with precise control of temperature and RH at atmospherically
relevant ranges. The location of ice crystals on the particle
surfaces that initiate ice nucleation can be detected with a lateral
resolution of ~10 nm. Isothermal ice nucleation experiments on
individual kaolinite particles have shown that ice preferably
nucleates on the edges of the stacked kaolinite platelets, and
not on their basal planes. These experimental observations
indicate that the OH terminated edge surfaces of kaolinite
platelets are potential ice nucleation sites. The chemical
differences between the edge and the basal plane surfaces might
have contributed to their different propensities to nucleate ice.
Theoretical chemistry simulations of ice nucleation on both the
edge and the basal plane surfaces are necessary to provide
further insights.

IN-ESEM is ideally suited to study ice crystal growth
and morphology under a wide range of thermodynamic
conditions.”*"®" Phase transitions®*®* for inorganic and organic
materials can be investigated in situ in great detail and under
very low temperatures. The IN-ESEM platform can also be
applied to other research areas where well-controlled tempera-
ture or RH are required such as cryobiology." The IN cell and
associated control units are modular and can be implemented in
other analytical instrumentation such as a Raman or Fourier
transform infrared microscope to investigate the interaction
of ice or water with other materials.®* The sample holder can
be readily modified to suit different samples/substrate sizes.
In general, the IN-ESEM platform provides a new experimental
tool to probe effects on the nanoscale of various materials in
response to low temperatures and concomitant variation in
RH with previously unachieved precision and resolution. This
technique opens a pathway to new physical chemistry endeavors
to study ice formation processes relevant to atmospheric science,
cryobiology, and material science.
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