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The heterogeneous surface reaction of OH with dry KI(100) results in iodide vacancies in the surface lattice
sites that are filled with OH to generate a stable layer of KOH. Under high-vacuum conditions, in which
surface ions are not mobile, the reaction is self-passivating and generates two molecular layers of potassium
hydroxide, releasing 1.6 × 1016 iodide ions per cm2 of surface area. Reaction rates are identical with those
of NaI(100). A similar surface reaction occurs with alkali bromides (KBr(100)), albeit at a much slower rate
to generate approximately one-tenth of a monolayer of KOH, whereas no observable reaction occurs with
KCl(100) under the conditions of this experiment. The heterogeneous reaction of OH with alkali halides is
found to be dependent solely on the identity of the halide anion and independent of the alkali metal cation
with the relative reaction rates following the anion ordering, I- > Br- > Cl-. The release of halide-containing
species is expected to impact the chemistry of the marine boundary layer.

Introduction

Gas-phase halogens and halogenated oxides affect the com-
position of the atmosphere, playing a key role in regulating the
lifetimes of reactive trace gases.1-3 Reactions of sea-salt aerosols
with gas-phase oxidants (eg. ozone and hydroxyl) have been
suggested as a source of halogenated species in the marine
troposphere.3-13 Field studies have confirmed the presence of
gas-phase halogen compounds in the marine troposphere,
verifying these suggestions.3-6,14-27

The role of iodide, a minor component of sea-salt aerosol
(molar ratio of I- to Cl- in seawater is ∼1:106),3 in interfacial
atmospheric chemistry has recently been questioned following
theoretical predictions of increased iodide concentration at the
free surface of aqueous saline solutions.28-31 Spectroscopic
measurements have now confirmed the surface propensity of
I- in concentrated aqueous solutions of neat NaI and KI.32-34

Krisch et al. demonstrated increased ion concentrations at the
free surface of more complex ternary systems in which the free
surface of KI is covered in a surfactant layer.35 Studies are now
underway to better understand the role of iodide in heteroge-
neous chemical reactions with implications for atmospheric
chemistry. Brown et al. showed the surface of KI(100) to be a
sink for ozone, creating an oxidized interface of KIO3.36-38

Although the fundamental mechanisms of halogen release are
not well understood, heterogeneous reactions that lead to
oxidation of the halide components of sea-salt aerosols have
been proposed to be responsible for their release in the marine
boundary layer, creating photochemically active volatile halogen
species.4

A number of studies have confirmed the importance of IO
and IOI in the chemistry of the marine boundary layer,17-20

whereas the role of iodide in atmospheric processes is not well
understood and continues to be evaluated. Enami et al. recently

demonstrated the catalytic activity of iodide in the oxidation
and subsequent release of bromine (Br2(g)) and chlorine (Cl2(g))
in aqueous nanodroplets exposed to ozone.39 Their study
suggests that iodide-containing particles may play a more
significant role in the atmosphere through secondary processes
than previously recognized.

In this paper, the loss of iodide from the surface of KI(100)
following reaction with hydroxyl (OH) radicals in the presence
of minimal amounts of water vapor is reported. Hydroxyl
radicals (OH) play an important role in the atmosphere by
initiating the photooxidation processes of many pollutants. In
the reaction processes studied here, the halide vacancies created
in the KI lattice are replaced with OH-, and a passivating layer
of KOH is generated. Results from the KI(100) surface are
compared with those of NaI(100), KBr(100), and KCl(100)
surfaces. The surface composition is monitored using X-ray
photoelectron (XP) spectroscopy (XPS), while atomic force
microscopy (AFM) is used as a local probe to monitor changes
in surface topography.

Experimental Section

Solid samples of alkali halide single crystals (Hilger, U.K.,
and MaTeck, Germany) were cleaved along the (100) plane and
immediately transferred to the XPS vacuum system. The freshly
cleaved samples contained small O(1s) intensities in the XP
spectra prior to any OH exposure, a result of strongly adsorbed
surface water that adsorbs from the gas phase during the
cleavage process in ambient air. Hydroxyl radical exposures,
produced by photodissociation of a H2O2/H2O gas mixture, were
performed with a custom-made dosing system that has been
described in detail in the published literature.40 Exposures herein
were performed with a backing pressure of 5.0 mTorr, resulting
in a pressure in the photointeraction region in the free molecular
flow regime limiting any secondary reactions. Under these
conditions, the doser generates an incident flux on the sample
surface of ∼1010 OH/sec. The OH flux is uniform across the
sample surface to within 5%, and the flux is reproducible from
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experiment to experiment to within 10%.40 Following XPS
measurements to monitor the surface elemental composition,
samples were transferred to the AFM instrument for subsequent
analysis of the surface topography.

XPS experiments were performed with an ESCALAB MKII
(VG Scientific) surface analysis instrument. XP spectra pre-
sented herein were collected using Mg KR incident radiation
(1253.6 eV). During these experiments the base pressure of the
spectroscopy chamber was 1 × 10-9 Torr. The experiments were
carried out in constant analyzer energy (CAE) mode at a pass
energy of 10 eV. After each OH exposure, XPS peak areas for
I(4d), K(2p), Na(1s), Br(3d), Cl(2p), and O(1s) were measured.
Peak areas were normalized to the intensity of the freshly
cleaved crystal. XPS peak positions were referenced to the
K(2p3/2) of the original potassium halide(100) starting material
(KI, KBr, and KCl) or to the Na(1s) of the original NaI(100)
starting material.

Specimens of freshly cleaved KI(100) crystals before and after
reaction with OH were imaged in a dry argon environment using
a Park Scientific Instruments AutoProbe CP Research scanning
probe microscope operating in tapping mode. Highly doped
silicon tips (Budget Sensors) with a force constant of 3 N/m
were used throughout. The piezoelectric scanner was calibrated
using a grating in the xy direction and in the z direction using
several conventional height standards.

Results and Discussion

Narrow region XP spectra of the I(4d) and O(1s) regions are
shown in Figure 1 (top and bottom panels, respectively) for the
KI(100) system. The freshly cleaved KI(100) surface has a small
intensity in the O(1s) region prior to the first OH exposure,
attributed to strongly adsorbed water as a result of the cleavage
process in ambient laboratory air. As the exposure to OH is
increased, a decrease in the I(4d) intensity is observed, while
there is an increase in the O(1s) intensity. The increase in the
O(1s) intensity is attributed to the reaction of the OH radical
with the surface. Under our experimental conditions, with a 5
mTorr backing pressure of a 50% w/w H2O2/H2O aqueous gas
mixture and the source photolysis lamps turned off (no OH
production), no background reactivity is observed on the single-
crystal KI(100) surfaces.

Atomic ratios of the I(4d) and O(1s) to the K(2p) are shown
in Figure 2, which summarizes the results of the uptake
measurements shown in Figure 1. Initially, a stoichiometric
I(4d)/K(2p) ratio is measured. With increasing exposure to OH,
a strong O(1s) intensity grows in, while there is a corresponding
decrease in the I(4d) intensity (seen in the decrease of the I(4d)/
K(2p) atomic ratio). Following prolonged exposures of the
KI(100) surface to OH, the surface passivates, and no further
increase in O(1s) intensity or decrease in I(4d) intensity is
observed.

Binding energies (BE) of the I(4d) and O(1s) atomic orbitals
referenced to that of the K(2p3/2) are displayed in Figure 3 as
the exposure to OH is increased to a KI(100) single crystal.
The K(2p3/2) BE has been set at 292.8 eV.41 At all exposures of
OH, the I(4d) BE remains constant at 48.9 ((0.15) eV, in
agreement with its literature value.41 At all exposures of OH,
there is a single iodide oxidation state in the XP spectra. That
is, there is no spectroscopic evidence for the formation of higher
oxidation state iodide species during the reaction. The slight
shift to a higher binding energy of the O(1s) orbital that is easily
seen in Figure 1 is consistent with a nonstoichiometric KOH/
KI/KIOx film that could exist during the initial stages of the
reaction evolving to a KOH film as the reaction proceeds to
saturation.

At saturation exposures of OH, the underlying I(4d) of the
original KI starting material is still present, indicating that the
thickness of the passivating KOH layer is less than the probing
depth of our XPS experiment (I(4d) photoelectrons were
collected at a kinetic energy of ∼1200 eV). Under these

Figure 1. Narrow region XP spectra of the iodide I(4d) (top panel)
and O(1s) (bottom panel) regions following various exposures of a
single crystal of KI (100) to OH. The binding energy scale is relative
to that of K(2p3/2) set to 292.8 eV.41 OH exposures are shown in minutes
for an incident flux of ∼1010 OH/sec at the sample surface.

Figure 2. Uptake measurements as a function of OH exposure time
onto a KI(100) single-crystal surface. In these experiments, the incident
flux of OH at the sample surface was ∼1010 OH/sec. The left axis
displays the O(1s)/K(2p) ratio, while the right axis is the I(4d)/K(2p)
atomic ratio. Error bars indicate the reproducibility of multiple
experiments on newly prepared samples.
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conditions, the probe depth is 4.3 nm.42 The thickness of the
KOH layer formed at passivation can be calculated from the
decrease in the iodide I(4d) signal using a simple overlayer
equation

d) λL ln(Io ⁄ Ix)

where d is the potassium hydroxide layer thickness and λL is
the attenuation length in KOH, taken to be 4.3 nm for a
photoelectron of 1200 eV kinetic energy. Io is the I(4d)
photoelectron peak area of a freshly cleaved KI(100) surface,
whereas Ix is the photoelectron intensity of the I(4d) orbital
following saturation with OH to form a layer of KOH. A thin
7 Å layer of KOH is formed, corresponding to a loss of ∼2
molecular layers of iodide from the KI lattice. For a typical
KI(100) sample of 1 cm2, two molecular layers consist of 1.6
× 1016 I- ions.43 Since the reaction occurs over quite a long
time scale (∼90 min to achieve a passivated surface), the steady-
state concentration of the reaction product released into the gas
phase is too low for us to detect in our present apparatus. As a
result, we are presently unable to identify in which chemical
state the iodine is being released (e.g., I2, IO, IOH, IOI, etc.).
The chemical identity of the released iodine has implications
in atmospheric chemistry. Bloss et al. recently showed that the
HO2/OH ratio in the coastal marine boundary layer is signifi-
cantly altered by IO,16 whereas the condensation of I2 to form
new ultrafine particles in the daytime marine atmosphere has
been shown in multiple research laboratories and explored in
detail using an iodine chemistry model by Saiz-Lopez.20 Studies
are presently underway in our laboratory to identify the chemical
nature of the released iodine species.

We have previously shown that in the absence of water vapor,
the heterogeneous reaction of ozone with KI(100) results in
oxidation of the iodide-anion-forming iodate, in dramatic
contrast to what we observe here for the OH reaction.37 The
passivating layer of KIO3 formed in the reaction with ozone
consists of small particles, 10-30 nm in width and 4-6 nm in
height, that are evenly distributed across the sample surface.36

The reaction does not result in iodide vacancies across the (100)
crystal plane, where the total I(4d)/K(2p) atomic ratio remains
near unity (ie., [I-(4d) + I+5(4d)]/K(2p) ∼1).37

Figure 4 compares the loss of iodide from the surface of
KI(100) with that from the surface of NaI(100) due to the OH
reaction studied here. The results are plotted as a ratio of the

remaining surface area of the I(4d) orbital to that of the freshly
cleaved surface, I(4d)t/I(4d). Both alkali iodide surfaces react
with OH at the same rate, independent of the cation. Following
prolonged exposures of OH, the surface of NaI(100) passivates
to create a thin layer of NaOH similar to that of the KI(100)
system.

Figure 5 compares the relative rates of reaction of OH with
the surface of KI(100) and KBr(100) under similar experimental
conditions. As can be seen from the short-time exposure data,
the initial reaction of OH with KI(100) proceeds at a relative
rate six times faster than that with the surface of KBr(100). It
is important to note here that we are comparing rates of the
reaction with the two single-crystal surfaces not reaction rate
constants. Since the concentration of reactive sites may be
different on the two surfaces, we do not have a direct way to
obtain the rate constants for the reaction of OH with an active
site on the two surfaces. Following prolonged exposures of the
KBr(100) surface to OH, less than a single molecular layer of
KOH is formed, on the order of one-tenth of a monolayer. By

Figure 3. Binding energies (BE) of the I(4d) and O(1s) atomic orbitals
as the exposure to OH is increased for a KI(100) surface. BE’s are
referenced to that of the K(2p3/2) set at 292.8 eV.41 Within the present
precision of our measurements, the BE of the I(4d) orbital remains
constant at all exposures of OH. The slight shift to higher binding energy
of the O(1s) orbital as the exposure to OH is increased is consistent
with a nonstoichiometric KOH/KI/KIOx film that could exist during
the initial stages of the reaction evolving to a KOH film as the reaction
proceeds to saturation.

Figure 4. Decrease in surface iodide with increased exposure to OH.
The red and black markers are for KI and NaI, respectively. The solid
lines are fits to the data. The loss of I- upon reaction with OH is
independent of the cation identity.

Figure 5. Uptake measurements as a function of OH exposure time
comparing the relative rates of reaction with the surfaces of KI(100)
and KBr(100). The inset shows the early stages of the reaction in more
detail. The initial reaction rate is six times greater for the KI(100)
surface than that for the KBr(100) surface. Following prolonged
exposures, the KI(100) surface is covered in two molecular layers of
KOH, whereas the saturation OH uptake onto KBr(100) results in less
than a monolayer of KOH. Error bars indicate the reproducibility of
multiple experiments on newly prepared samples.
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comparison, in the case of KI(100), two complete layers of KOH
are formed. As was pointed out previously,17 it remains difficult
to accurately determine a quantitative OH uptake coefficient
for these systems. The OH radicals are produced in the
molecular flow regime of our high-vacuum doser, making
quantification of the OH concentration impinging on the sample
surface an experimental challenge. As such, it is much more
reliable for us to report relative uptake coefficients for the
different alkali halide single-crystal surfaces under similar
reaction conditions. It is evident from our experiments that the
reactivity of iodide-containing solid surfaces with OH far
exceeds that of bromide-containing compounds under the
conditions of our experiment, in which the surface is considered
to be devoid of adsorbed water molecules. The alkali iodide
surface reacts to form two molecular layers of alkali hydroxide,
whereas the reaction with the potassium bromide surface
saturates after formation of only a submonolayer amount of
product. A possible explanation for this difference in saturation
coverage is that the reaction with OH on the KBr surface may
only occur at step-edge, point defect sites and locations across
the samples terraces where small amounts of surface-adsorbed
water reside. In contrast, the OH reaction with KI(100) occurs
across the entire surface until the multilayer saturation film is
formed. Under this mechanism (we are presently unable to carry
out an AFM experiment in situ to provide further experimental
evidence), the surface of KBr(100) contains, on average, an
approximately 10% surface defect density. The surface reaction
of KBr(100) with OH studied here is then complete once the
surface defect sites have reacted, resulting in one-tenth of a
monolayer of KOH reaction product. We should stress that until
in situ imaging experiments (e.g., AFM) that we are now
designing can be carried out, we do not know for certain that
the OH reaction on KBr(100) is limited solely to defect sites or
regions with adsorbed water. However, the expected defect
density on the KBr(100) surfaces that we used in these
experiments is consistent with the one-tenth of a monolayer
saturation level.

Additional uptake measurements with KCl(100) were carried
out. Under the same reaction conditions to those presented
herein, the reaction of OH with KCl(100) results in no
measurable uptake of oxygen onto the surface and does not
create halide vacancies in the KCl(100) crystal lattice. Figure
6 displays the XP spectra of the K(2p), Cl(2p), and O(1s) atomic
orbitals from a KCl(100) single-crystal surface before (red
squares) and after (blue solid lines) exposure to 90 min of OH
at a surface flux of ∼1010 OH/sec. There is no net change in
the O(1s)/K(2p) atomic ratio following exposure to OH (before
0.01; after 0.02; for comparison, the O(1s)/K(2p) atomic ratio
from the KI(100) sample prior to exposure was 0.03, and
following a similar 90 min OH exposure, it increased to 0.78).
The small, albeit measurable O(1s) intensities from the freshly
cleaved alkali halide surfaces are a result of strongly adsorbed
water at step-edge and defect sites, a result of the cleavage
process in ambient laboratory air. There is also no net loss of
chloride from the KCl(100) lattice sites following exposure to
OH, with an atomic stoichiometry following reaction of 0.99
(well within the reproducibility of our measurements).

Using a flow tube technique combined with an EPR spec-
trometer as a detection method, Ivanov et al. studied the
heterogeneous uptake of OH onto dry NaCl over a temperature
range of 245-340 K and found a γNaCl

OH of (1.2 ( 0.5) × 10-4.44

Our experiments are consistent with this low reaction probability
for this reaction of OH with KCl. The results of their study
conclude that the heterogeneous OH sinks on solid NaCl aerosol

play a very minor role in tropospheric chemistry in comparison
with the homogeneous sinks. The present study has confirmed
that the heterogeneous sinks associated with chloride-containing
species play a very minor role in comparison to iodide-
containing compounds. No study of alkali iodides or bromides
was reported in the Ivanov et al. study. The flow tube technique
is unable to detect changes in the surface composition such as
the surface halide vacancies that we report here. To the best of
our knowledge, the present study is the first direct observation
of halide replacement created by heterogeneous surface reaction
of alkali halides with OH under dry conditions. The heteroge-
neous reaction of OH with the surface of alkali halides is
dependent on the identity of the halide ion and independent of
the alkali metal cation, and being a surface-specific reaction, it
is expected to scale with exposed halide surface area.

An ex situ AFM image obtained following surface passivation
of KOH from a KI(100) single crystal is shown in Figure 7.
There are large particles that have formed across the sample
terraces that are assigned as KOH. Under ambient laboratory
conditions (∼35% relative humidity), the surface ions become
solvated and mobile. Under these conditions (the sample needed
to be transferred between instruments for AFM analysis), the
surface KOH layer restructures into large particles as a means
to minimize the surface free energy. It is our belief that the
surface reconstruction is an artifact induced by surface ionic
mobility and would not be present if we were able to monitor
the surface topography in situ under high-vacuum conditions.

Figure 6. High-resolution XP spectra of the K(2p) (a), Cl(2p) (b),
and O(1s) (c) atomic orbitals from a KCl(100) single-crystal surface.
The spectra of the freshly cleaved surface are shown as red squares,
whereas the solid blue lines were collected following a 90 min exposure
to OH at a surface flux of ∼1010 OH/sec. There is no net increase in
O(1s) intensity onto the surface. In addition, the chloride to potassium
stoichiometry remains unity following reaction, indicating that there
is no halide replacement created throughout the KCl lattice with OH
exposure.
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While a detailed understanding of the surface morphology during
the reaction in vacuum must await in situ imaging experiments,
the results of the XPS analysis point toward the formation of
two molecular layers of KOH that are evenly distributed across
the sample surface.

Thermodynamically, the reaction of gas-phase OH with
potassium halide surfaces is energetically downhill according
to the following reactions, where the hypohalous acids are
formed as a reaction product in the gas phase45-47

KI(s) + 2OH(g) f KOH(s) + IOH(g) ∆Hf° )-263 kJ ⁄ mol
KBr(s) + 2OH(g) f KOH(s) +BrOH(g) ∆Hf° )-168 kJ ⁄ mol
KCl(s) + 2OH(g) f KOH(s) +ClOH(g) ∆Hf° )-145 kJ ⁄ mol

with an increasing ∆Hf° going from KI to KBr to KCl. The
results of our current study are in accord with this trend. The
reactivity of OH was seen to be greatest with KI, generating
two stable atomic layers of KOH, followed by KBr, where the
initial reaction proceeded at a rate six times slower and the
passivated reaction generated only approximately one-tenth of
a monolayer of KOH. The reaction of OH with the surface of
KCl(100) does not result in a measurable uptake of oxygen onto
the surface.

There have been a number of aqueous-phase studies that point
to unique interfacial chemistry with certain inorganic species,
in particular, the halide series of the present study. In a study
of deliquesced NaCl particles with OH, Knipping et al. observed
the formation of gas-phase Cl2(g) that was far in excess of the
amount expected based solely on the bulk acid catalyzed reaction
mechanism.3,7 On the basis of their experimental observation
and accompanying molecular dynamics simulations, Knipping
et al. proposed an interfacial reaction mechanism that replaced
Cl- in solution with OH-, thereby releasing gas-phase Cl2(g)

2Cl-+ 2OH(g)f 2OH-+Cl2(g)

Two intermediate surface “complexes” of OH ·Cl- are postu-
lated to form preceding electron transfer, generating the final
products.7 In this mechanism, the halide species are released
from the particle as molecular gas-phase iodine, bromine, and
chlorine (for particles containing the different halides), and the
hypohalous acids (HOI, HOBr, and HOCl) are not produced in
the gas phase.

The reaction of OH with the surface of dry alkali halide
single-crystal (100) surfaces could follow either of the two
reaction pathways outlined above. In one case (we focus on

the discussion of potassium iodide(100) here), iodine is released
into the gas phase as hypoiodous acid (HOI), whereas following
the second proposed reaction pathway, the iodine is released
into the gas phase as molecular I2(g). Both models share a similar
fate with regards to the surface of the potassium iodide(100)
single crystal. The iodide ions are replaced within the crystal
lattice framework with OH to generate a stable self-passivating
layer of KOH. Once this layer, which is approximately 7 Å
thick, is formed, the reaction terminates, and there is no further
evidence for the continued reaction and uptake of OH onto the
surface.

Conclusion

The heterogeneous surface reaction of OH with dry alkali
iodide (KI and NaI(100)) single-crystal surfaces results in
oxidation of the halide and formation of halide vacancies across
the top two molecular layers that are replaced by hydroxide to
form a stable passivating layer of alkali hydroxide. Similar
reaction rates are observed for both KI(100) and NaI(100). The
reaction with alkali bromide single-crystal surfaces proceeds
eight times slower and occurs only at step-edge and point defects
sites across the surface, resulting in approximately one-tenth
of a monolayer of alkali hydroxide. No net reaction is observed
for NaCl(100) under the same reaction conditions. The hetero-
geneous surface reaction was shown to depend on the identity
of the halide ion while being independent of the cation.
Presently, the chemical identity of the released halogen species
is unknown; however, our results are consistent with the
mechanisms suggested in the literature, both of which predict
the production of a surface hydroxide. The results presented
herein clearly demonstrate that dry sea-salt aerosol should be
considered as a source of atmospheric halogen (in particular,
iodide-containing particles) compounds and must be properly
accounted for in heterogeneous kinetic models.
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