J. Phys. Chem1996,100,6371-6375 6371

Water-Induced Reorganization of Ultrathin Nitrate Films on NaCl: Implications for the
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Reactions of sodium chloride, a major constituent of atmospheric sea salt particles which have been observed
in the marine boundary layer as well as inland, and nitrogen oxides are known to form gas-phase chlorine
species that may ultimately influence tropospheric ozone levels. Therefore, studies were carried out on sodium
chloride single crystals which were exposed to nitric acid vaper288 K to form surface bonded nitrate.

Upon exposure to water vapor pressures below the bulk dissolution (deliguescence) of sodium chloride and
sodium nitrate, two-dimensional nitrate layers on the surface of sodium chloride crystals reorganized to form
separate three-dimensional microcrystallites of sodium nitrate which were observed using transmission electron
microscopy. X-ray photoelectron spectroscopy results show that the reorganization of the surface, and the
regeneration of a fresh NaCl surface, also takes place under conditions where-@hjtdate monolayers

initially existed. These results explain atmospheric observations of highly variable chlorine deficits within
individual sea salt particles and suggest that a large portion of the particle chloride, not just the original
surface, may become available for reaction.

Introduction to form small, three-dimensional sodium nitrate crystallites. This
recrystallization process results in the exposure of fresh NaCl
surface for further reaction. The result is that substantial
fractions of the chlorine can be reacted from NacCl particles by
reactions 4 in the presence of water vapor. Surprisingly,
this recrystallization is observed to occur at water vapor relative
humidities well below the deliquescence point of bulk NaCl(s)
or NaNGy(s).

Sodium chloride is the major constituent of sea salt particles
which are generated by wave action and which constitute a
substantial component of the particulates in the marine
tropospheré-” Thus, the reactions of solid NaCl with gaseous
pollutants such as HN$ N,Os, NO,, and CIONQ are
potentially important because they produce sodium nitrate and
gas-phase chlorinated produ8t3?

HNO4(g) + NaCl(s)—~ NaNOy(s) + HCl(g) ~ (1)  Experimental Section

The reactions on NaCl were studied with X-ray photoelectron
N,Os5(g) + NaCl(s)— NaNGO,(s) + CINO,(qg) (2) spectroscopy (XPS) and transmission electron microscopy-
energy dispersive spectroscopy (TEM-EDS). The XPS experi-

2NO,(g) + NaCl(s)— NaNOy(s) + CINO(g) (3) ments quantified the surface reaction of nitric acid with sodium
chloride as a function of total dosage followed by exposure to

CIONOL(g) + NaCl(s)— NaNQy(s) + Cl,(g)  (4) water vapor. The TEM-EDS experiments identified changes
in the morphology and composition of the sodium chloride
The gas-phase products of reactions42are particularly surface after exposures to nitric acid and water vapor.
significant since they will photolyze to form Cl atorf$1"The In the XPS experiments, an ESCALAB MKII photoelectron
subsequent reactions of atomic chlorine with @ organics spectrometer (VG Scientific) with three separate ultrahigh
have the potential to play an important role in the determination Vacuum (UHV) interconnected chambers (sample preparation,
of the tropospheric 0zone concentratiéhs. fast sample entry, and spectroscopy) was used. Typical
We have shown previously that the reaction of dry HNO ~background pressures were—@) x 107'° Torr. The ES-
with solid NaCI(100) single crystals occurs with a reaction CALAB MKIlis a multi-technique surface analysis instrument
probability of 4 x 1074 and is self-limiting?® That is, an based on a UHV system. The XPS experiments were carried
ultrathin film (1-2 monolayers) of NaN@is formed as the ~ ©Out in the spectroscopy chamber which is equipped with a
product and the reaction stops due to the formation of this Standard Mg/Al twin anode X-ray source and a 150 mm radius
“protective” film on the surface. Our recent infrared stuéfles ~hemispherical electron energy analyzer. AlK-rays (1486.6
also indicate that the environment of the nitrate species initially V) were used in the experiments described here. All spectra
formed in the reactions of HN§{or NO,, or N,Os) with NaCl were obtained using a constant analyzer pass energy of 20 eV.
particles is altered by exposure to gas-phase water. NaCl(100) single crystals (Bicron) were used in the XPS
In this study we use transmission electron microscopy and €xperiments. After cleaving, the NaCI(100) crystals (5.0 mm
X-ray photoelectron spectroscopy to show that exposure to waterx 5.0 mmx 1.0 mm) were clamped to a copper sample holder
vapor of a NaCl crystallite which has been reacted with dry and then heated in UHV to 473 K to remove any impurities.

HNO; results in the recrystallization of the ultrathin nitrate layer XPS spectra confirmed the cleanliness of the NaCl surface to
better than a few percent of a monolayer.

® Abstract published ilAdvance ACS Abstractdjarch 15, 1996. Nitric acid was prepared in a 50:50 v/v mixture with sulfuric
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acid (Aldrich 70% A.C.S. reagent grade Hil@nd Fisher 95 TEM-EDS Results
98% A.C.S. reagent grade,80y). In the XPS experiments, ) ) ) )
dosing of the NaCl sample with dry HNGrapor above the Figure 1la shows a typical cubic NaCl single crystal ap-
HNOy/H,SO: mixture was carried out using an all glass capillary Proximately 2.5um in size prior to reaction. After imaging,
doser that was mounted on the sample preparation chamber and'® NaCl crystals were transferred to the glass manifold and
was thoroughly conditioned with dry HNrior to dosing the ~ €XPosed to a flow of HN@in helium ([HNG] = 1.2 x 10%
NaCl crystal. Details of the glass capillary doser apparatus haveMolecules cm?® for 15 min). The HNQ@He mixture was
been published elsewhe¥eNitric acid pressures in the doser Pumped off and followed by a flow of pure helium. The grid
were measured by a Baratron capacitance manometer. with t.he NaCl crystals was removed from the glass manifold
Water vapor exposure of the reacted sodium chloride crystal E\T:)%rlar;c:?e;fi:Ov(\:/EZfeotfr:(raalg?—lfev:/réggr:;;Zirzlél\t/lc; \g:slséf(()iefo:?
was carried out in the fast sample entry chamber by allowing at 296 K)y TEM images of the same crystals were then obtained
water vapor to backfill into the chamber. (Transfer to and from '

. . . (Figure 1b). At this resolution, there is no visible change in

interconnected chambers was carried out under UHV condi- .

tions.) A separate Baratron capacitance manometer was use he morphology of the NaCl crystal. The grid was stored at a
’ P P ; H corresponding to water vapor pressures-e54rorr at 295

to measure the water vapor pressures. The experimental

; K and the NaCl crystals were then exposed in the vacuum
arrangement allowed for rapid turn-on-3 s) and turn-off ¢10 manifold to 15 Torr of water vapor (corresponding to a RH of
s) of the water vapor exposures.

] ) 71%) for a few seconds and then 4 Torr (RH20%) for 2
In the TEM-EDS experiments, most studies were performed

R = 8 min. The glass manifold was pumped and helium flowed
at the UCI TEM facility in a Philips CM20 TEM (200kV) with  {hr5ugh the reaction vessel for 1 min. The grid was transferred

an EDS attachment (EDAX PV9800) for detection of X-ray 5 the TEM at a maximum RH of 24%, corresponding to 5 Torr
fluorescence. Magnification of the sample ranged between 22 5t 295 K. The images then obtained (Figure 1c) clearly show
and 660,008 . Typical magnification used to locate and View  hat the higher water vapor pressures induced a surface
micron size crystals ranged between 208nd 50,006&. To reorganization of the nitrate layer into separate microcrystallites
limit electron beam damage, a Gatan Cold Stage (Model 636- ot NaNO; on the NaCl crystal host. After imaging, the grid
P1) which cooled the samples to liquid nitrogen temperatures \y45 removed and exposed to laboratory air at a RH of 22% (5
was used during EDS spectra acquisition. Local heating still Torr ot 296 K) and reacted a second time with HNBINO3]
occurred; however, the rate of heating of the sample was — 1 3 x 105 molecules cm? for 15 min) and then exposed to
significantly inhibited, and therefore radiation damage was |aporatory air at a RH of 24% (5 Torr at 297 K). A TEM image
reduced. showed no visible change as compared to Figure 1c, and

For the TEM experiments, sodium chloride crystals were therefore this image is not shown here. TEM viewing was
grown from a 0.2 M NacCl solution on the Formvar side of a followed by 10.6-12.5 Torr water vapor exposure at 297 K
Pelco Carbon-Type B nickel grid. Three small droplets of NaCl (RH = 45%—56%). Figure 1d shows that after this second
solution were initially placed on a Petri dish. Wiping of the cycling of HNO; and then HO vapor, additional sodium nitrate
grid over the droplets coalesced the drops underneath thecrystallites attached to the NaCl were formed. EDS spectra
Formvar coating. The grid was then allowed to “float” on top confirmed the lack of chlorine in the newly formed crystallites
of the solution at~298 K until evaporation of the solution was (EDS detection at the UCI TEM facility is limited to heavy
complete 30 min). Cubic sodium chloride particles in the elements and is unable to detect the existence of nitrogen or
micron size range were obtained by periodic agitation during oxygen).

the crystallization process. Light-element energy dispersive spectroscopy was performed
Exposure of the NaCl crystals to nitric acid vapor as a mixture at the USC CEMMA facility on similarly reacted crystals for
in He was carried out inside an all-glass gas-handling manifold. elemental identification to clarify the existence of NajNO
Water vapor exposures were carried out by exposure either tocrystallites on the NaCl surface. Initially, the TEM electron
laboratory relative humidity (RH) and/or to the equilibrium beam was focused on a possible sodium nitrate crystallite on a
vapor pressure above a reservoir of deionized water. Insidecorner of the sodium chloride host crystal. The spectrum in
the all-glass manifold, water vapor pressure was measured byFigure 2a shows the nitrogeroipeak at 0.392 keV, the oxygen
two different Edwards high-vacuum pressure gauges (600AB Ko peak at 0.525 keV, the sodiunuipeak at 1.041 keV (and
transducer 1000 Torr range with a Model 1500 electronic a small carbon K peak at 0.277 keV due to hydrocarbon
manometer and a 570AB transducer 1000 Torr range with a contamination). This spectrum is very similar in relative
Model 1174 electronic manometer). The 600AB transducer element intensity to that of a sodium nitrate standard. The
gauge has a manufacturer’s stated accuracy of 0.15% and thespectrum in Figure 2b was taken by focusing the TEM electron
570AB transducer gauge 0.05% accuracy. The manifold relative beam on the adjacent corner of the same reacted NacCl crystal.
humidity (RH) was calculated from the pressure measurementsThis corner appeared clean (no visible Naj@owth). Clearly,
and the temperature. The laboratory relative humidity to which no nitrogen or oxygen peak is present and only tlhepéak of
the sample was exposed (atmospheric water vapor) was recordedodium at 1.041 keV and the chloride peaks af Kt 2.621
by a Fisher Scientific humidity/temperature meter (Digital keV and K3 at 2.815 keV were observed. When compared to
TachometeM, Model 11-88-6), calibrated against the National other sodium chloride standards, this spectrum is very similar
Institute of Standards and Technology Traceable Instrumentationwith respect to relative peak intensities. (Chlorine is a more
with a limit of error of +1.5% RH andt-0.4°F. The calibration efficient emitter of X-rays and therefore typically gives a much
complies with the requirements of ISO 9000 Certification. more intense EDS signal.) Conclusively, the light-element EDS
For light element EDS analysis:(Na), a Philips 420T TEM spectra confirms NaNgXxrystallite growth on the NaCl crystal
(120 kV) with a Kevex/Fisons Light Element EDS attachment host.
(Sigma LPX2) at the University of Southern California Center It is uncertain how much of the surface (i.e., to what depth)
for Electron Microscopy and Microanalysis (CEMMA) was has reacted with nitric acid in these experiments. However,
utilized. the XPS experiments described below confirm that the same
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Figure 1. TEM micrographs of the same sodium chloride host crystal (a) before any exposure tg (N&fter exposure to HN§ 1.2 x 10'®
molecules cm? for 15 min). (c) Following HNQ exposure, the crystal was exposed to water vapor pressdre Torr), and (d) then exposed to
another complete cycle consisting of HN(.3 x 10 molecules cm? for 15 min) followed by water vapor<(12.5 Torr).

phenomenon takes place under conditions where orl2 1  the increase in the chlorine signal is consistent with a three-

monolayers react. dimensional recrystallization of the nitrate film, leaving freshly
exposed NaCl surface. As three-dimensional crystallites of
XPS Results sodium nitrate are formed, a smaller fraction of the nitrate ions

are near the surface to allow detection by XPS, leading to the
decrease in N and O signals. At the same time, fresh NaCl is
exposed leading to the observed increase in the Cl signal.

Figure 3 shows a survey scan photoelectron spectrum of the
NaCl surface following exposure of dry nitric acid to the sample.
Nitrogen and oxygen are clearly observed as indicated by the
N 1S peak at 407.8 eV and the O 1S peak at 533.3 eV
(characteristic of a nitrate species). The binding energies
reported here in the text are corrected for charging of the sample Both the TEM and XPS results show that exposure to water
by assigning a binding energy of 1072.0 eV to the Na 1S peak. vapor of sodium chloride crystals containing surface nitrate
The sample charging observed in our experiments was only afollowed by removal of the water leads to phase separation of
few electronvolts in magnitude and quite constant from sample the chlorine and nitrate, with the concomitant growth of three-
to sample. The figure inset shows the growth of the nitrogen dimensional sodium nitrate crystallites. This recrystallization
1S signal as a function of nitric acid exposure. Spectra such asresults in the generation of a clean surface of NaCl which is
these allow us to quantify the surface concentration of N, O, then available for further reaction. Perhaps most surprising,
and Cl. Figure 4a shows the relative surface concentrations ofthis phenomenon occurs at water vapor pressures below the
N, O, and CI as a function of nitric acid exposure, clearly deliqguescence points of bulk sodium chloride (18.1 Torr at 298
indicating the saturation of the reaction afte20 min under K) or sodium nitrate (17.6 Torr at 298 K;.
the exposure conditions used in this experiment. The passivation Chung et af” reacted NaCl with N@and water vapor, and
of the surface is consistent with the formation of an unreactive after further exposure to water vapor and drying, report sodium
ultrathin film of nitrate. The decrease in the ClI XPS signal chloride and sodium nitrate diffraction patterns. However, no
can be used to estimate the thickness of the nitrate film. phase separation between the two crystalline structures appeared

Discussion

Assuming an attenuation length of 2.07 nm for C§;z2Blectrons in their TEM micrographs even though water vapor exposure
in the sodium nitrate laye® the decrease in the Cl signal is  exceeded both sodium chloride and sodium nitrate deliquescence
consistent with a~1 nm thick nitrate film. points. Although our results are qualitatively in agreement, we

Figure 4b shows the effect of exposure to water vapor (3 observe a separation of the sodium chloride and sodium nitrate
Torr) of a surface which had been previously saturated with crystals and in addition, the separation occurs below the
nitric acid. The observed decrease in the nitrogen signal anddeliquescence points.
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365 405 409 4i3 417eV] (g) exposure. Saturation is indicated afte20 min of exposure time.
2202 \\J o e (b) XPS data as a function of water vapor exposure (3 Torr) to the
°© . NaCl(100) surface following the HN{(y) exposure shows a decreasing
219 N signal and an increasing Cl signal which indicates three-dimensional
1.46 ap recrystallization of the ultrathin nitrate film.
073 L\u&p vapor, physical adsorption of the water occurred, and between
i o BE G ST O i 10 Torr and the deliguescence point, cationic hydration with

Binding Energy (€V) an associated relatively mobile phase on the surface was
) . postulated. Similarly, molecular dynamics calculations and
Figure 3. XPS survey scan spectrum of the NaCl surface following . . .
exposure to dry nitric acid. The inset shows the nitrogen 1S signal as SECONd harmonic generation experiments by Wassermariet al.
a function of nitric acid exposure. Binding energies in this figure are indicate that at low coverage, water adsorbs on polished NaCl
not corrected for sample charging. windows as isolated molecules at cationic surface sites. How-
ever, at approximately half a monolayer coverage, a two-
A number of studies in the past have documented the dimensional network of water molecules forms as the binding
formation of interesting water structures on the surface of energy between water molecules exceeds that between water
unreacted NaCl. For example, Barraclough and #ddvor and the surface. Finally, Ewing and co-workéiebserved that
interpretation of their isotherm for 4 on NaCl powders in a two-dimensional water structure similar to a liquid forms on
terms of two-dimensional condensation of water on the solid NaCl crystallites at 296 K at coverage corresponding to more
surface. They also report that the salt behaved as if it had athan 20% of the surface sites.
liquid surface layer after adsorption of more than two water A number of studies have shown that single crystal NaCl-
layers (corresponding te-8—9 Torr), and proposed that this  (100) in UHV does not adsorb water (e.g., see Estel &) at
could lead to recrystallization of the surface, similar to what 298 K, which is confirmed by our lack of XPS observation of
we observe for the reacted surface. Hucher &P &llowed oxygen on our single crystals following exposure to only water.
changes in the surface conductivity of NaCl at 298 K and Adsorption of water on crystallites likely occurs initially at
simultaneously changes in the surface structure as a functiondefects and edges. Prior reaction with HNisrupts the NaCl
of water vapor pressure. They observed two domains below surface structure and generates an ultrathin nitrate film whose
the deliquescence points. In the first, up+d0 Torr water free energy is different from that of bulk sodium nitrate. This
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surface may have a much larger number of effective defects Dr. H. Sievering for sharing the results of their work prior to
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