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ABSTRACT

Nanoparticulate zinc oxide and micron-size zirconium hydroxide powders have been exposed to sulfur
dioxide and nitrogen dioxide by flowing the gases, diluted with nitrogen, over powder samples. X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, and thermogravimetric analysis (TGA) indicate
strongly bound, chemisorbed SO3; and NO; surface species. Two pre-treatments of the nanoparticulate
ZnO samples prior to gas exposure have been investigated: (1) drying overnight in a vacuum oven and
(2) hydrating the samples by placing them overnight in water-saturated air. A dramatic difference in
reactivity of ZnO is observed, with approximately two-fold and ten-fold greater uptake of NO, and SO,
respectively, measured by XPS for the hydrated samples relative to the dried ones. Transmission elec-
tron microscopy (TEM) demonstrates that the greater uptake arises from a morphology change in the
case of the hydrated samples. For zirconium hydroxide, no morphology change is observed for hydrated
samples, and SO4 (ads), in addition to SO (ads), is indicated by XPS. ZnO and Zr(OH)4 both exhibit photolu-
minescence (PL) spectra, with peak intensities that change dramatically due to hydration and subsequent
exposure to SO, and NO, gases. Dosing of the powders with these gases effectively reverts the PL spectra

to those corresponding to less hydration.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Surface reactions of metal oxides and hydroxides are impor-
tant for various applications such as gas sensing, catalysis and
industrial processes involving removal of toxic gases [1-6]. ZnO
is one of the most studied metal oxides and has potential for a
broad range of optical, electronic and piezoelectric applications
[7,8]. Nanoparticulate ZnO has a bimodal photoluminescence (PL)
spectrum consisting of an excitonic ultraviolet (UV) emission peak
and a visible peak arising from nonradiative transfer of an excited
electron from the conduction band to a lower lying electronic state,
originating from surface defect states, and subsequent decay from
this state to the valence band [9]. Idriss and Barteau [10] inves-
tigated the effect of various adsorbates (O,, CO, H,, COOH and
CH30H) on the photoluminescence behavior of ZnO surfaces and
concluded that the photoluminescence is sensitive to the nature
of the adsorbate. Rodriguez and co-workers [11-13] studied the
chemistry of SO, and NO, on polycrystalline ZnO using photo-
electron spectroscopy. Their studies indicate that these molecules

* Corresponding author. Tel.: +1 978 934 3666.
E-mail address: James_Whitten@uml.edu (J.E. Whitten).

0169-4332/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2012.02.093

chemisorb to the surface by bonding to oxygen sites, forming
adsorbed SO3 and NOs.

Zirconium hydroxide has been investigated by Peterson et al.
|5,6] for its ability to remove sulfur dioxide in respirator appli-
cations. The removal capacity was found to be high relative to
impregnated activated carbon, and filtration breakthrough curves
showed that SO, is strongly bound to Zr(OH)4. X-ray photoelec-
tron spectroscopy (XPS) revealed the formation of zirconia sulfite
[Zr(SO3),], and the data suggested that a small fraction (ca. 10%) of
the surface hydroxyl groups are replaced by SO,.

In the present study, we have examined differences in reac-
tivity of dried and hydrated ZnO nanoparticles to SO, and NO,
gases. In addition to establishing that SO3 (ads) and NO3 (ads) are
formed on the surface, X-ray photoelectron spectroscopy exper-
iments demonstrate that physisorbed water dramatically affects
the amount of chemisorption. Adsorption of SO3 and NO3 are con-
firmed by Raman spectroscopy. Electron microscopy shows that the
morphology of the hydrated nanoparticles changes upon gas expo-
sure, with greater adsorption due to degradation of the particles
and greater surface area. It is further shown that the photolumines-
cence spectra of the nanoparticulate ZnO change due to hydration
and to gas exposure. In the case of Zr(OH)4, SO3 and NO3 species
also form on the surface. However, no change in morphology is
observed related to the degree of hydration. Zr(OH )4 exhibits strong
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Fig. 1. Experimental setup used to expose metal oxide and metal hydroxide powders to sulfur dioxide and nitrogen dioxide gases.

PL which is affected by the degree of hydration and SO3 and NO3
chemisorption. The origins of the changes in the PL spectra are
discussed.

2. Experimental

Nanoparticulate ZnO, with an average particle size of 20 nm,
was purchased from NanoAmor (stock no. 5810HT). To investigate
the effect of physisorbed water on reactivity, zinc oxide was either
dried overnight in a vacuum oven at 200°C or stored overnight
in a vessel filled with water-saturated air. Zr(OH),4 granules, with a
mean size of 7 um, were prepared as described in ref. [5] using pow-
der purchased from Magnesium Elektron, Inc. (product X20631).
The granules were then either used directly (denoted “as-received”)
or exposed to water-saturated air, as in the case of ZnO. Sam-
ples exposed to water-saturated air overnight are referred to as
“hydrated”.

Unless otherwise specified, sulfur dioxide and nitrogen diox-
ide exposures were performed using the setup shown in Fig. 1.
Approximately 1 g of the nanoparticles was placed in the U-shaped
Schwartz drying tube, with glass beads added to increase the sur-
face area and facilitate enhanced contact with the flowing gas. To
remove air prior to gas exposure, pure nitrogen was passed through
the tube for 10 min at a flow rate of 150 ml/min. The reactive gas
was then added at a flow rate of 30 ml/min, such that a reactive-to-
inert gas ratio (by volume) of 1:5 was used. The nanoparticles were
exposed to the gas mixture for a total of 20 min. They were then
purged briefly with pure nitrogen and stored in a capped bottle for
analysis.

Vacuum compatible, double-sided adhesive carbon tape was
used to attach nanoparticle samples on stubs for transfer into the
VG ESCALAB MKII X-ray photoelectron spectroscopy instrument
equipped with an Mg Ka X-ray source (hv=1253.6 eV). Photoelec-
trons were detected using a pass energy of 20eV and a take-off
angle of 90°, defined as the angle between the surface plane and
the entrance of the focusing lens of the analyzer. XPS spectra were
corrected for surface charging, which occurs due to incomplete
compensation of ejected electrons, by shifting all of the spectral
regions by the energy necessary to align the Zn 2ps3;, peak to
1021.7 eV, the known binding energy of zinc oxide [14]. For zir-
conium hydroxide, the observed binding energy for the Zr 3ds),
peak was 182.4 eV. This is in excellent agreement with the expected
value for ZrO,, which is essentially identical to the Zr 3ds, binding
energy for Zr(OH)4, and no corrections for charging were nec-
essary. Atomic ratios for elements in a particular sample have
been calculated by integrating the areas under the XPS peaks of

interest (e.g., S 2p and Zn 2p3), ), dividing the areas by the appropri-
ate sensitivity factors, and ratio-ing the values. Direct comparison
of intensities and areas for different samples is not possible due to
sample-to-sample variation in charging and sample angle. There-
fore, intensities of multiple XPS spectra shown in a particular figure
should not be directly compared.

Photoluminescence spectra were acquired using a FluoroMax-3
fluorescence spectrometer (Horiba Jobin Yvon, Inc.) equipped with
a solid sample holder accessory. The angle of incidence was opti-
mized for the best signal to noise ratio but held constant for each
group of samples. Optical filters were placed in both the excita-
tion and emission paths in order to suppress stray light, to further
monochromatize the exciting light and to prevent scattered exci-
tation light from entering the detection system. In the case of
Zn0, Hoya U340 and Newport CGA-345 filters, and for Zr(OH)4 PL
measurements, Hoya U340 and Schott GG385 filters, were used
in the excitation and emission paths, respectively. The excita-
tion wavelength for the ZnO and Zr(OH)4 samples was 325 nm.
Thermogravimetric analysis (TGA) under nitrogen atmosphere was
performed using a DuPont TGA 2950 instrument at a heating rate
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Fig. 2. Mg Ka XPS of the O 1s region of dried and hydrated zinc oxide nanospheres.
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Fig. 5. TEM images of dried and hydrated ZnO nanospheres before and after exposure to nitrogen dioxide and sulfur dioxide. All samples are shown at two different
magnifications, with the untreated sample shown at lower magnification on the top left and at higher magnification on the top right.
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Fig. 6. Thermal gravimetric analysis of (a) SO,- and NO,-exposed dried zinc oxide and (b) SO,- and NO,-exposed hydrated zinc oxide.

of 10 °C/min. Transmission electron microscopy (TEM) experiments
were performed using a Philips EM 400t microscope and an acceler-
ating voltage of 100 kV. Raman spectroscopy measurements were
carried out with a Bruker Senterra microscope system. The excita-
tion wavelength was 532 nm at a power of 20 mW in a spot size of
ca. 5 pm.

3. Results and discussion
3.1. Zinc oxide

Fig. 2 displays O 1s XPS spectra of dried and hydrated nanopar-
ticulate ZnO. Peak fitting was performed with a Shirley-type

background and 35% Lorentzian/65% Gaussian components. Two
components are identified at 530.5 and 532.0 eV. These correspond
to oxygen present in bulk ZnO and in hydroxyl groups and water
bonded to the surface of the ZnO nanoparticles, respectively. Inte-
gration of the peaks corresponding to the two components yields
O(OH)/and O(bulk) ratios for the dried and hydrated ZnO NPs of
0.69 and 0.80, respectively, consistent with higher water content
in the latter sample.

S 2p XPS spectra of sulfur dioxide-exposed hydrated and dried
nanoparticulate ZnO samples are shown in Fig. 3. For reference,
the S 2p3), peak binding energies for SO,, SO3 and SO4 adsorbed
on ZnO are ca. 165.6, 166.8, and 168.0eV, respectively [12]. The
strong sulfur peaks observed in the range of 167.0-167.5eV are
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Fig. 7. Raman spectra of (a) hydrated ZnO nanospheres exposed to sulfur dioxide and nitrogen dioxide and (b) Zr(OH)4 powder exposed to these gases. The laser wavelength

was 532 nm.
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consistent with the molecule being adsorbed as SO3; and possi-
bly SQy4, via adsorption on O sites. Interestingly, in the case of the
hydrated ZnO sample, a small amount of SO;, is also present, indica-
tive of some chemisorption on Zn sites. The S/Zn ratio following
exposure of dried and hydrated ZnO samples to sulfur dioxide is
0.11 and 1.3, respectively.

Fig. 4 displays corresponding N 1s XPS data for nitrogen dioxide-
exposed dried and hydrated ZnO. The binding energy at 407.1eV is
consistent with NO3 adsorption, as observed by Rodriguezetal.[12]
at 406.9 eV for ultrahigh vacuum-dosing of polycrystalline and sin-
gle crystal zinc oxide with nitrogen dioxide. For reference, adsorbed
NO, has a peak N 1s binding energy of 403.6eV [12]. The high
binding energy shoulder at ca. 409 eV of the dried sample likely
originates from NO3; bonded on more than one type of site com-
pared to the hydrated sample; in other words, the bonding is less
homogeneous for the dried sample. The reason for this difference is
not clear. The N/Zn ratio following exposure of dried and hydrated
ZnO samples to nitrogen dioxide is 0.2 and 0.4, respectively.

These results indicate that hydration of the ZnO prior to SO,
and NO, exposure causes an increased uptake relative to dried ZnO.
Fig. 5 shows transmission electron microscope images of dried and
hydrated ZnO nanoparticles before and after exposure to the two
gases. The images clearly demonstrate that a morphology change
occurs upon exposure of the hydrated particles to the gases; this
does not occur for the dried samples. For the hydrated samples,
exposure to the gases leads to erosion and partial dissolution with
a concomitant increase in surface area. This is, at least partially,
responsible for the greater gas uptake relative to the dried samples.
One may speculate that the mechanism for this morphology change
is that physisorbed water dissolves NO, and SO3, with the latter
removed from the surface of the ZnO particles, and forms nitric
acid and sulfuric acid, respectively. ZnO is known to be dissolved
by acids [18], which would be consistent with the TEM images in
the figure.

Fig. 6a and b shows TGA data for dried and hydrated ZnO sam-
ples, respectively, after exposure to SO, and NO,. While a small
amount of desorption occurs below 100°C, in all cases, the major-
ity of the weight loss occurs above this temperature. In the case of
the SO,-dosed sample, the greatest decrease in mass occurs at ca.
175°C. Rodriguez et al. [12] observed the disappearance of the X-
ray absorption near edge spectroscopy peak arising from SO3; upon
heating to 50-100°C. A small signal persisted to temperatures as
high as 350°C and was postulated by the authors possibly to be
due to adsorbed SO4. For the NO, data in Fig. 6, the corresponding
temperature is ca. 200°C. As discussed previously, XPS indicates
that the adsorbed species is NO3. Our results are consistent with
ref. [12], which found that NO3 desorbed from ZnO(0001) at ca.
230°C. In the case of dried ZnO (Fig. 6a), the larger weight loss for
the NO,-exposed sample is due to the greater amount of adsorption
compared to SO,.

Fig. 7a shows Raman spectroscopy measurements of reactive
gas-exposed hydrated ZnO. In the case of the NO,-exposed samples,
bands above 650cm~! are assigned to intramolecular adsorbate
vibrations, consistent with the known spectra of inorganic nitrates
[15]. Bands below 650 cm~! are attributed to metal-oxygen vibra-
tions. The band containing the 728 and 746 cm~! peaks is due to
0—N—O scissoring, and the very strong peak at 1055cm~1! corre-
sponds to O—N—O symmetric stretches. The peaks in the range of
1300-1500 cm~! are assignable to N—O asymmetric stretches [16].
For SO,-exposed ZnO, peaks at 148, 332, 438, 522, 642, 992 and
1150cm~! are consistent with adsorbed SO3 and similar to those
in sodium sulfite, which displays bands at 496, 635, 980, 1005,
and 1135cm~? [17]. The peaks at 148 and 332 cm™! are, therefore,
assigned to Zn—0—S stretches.

Fig. 8a shows photoluminescence spectra of dried and hydrated
ZnO nanoparticle samples, which consist of two main features: a
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after exposure to nitrogen dioxide and sulfur dioxide. The excitation wavelength
was 325 nm.
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narrow UV emission band peaked at 380 nm and a broad visible
band peaked at 590 nm. The UV peak originates from excitonic
recombination, and the visible emission is believed to be due to
recombination of an electron in or near the conduction band with a
hole at a defect site such as an oxygen vacancy [9]. The presence of
physisorbed water causes a decrease in the intensity of the UV peak
and anincrease in that of the visible peak, with the water apparently
increasing the lifetime of the defect-driven emission path. The two
radiative emission paths are in competition, and an increase in the
visible emission path occurs at the expense of the excitonic one. As
shown in Fig. 8b, exposure of dried nanoparticulate ZnO to NO, and
SO, causes a decrease and an increase, respectively, in the UV emis-
sion peak intensity. In both cases, the intensity of the visible peak
decreases slightly. While the changes are relatively minor for the
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Fig. 10. Mg Ko XPS of the N 1s region of as-received zirconium hydroxide, hydrated
zirconium hydroxide, and hydrated zirconium hydroxide after exposure to sulfur
dioxide and nitrogen dioxide.

dried samples, they are dramatic for the hydrated ones, consistent
with the morphology changes discussed previously. As illustrated
inFig. 8c, exposure to the gases causes reappearance of the UV emis-
sion peak, which was lost from water exposure, and a decrease in
the visible emission peak.

Norberg and Gamelin [19] studied the effect of adsorbates on
the PL of colloidal ZnO nanocrystals. These authors concluded that
the visible emission arising from trap states is directly correlated
with surface hydroxide concentration. Furthermore, the intensity
of the UV (excitonic) emission peak was found to be inversely pro-
portional to the number of surface defects. In the present study,
the most likely explanation of the changes induced by gas dos-
ing of hydrated ZnO is as follows. (1) Hydration causes an increase
in the surface concentration of hydroxide groups and trap states,

exposure
to NO,

exposure
fo 802

Fig. 11. TEM images of hydrated Zr(OH), after exposure to nitrogen dioxide and sulfur dioxide. All samples are shown at two different magnifications, with the untreated
sample shown at lower magnification on the top left and at higher magnification on the bottom left.
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leading to an increase in the visible emission peak and a decrease in
the UV one. (2) Dosing with SO, or NO, leads to displacement of a
fraction of the adsorbed hydroxide groups and, more importantly,
to a reduction in the number of defects. This leads to reversion of
the spectrum to essentially the same spectrum obtained for ZnO
prior to hydration.

3.2. Zirconium hydroxide

Figs. 9 and 10 display S 2p and N 1s XPS spectra, respectively, of
nanoparticulate Zr(OH)4 exposed to SO, and NO; gases. The bind-
ing energies of the S 2p and N 1s peaks after exposure are 168.4 and
407.3 eV, respectively. Some sulfur contamination is observed even
prior to SO, exposure. Peterson et al. [5,6] studied SO, adsorption
on similar Zr(OH)4 samples and measured an S 2p peak binding
energy of 167.4 + 0.2 eV; they identified SO3 as the dominant sur-
face species. Our higher binding energy and broad S 2p peak suggest
that surface SO3 and SO4 species are present. For NO, exposure, the
N 1s peak binding energy is ca. 407.4 eV. While the identity of the
metal (Zr vs. Zn) can cause some minor differences, the S 2p and N
1s binding energies for Zr(OH)4 following gas exposure are gener-
ally in agreement with those for ZnO, indicating that SO3 and NO3
are the adsorbed species on both ZnO and Zr(OH), powders. Some
S04 (ads) is also indicated in the case of Zr(OH)g.

Raman spectra of NO,- and SO,-exposed hydrated Zr(OH),4 are
included as Fig. 7b. For reference, gels of Zr(OH),(NO3), exhibit
Zr—O0 stretches at 375, 430, 545, and 630cm~! [20]. In the case
of the NO,-dosed sample, the bands at 712 and 765cm™! arise
from O—N—O scissoring. The strong peak at 1045 cm~! corresponds
to the O—N—O symmetric stretches. The peaks in the range of
1300-1500cm™! are assignable to the N—O asymmetric stretches.
For the SO, -exposed Zr(OH )4, peaks are observed at 443, 529, 1008,
1134, 1208, and 1641 cm~!. These energies are similar to those for
the ZnO sample, except for the 1208 and 1641 cm~! peaks. The for-
mer may be due to the SO4 asymmetric (v;,) stretching mode. The
1641 cm~! peak is likely due to a water-bending mode. Because
many of the sulfite and sulfate Raman peaks are similar in energy,
most of the sulfate peaks are likely buried within the predominant
sulfite spectrum for the Zr(OH), sample.

TEM images of Zr(OH), before and after SO, and NO, expo-
sure are displayed in Fig. 11. This material appears as amorphous
agglomerates and does not exhibit well-defined particles, as in the
case of the ZnO sample (Fig. 5). The lighter, less dense regions of the
sample are consistent with the previously reported porosity of this
material [5,6]. As shown in the figure, no significant differences are
observed following gas exposure.

The photoluminescence of Zr(OH)4 has not been previously
investigated, and this represents the first study of how it is affected
by adsorption. As shown in Fig. 12a, particulate Zr(OH),4 exhibits a
spectrum consisting of an apparent UV emission peak at ca. 372 nm
and a visible emission peak at 420 nm, respectively. The “UV emis-
sion peak” actually is not due to photoluminescence but mainly to
Raman scattering from physisorbed water, as confirmed by exper-
iments using different excitation wavelengths; these experiments
show that this “emission” peak shifts by the same amount as the
excitation peak. There is also some contribution from Rayleigh scat-
tering in this peak. Hydration of as-received Zr(OH), results in an
increase in the UV-to-visible peak ratio and a small blue shift in the
visible peak (from 425 nm to 420 nm), consistent with additional
physisorbed water causing greater Raman scattering. Fig. 12b and
c demonstrates the effect of SO, and NO, exposure. In both cases,
the pair of emission peaks decreases in intensity, with the visible
peak shifting slightly to longer wavelength (from 420 nm to 426 and
430 nm, respectively, for SO, and NO, exposure). The decrease in PL
intensities and the red shift in the visible emission peak suggest that
SO5 and NOs adsorption occurs at the expense of adsorbed hydroxyl
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groups. This manifests itself in the PL spectrum in that hydration
(i.e., saturation with hydroxyl groups) is effectively undone by SO,
and NO, exposure. This supports the conclusion in refs. [5,6] that
SO, exposure results in dehydroxylation of the surface.

4. Conclusions

XPS and Raman spectroscopy confirm that exposure of ZnO
and Zr(OH)4; powders to SO, and NO, results in SO3 and NOj
chemisorption. Exposure of ZnO to water-saturated air prior
to reactive gas dosing enhances its adsorption capacity, with
the increased uptake arising from a change in morphology and
higher surface area. The effect is most pronounced for SO, in
which a ten-fold increase in adsorption occurs due to hydra-
tion. The change in morphology occurs due to physisorbed water,
which dissolves NO, and adsorbed SOs; the acids subsequently
erode the ZnO. The effect of varying the water content of
Zr(OH)4 was not extensively studied. However, no morphology
change was observed for hydrated samples following reactive gas
exposure.

ZnO and Zr(OH)4 powders are photoluminescent, both exhibit-
ing UV and visible emission peaks, although the Zr(OH)4 emission
peak is due to Raman scattering from physisorbed water. Hydra-
tion has contrasting effects on these samples. In the case of ZnO,
it results in a decrease in the UV and an increase in the visible
emission peaks. Exposure to the reactive gases effectively undoes
the effects of water exposure, with reversion of the PL spectrum
to essentially that of dried ZnO. For Zr(OH)4, hydration causes an
increase in the intensities of both the UV (Raman) and visible peaks
and a slight blue shift in the latter. SO, and NO; exposure cause the
intensities of both peaks to decrease and the visible one to red-
shift. For both ZnO and Zr(OH),, these data suggest that SO3 and
NO3; chemisorption replace some of the adsorbed hydroxyl groups.
A detailed study is underway to investigate the role that adsorbed
water and SO, and NO, have on the photoluminescence spectrum
of Zr(OH ).
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