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For the past several decades, the oxidation of carbon
monoxide (CO) has become important in numerous app-
lications, such as air/gas purification, life-support respira-
tors, exhaust pollution reduction for automobiles/factories
and Pt electrode protection in the low-temperature fuel
cell system." This results in a pressing need for CO oxi-
dation catalysis; and many catalyst systems (noble metals,
metal oxides, and composites) have been studied for high
CO conversion at various temperatures and environments.”
Among them, metal oxide catalysts with low production
costs and high CO oxidation activity proved to be the most
attractive.

Most CO oxidation applications involve moist envi-
ronments with rapid flow rates, so highly moisture tolerant
catalysts are necessary. Noble metal catalysts are known
to be less susceptible to water and have been successfully
applied in motor vehicles, but high production costs
hinder their wider applications. Most of the inexpensive
and highly active metal oxide catalysts, such as Co3Oy4, on
the other hand are rapidly deactivated with trace amounts
of moisture (3—10 ppm moisture level) from the feed gas.
The super dry conditions (< 1 ppm moisture level), crea-
ted by passing the feed gas through molecular sieve traps
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atdry ice temperature (—77 °C) is required to avoid water
deactivation.>* This pretreatment, however, is not appli-
cable for most applications. Other studies show that the
incorporation of CeO, into metal oxide catalysts can
improve the water tolerance by decomposing water mole-
cules via the water-gas shift reaction (WGSR).” Never-
theless, this approach is limited to a specific material
(Ce0O») and the occurrence of WGSR at temperatures
higher than 110 °C.

Studies show that the surface hydrophobicity/hydro-
philicity and membranous modification utilizing poly-
mers is a promising strategy to enhance the selectivity,
conversion, and recyclability of catalysts in many systems.®
Our previous work shows that the polydimethylsiloxane
(PDMS) coated nanostructured manganese oxide mate-
rials exhibit a superhydrophobicity and highly selective
adsorption of organic molecules in the presence of water.’
Accordingly, hydrophobic PDMS coatings on metal oxi-
des prevent water from deactivating metal oxide catalysts.
Although numerous attempts focusing on intrinsic modi-
fication of catalysts to address water deactivation at low
temperatures,” the idea of introducing a protective layer
with high hydrophobicity on the catalysts has not been
reported yet.

Here, we demonstrate the first example of the prepara-
tion and evaluation of a highly water-tolerant, hydro-
phobic polymer coated metal oxide catalyst for CO oxi-
dation. The harsh experimental conditions, high moisture
level (~3%), high space velocity (35000 mL h™" g.,, ™ ")
and low oxygen content (2%) in the feed gas were
investigated to evaluate the catalytic performance for
rapid air purification.® Well-studied catalysts with vari-
ous compositions, crystallinity, and surface areas, e.g.
commercial product Hopcalite (HOP, CuMnO,), amor-
phous manganese oxide (AMO), and crystalline cobalt
oxide (COX, Co504) were selected to examine the gene-
rality of this hydrophobic surface coating approach.

In a typical polymer-coating procedure, 0.5 g of the
selected catalyst was placed on the as-prepared PDMS
films and then heated at 200 °C for various periods of time
(2 and 4 days) to obtain the polymer-coated samples (see
the Supporting Information). The vaporized PDMS was

(4) Grillo, F.; Natile, M. M.; Glisenti, A. Appl. Catal., B2004, 48,267.

(5) Hou, X.-D.; Wang, Y.-Z.; Zhao, Y.-X. Catal. Lett. 2008, 123, 321.

(6) (a) Wolfson, A.; Janssens, S.; Vankelecom, I.; Geresh, S.; Gottlieb,
M.; Herskowitz, M. Chem. Commun. 2002, 388. (b) Bonchio, M.;
Carraro, M.; Scorrano, G.; Fontananova, E.; Drioli, E. Adv. Synth.
Catal. 2003, 345, 1119. (c) Parton, R. F.; Vankelecom, 1. F. J.; Casselman,
M. J. A.; Bezoukhanova, C. P.; Uytterhoeven, J. B.; Jacobs, P. A. Nature
1994, 370, 541. (d) Mwangi, M. T.; Runge, M. B.; Bowden, N. B. J. Am.
Chem. Soc. 2006, 128, 14434,

(7) Yuan, J.; Liu, X.; Akbulut, O.; Hu, J.; Suib, S. L.; Kong, J.;

Stellacci, F. Nat. Nanotechnol. 2008, 3, 332.

Our results show that high content of oxygen (20%) and low space

velocities give total conversion under many conditions. To know

the catalytical performance limits of our samples, these harsh con-

ditions found in literature are adopted in this work.
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Figure 1. Hydrophobicity after the polymer coating procedure. All
the other polymer-coated samples showed similar floatable behavior as
P-AMO-4d.

deposited on the surface of the catalysts to form a hydro-
phobic layer.” The indication of this water repellent beha-
vior of PDMS-coated catalysts can be observed as they
became floatable on the surface of the water (Figure 1).
After the coating procedure, P~AMO-4d, the four-day
polymer coated AMO sample, is highly hydrophobic and
floatable on the surface of water. The surface tension is
enough to support the weight of materials. On the con-
trary, the pure AMO is much more hydrophilic and well-
suspended in water.

The catalytic activities of materials for CO oxidation
are highly sensitive to their crystal structures and mor-
phologies, particularly in the case of amorphous materi-
als (HOP and AMO). To validate that the CO oxidation
conversion change of the PDMS coated catalysts is due to
the formation of a hydrophobic surface rather than the
intrinsic change of morphology or crystal structure dur-
ing the coating procedure, a detailed characterization
study was performed. The X-ray diffraction (XRD) tech-
nique was applied to confirm that no additional phase
was present after this polymer deposition procedure
(Figures S1 and S2 in the Supporting Information) In
Figure S3 in the Supporting Information, the results of
transmission electron microscopy (TEM) show that there
were no significant morphological changes or additional
crystalline phases after the polymer coating process for
AMO samples. No crystal structural or morphological
change of this amorphous material is observed after
the coating procedure. The elemental analysis of energy
dispersive X-ray spectroscopy (EDXS) shows that the Si
signal is only observed in the coated P~AMQO-2d but notin
the uncoated AMO sample, showing the existence of a
PDMS hydrophobic layer after the coating procedure.

Characterization using Fourier transform infrared spec-
troscopy (FT-IR, Figure 2), and thermal gravimetric ana-
lysis (TGA) was carried out to identify the PDMS poly-
mer coating on catalysts. The PDMS coated samples
show bands at 1260 and 1020 cm ™', corresponding to
Si—O—Si stretching of PDMS, indicating the formation
of PDMS coating. The TGA results in Figure S4 in the
Supporting Information show two major weight losses.
Because of the desorption of surface water and atmos-
phere gases, the first weight loss at 250 °C is 14.6% for
AMO, 12.4% for P-AMO-2d, and 10.0% for P-AMO-4d.
This result shows that the polymer-coated samples
might have less water accumulation and cleaner surfaces
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Figure 2. FTIR spectra of coated and uncoated AMO samples.
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Figure 3. Catalytical performance of polymer-coated and uncoated ma-
terials under wet conditions. The comparisons of (a) amorphous manga-
nese oxide system performed at 100 °C; (b) commercial Hopcalite system
performed at 70 °C; (c) Co30, system performed at 100 °C.

as compared to uncoated AMO after a long time storage
under ambient conditions (> 1 month). The second weight
loss between 250 and 600 °C is 2.3% for AMO, 2.8% for
P-AMO-2d, and 3.2% for P~-AMO-4d. The additional weight
loss of these coated samples is due to the decomposition of the
surface hydrophobic PDMS and shows that longer coating
times deposit more PDMS on the catalyst surface.

The result of water tolerance under the wet condition is
shown in Figure 3. A general trend is demonstrated that
hydrophobic coating enables materials to perform higher
CO conversions compared to that of uncoated materials.
In the AMO system (Figure 3a), the two-day polymer
coated sample, P~ AMQ-2d, shows a CO conversion of 63%,
around 3.7 times more compared to the 17% conversion
for pure AMO at 100 °C. The conversion of the four-day
coated sample, P~-AMO-4d, however, dropped to 11%.
Our TGA results show that this sample has the highest
amount of PDMS deposition compared to AMO and
P-AMO-2d, suggesting the decrease in conversion of this
sample is presumably caused by limited diffusion of gase-
ous molecules (CO, O, and CO,) through the PDMS
layer. For the commercial Hopcalite system (Figure 3b),
its conversion at 70 °C increased from 39% (u to 60%
(P-HOP-4d) with increasing coating time. The four-day
coating process on HOP does not inhibit the performance
of Hopcalite compared to that of the AMO system. The
P-HOP-4d sample shows the best conversion of all the
coated HOP samples, which indicates that the optimum
coating amount differs for various catalysts. For the
crystalline cobalt oxide catalysts (Figure 3c), the polymer
coated Co30y4 catalyst (P-COX) causes 29% CO conver-
sion, which is three times that of the untreated Co304 (COX)
at 100 °C.
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Figure 4. Water deactivation study of AMO system as a function of expo-
sure time under wet conditions at 40 °C.

Detailed studies of the AMO system under dry and wet
conditions were performed to investigate the influence of
water deactivation. In the wet condition of Figure S5,
moisture significantly inhibits the catalytic activity at all
test temperatures compared to the results from the dry
condition. In the dry condition, the uncoated AMO should
be having better CO conversion than that of the coated
samples as there is no active-site blocking due to the PDMS
coating. The results, however, show that P~-AMO-2d has
a higher conversion than pure AMO, indicating that even
a trace amount of water in the feed gas could significantly
poison the catalytic sites.” In the wet condition, all the test
samples are significantly deactivated below 40 °C, and
only P-AMO-2d has a perceptible conversion (11%) at
70 °C. At 100 °C, the P-AMO-2d increases the CO con-
version (63%) dramatically and reaches a total conversion
at 130 °C, whereas the AMO shows only a 53% conversion.

To understand the water deactivation with the moist-
ure exposure time, a time-resolved study of CO conver-
sion was applied to the coated P~-AMO-2d and pure AMO
samples at 40 °C. This particular temperature was chosen
based on the result of the temperature effect studies (see
Figure S5b in the Supporting Information), at which both
samples are still highly deactivated but also close to re-
gaining some activity. In Figure 4, the uncoated AMO
was totally deactivated within 15 min of water exposure,
which is similar to the reported data by Kramer et al.'’
With the hydrophobic protection on P-AMO-2d, this
sample shows a much slower decay and still possesses
about 70% conversion, whereas the uncoated AMO be-
comes inactive. The dependence of the conversion on time
is linear and the extrapolated lifetime is 80 min (see Figure S6
in the Supporting Information), which is 5.3 times longer
than that for the unprotected AMO sample. In addition,
this coating works even better than the noble metal (plati-
num) incorporated system.'”

Detailed studies to reveal the mechanism of coating
protection are undergoing. Current results suggest that
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Scheme 1. Illustration of Protective Hydrophobic PDMS
Coating on the Surface of Metal Oxide Catalysts®
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“PDMS coating serves as a porous membrane and selectively allows CO
oxidation reagents and products to diffuse through but inhibit moisture.

the hydrophobic PDMS polymer might form a porous
layer on the surface of the catalyst with a selective per-
meability of CO, O,, and CO, but not to water molecules
(Scheme 1)."' The GPC analysis shows that the polymer
molecules of the hydrophobic coating have a weight
average molecular weight of 5000 with a small dispersity
index (PDI = 1.08), which could form a hydrophobic
layer with a uniform pore size to significantly enhance the
water tolerance of the coated samples. Previous studies
have shown that the microstructure of coating, including
coverage, porosity, and the orientation of the PDMS
chain can be controlled, and a superhydrophobic and
highly selective protected surface can be produced.'?
More work on the control and characterization of the
polymer coating and its depositing process are desired as
the optimum coverage and porosity may vary with prop-
erties of different materials, including surface area, func-
tional groups, roughness, active site distributions, ele-
mental compositions, particle sizes, and crystallinity.

In summary, an effective strategy of producing highly
moisture-tolerated catalysts for CO oxidation without
using noble metals has been successfully developed. The
procedure is simple, low-cost, and general for all kinds of
possible current active catalysts with various chemical
compositions and crystallinity. Additional water resis-
tance can be simply raised to the literature-reported
catalysts already having certain levels of moisture toler-
ance. This strategy can also be applied to other water
sensitive catalysis or applications. Further studies on
different coating materials and controlled surface deposi-
tion are underway.
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