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ABSTRACT: The catalytic oxidation reaction of CO has recently attracted much
attention because of its potential applications in the treatment of air pollutants. The
development of inexpensive transition metal oxide catalysts that exhibit high
catalytic activities for CO oxidation is in high demand. However, these metal oxide
catalysts are susceptible to moisture, as they can be quickly deactivated in the
presence of trace amounts of moisture. This article reports a facile synthesis of
highly active Co3O4@CNT catalysts for CO oxidation under moisture-rich
conditions. Our synthetic routes are based on the in situ growth of ultrafine
Co3O4 nanoparticles (NPs) (∼2.5 nm) on pristine multiwalled CNTs in the
presence of polymer surfactant. Using a 1% CO and 2% O2 balanced in N2
(normal) feed gas (3−10 ppm moisture), a 100% CO conversion with Co3O4@
CNT catalysts was achieved at various temperatures ranging from 25 to 200 °C at a low O2 concentration. The modulation of
surface hydrophobicity of CNT substrates, other than direct surface modification on the Co3O4 catalytic centers, is an efficient
method to enhance the moisture resistance of metal oxide catalysts for CO oxidation. After introducing fluorinated alkyl chains
on CNT surfaces, the superhydrophobic Co3O4@CNT exhibited outstanding activity and durability at 150 °C in the presence of
moisture-saturated feed gas. These materials may ultimately present new opportunities to improve the moisture resistance of
metal oxide catalysts for CO oxidation.
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■ INTRODUCTION

Carbon monoxide (CO) from the incomplete combustion of
hydrocarbon fuels is one of the major air pollutants.1 The
catalytic oxidation reaction of CO has become increasingly
important for diminishing the emission of CO through the
pretreatment of effluent gas from various industrial sources and
automobile exhaust. Although noble metal catalysts or
supported noble metal catalysts (i.e., Pt, Pd, and Au) have
proven to be the most active,2−8 the high cost of such catalysts
largely limits their extensive application. In this context,
inexpensive metal oxide catalysts have recently attracted
attention. Particularly, Co3O4, CuO, and MnO2 exhibit high
catalytic activities for CO oxidation.9−19 Metal oxide catalysts,
like Co3O4, however, are susceptible to moisture, as they can be
quickly deactivated in the presence of trace amounts of
moisture (>3 ppm). To date, the development of highly active
Co3O4 catalysts for CO oxidation that operate under high
moisture conditions is still very challenging. Recent reports
have demonstrated that nanostructures13−17,20 and surface
properties of Co3O4 catalysts

10,18,19,21 play important roles in
the activity of catalysts under high moisture conditions. On one
hand, the active species of Co3+ cations are distributed on (110)
facets of the spinel structure Co3O4.

22 The synthesized
nanostructures that can selectively expose such facets are
particularly beneficial for their catalytic activity. Xie et al.
reported that Co3O4 nanorods were much less sensitive to

water and were highly active for CO oxidation at low
temperature (−77 °C) using normal feed gas (3−10 ppm
moisture).14 The predominant exposure of (110) facets, which
enriched active species of Co3+ on the surfaces along the
nanorods, resulted in efficient interactions with CO. On the
other hand, the hydrophobicity of the catalyst surface disrupts
the affinity of water toward the Co3O4 surface. For example,
Co3O4 coated with hydrophobic poly(dimethylsiloxane) can
prevent deactivation of catalysts in the presence of water.10

However, the active sites/surface of these catalysts can be easily
blocked by hydrophobic coatings, thus decreasing catalytic
efficiency.
In the present study, we report a facile and robust wet-

chemical approach to synthesize Co3O4@CNT with high
catalytic activity for CO oxidation. Carbon nanotubes (CNTs)
with large surface area have been widely used as 1D substrates
to support the growth of various nanostructured Co3O4.

23−32

The synthetic route herein is based on the in situ growth of
ultrafine Co3O4 nanoparticles (NPs) on pristine multiwalled
CNTs (Figure 1), without any covalent functionalization or
chemical oxidation of the CNT surface. By controlling the
hydrophobicity of CNT substrates, other than by the direct
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surface modification of Co3O4 catalytic centers, Co3O4@CNT
catalysts are markedly active for CO oxidation, and 100% CO
conversion is achieved using moisture-saturated (∼3%) feed
gas. Our approach thus stands out as a promising pathway to
synthesize highly efficient catalysts on CNTs. These materials
may ultimately present new opportunities to improve the
moisture resistance of metal oxide catalysts for CO oxidation.

■ EXPERIMENTAL SECTION
Materials. All chemical reagents were purchased from Aldrich and

used without further purification unless otherwise noted. 2-(2-
Methoxyethoxy)ethyl methacrylate (MEO2MA, 95%), tert-butyl
acrylate (98%), and styrene (99.9%) were passed through a basic
aluminum oxide column prior to use. Azobis(isobutyronitrile) (AIBN)
was recrystallized from ethanol. Pristine multiwalled CNTs (South-
west Nanotechnologies Inc.) with diameters of ∼10 nm and an aspect
ratio >350−550 were used as received. Commercial Co3O4 (99.5%)
was obtained from Strem Chemical Inc. and used as received.
Synthesis of Co3O4 NPs. Co3O4 NPs were synthesized using a

reported procedure with a slight modification.38 Briefly, 500 mg of
cobalt(II) acetate tetrahydrate (Co(II)Ac2) as a precursor for Co3O4
NP growth was first dissolved in 30 mL of water/ethanol solution (1:1,
v/v) at 45 °C. Three milliliters of ammonium hydroxide (27−30 vol
%) solution was added dropwise to the above solution under strong
stirring. The reaction mixture was then heated to reflux for 3 h. After
cooling to room temperature, the reaction suspension was centrifuged
at 4500 rpm for 20 min in the presence of 100 mL of acetone. The
collected precipitates were redispersed in 100 mL of ethanol and
washed twice with acetone by centrifugation. The final product of
Co3O4 NPs was dried under vacuum at 60 °C.
Synthesis and the Fluorination of Co3O4@CNT. The synthesis

details of polymer surfactant composed of poly(2-(2-methoxyethoxy)-
ethyl methacrylate (PMEO2MA) and poly(styrene-co-acrylic acid)
(PMEO2MA84-b-P(St61-co-tAA5)) are given in the Supporting
Information. The polymer surfactant of PMEO2MA84-b-P(St61-co-
tAA5) has a Mn(GPC) of 38.5 kg/mol and a polydispersity index (Mw/
Mn) PDI = 1.22. For the synthesis of Co3O4@CNT, 5 mg of
PMEO2MA84-b-P(St61-co-tAA5) was first mixed with 5 mg of CNTs in
15 mL of dimethylformamide. The uniform suspension was obtained
after sonication for 2 min at room temperature. About 3 mL of the
suspension (∼1 mg of CNTs) was then mixed with 3 mL of Co(II)Ac2
ethanol solution (30 mg of Co(II)Ac2 in 3 mL of ethanol). After
sonication for another 2 min, 0.1 mL of ammonia hydroxide (27−30
vol %) was quickly injected into the above solution under magnetic
stirring. The reaction was then heated at 85 °C and refluxed for 3 h.
After cooling, the reaction suspension was centrifuged at 6000 rpm for
15 min. The collected precipitates were washed with ethanol and
centrifuged another three times to remove the unreacted precursors
and unattached Co3O4 NPs. The final product was dried under
vacuum at 40 °C. The fluorination of Co3O4@CNT was performed by
using the vapor phase deposition technique. Co3O4@CNT (100 mg)
was loaded into a 100 mL sealed jar and pretreated at 80 °C for 30
min. Subsequently, 50 μL of 1H,1H,2H,2H-perfluorodecyltriethox-
ysilane (PFDTES) was added to a 4 mL vial and quickly loaded into a
sealed jar. After 1 h, 50 μL of PFDTES was added again using the
above method. After silanation for another 1 h, the fluorinated
Co3O4@CNT (F−Co3O4@CNT) was obtained.
CO Oxidation of Co3O4@CNT and F−Co3O4@CNT. The CO

oxidation reaction was carried out in a continuous flow fixed-bed glass
tubular reactor under atmospheric pressure. As-prepared catalyst (100
mg) was used for each test. Before the measurement, the catalyst was
pretreated at 200 °C for 1 h under air and another 1 h under helium
flow to clean the catalyst surface. After loading the catalysts in the glass
tubular reactor, a gas mixture containing 1% CO and 2% O2 balanced
in N2 (normal feed gas) was passed through the catalyst bed. The
outlet gas streams were analyzed with an online gas chromatograph
(SRI 8610C multiple gas analyzer #1 GC) equipped with a thermal
conductivity detector (TCD), a 6 foot long molecular sieve 13X
packed column, and a 6 foot long silica gel packed column. The

reaction temperature was measured using a K-type thermocouple
inserted directly into the catalyst bed. GC samples were injected after
10 min stabilization at any given temperature. The reaction conversion
was calculated on the basis of CO concentration, using nitrogen as an
internal standard. Normal gas conditions were obtained by using the
as-mixed normal feed gas (∼3 ppm of water vapor). Wet conditions
were obtained by passing the feed gas through a water bubbler at room
temperature (∼3% of water vapor). To protect the GC column,
moisture was trapped by desiccant before the outlet gas streams
entered the GC.

Other Characterizations. Size-exclusion chromatography (SEC)
measurements were performed on a Malvern system equipped with a
Viscotek RI detector and D6000M column (300 × 8.0 mm).
Dimethylformamide was used as the carrier solvent at a flow rate of
0.7 mL/min, and polystyrene standards (Polymer Laboratories, Inc.)
were used for calibration. The data were processed using OmniSEC
software. 1H NMR spectra were recorded on a Bruker Avance 300
MHz spectrometer. The crystallinity of Co3O4@CNT materials was
characterized using a Rigaku UltimaIV powder X-ray diffractometer
with Cu Kα radiation, a beam voltage of 40 kV, and beam current of
44 mA. High-resolution transmission electron microscopy (HRTEM)
studies were carried out using a JEOL 2010 transmission electron
microscope with an accelerating voltage of 200 kV. The TEM samples
were prepared by casting the suspension of Co3O4@CNT (3−5 μL in
ethanol) on a carbon-coated copper grid (300 mesh). Thermogravi-
metric analyses (TGA) were performed on a Hi-Res TA 2950
thermogravimetric analyzer with 60 mL/min of air flow from 25 to
1000 °C at a heating rate of 10 °C/min. The evaluation of cobalt
content on the surface of CNTs was carried out on a Varian AA-4
updated atomic absorption spectrometer (AAS) with a hollow cathode
lamp and a deuterium background corrector at the respective
resonance line using an air−acetylene flame. The as-synthesized
samples were digested with aqua regia, and then insoluble CNTs were
filtered out. The collected filtrates were diluted with deionized water
and used for analyzing the concentration of cobalt ions. The X-ray
photoelectron spectra (XPS) surface analyses were performed on a
PHI model 590 spectrometer with multiprobes (Physical Electronics
Industries Inc.) using Al Kα radiation (λ = 1486.6 eV) as the radiation
source. The powder samples were pressed on carbon tape mounted on
adhesive copper tape stuck to a sample stage placed in the analysis
chamber. The water contact angles (CA) were measured on a
Dataphysics OCA20 contact-angle system at ambient temperature.
The sample was uniformly mounted on double-sided carbon tape, with
one side stuck on a glass slide. Three microliters of distilled water was
slowly dropped onto the surface of the carbon tape coated with various
samples. Reported CA values are averages of three independent
measurements. Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectra were recorded using a ThermoScientific Nicolet
iS5 spectrometer by directly placing samples on a germanium crystal.
The Brunauer−Emmett−Teller (BET) surface area of catalysts was
measured using a Quantachrome Autosorb-1-C automated N2 gas
adsorption system. Fifty milligrams of samples was degassed at 150 °C
for 12 h to remove water and other physically adsorbed species.

■ RESULTS AND DISCUSSION

The in situ growth of Co3O4 NPs on CNTs was assisted by a
polymer surfactant of poly(2-(2-methoxyethoxy)ethyl meth-
acrylate (PMEO2MA) and poly(styrene-co-acrylic acid)
(PMEO2MA-b-P(St-co-AA), with 8 mol % of AA units in
styrene block) (see Supporting Information for polymer
synthesis and characterizations). The polymer surfactant is
composed of an inert block of PMEO2MA and a functional
block of P(St-co-AA), where styrene units can interact with
CNTs through π−π interactions and carboxylic acid moieties
can coordinate with Co ions via electrostatic forces.33−36 The
inert PMEO2MA block is essential to enable the good solubility
of polymer surfactants under high ionic strength. For example,
the polymer surfactant of PMEO2MA-b-P(St-co-AA) can
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stabilize the suspension of CNTs even at ∼30 mM of cobalt
salts. In a typical synthesis, PMEO2MA-b-P(St-co-AA) and
CNTs (∼10 nm in diameter) (1:1, wt %) were first mixed in
dimethylformamide. As a result of strong π−π interactions of
CNTs with aromatic rings on P(St-co-AA) blocks (see Figure
S2), a uniform suspension could be obtained after sonication
for 2 min at room temperature (Figure 1a).33−36 Given the
small fraction of carboxylic acid groups in P(St-co-AA) blocks
coordinating with Co ions, the Co3O4 NPs can thus easily
nucleate and grow on the surface of CNTs following the
addition of cobalt(II) acetate and ammonium hydroxide in the
mixed solvent of ethanol, dimethylformamide, and water at 80
°C.37,38 Ammonia hydroxide can steadily mediate the
hydrolysis and oxidation of Co ions, and the loading amount
of Co3O4 NPs on CNTs can be readily controlled by the
amount of cobalt(II) acetate (see Figure S4). Compared to the
covalent functionalization treatment of CNTs where the
aggressive chemical oxidations can alter the orbital hybrid-
ization of carbon atoms from sp2 to sp3 and disrupt the band-
to-band transitions of π electrons of CNTs,39−41 the non-
covalent functionalization of CNTs is based on the weak π−π
interactions with polymer surfactants and has the advantages of
(i) simple and mild reaction conditions, (ii) no strong redox
reactions involved on tubular body (see Raman discussion
below), and (iii) facile yet general approach that can be applied
to the in situ growth of other metal oxide NPs, e.g., TiO2,
Mn3O4, and CeO2 (see Figure S5). This may illustrate an
alternative and simple approach for the in situ growth of NPs
on CNT surfaces via the noncovalent bonding of polymer
surfactants.
Figure 1c,d presents representative transmission electron

microscopy (TEM) images of Co3O4@CNT at high magnifi-
cations (see Figure S3 for lower-magnification TEM images).

Spherical Co3O4 NPs are uniformly decorated on CNT
surfaces, and they are fairly monodispersed, with an average
diameter of 2.5 ± 0.5 nm. The high-resolution TEM image of
Co3O4 NPs clearly shows the crystalline nature of individual
Co3O4 NPs (Figure 1d). The interplanar distances with the d-
spacings of 0.47 and 0.29 nm correspond to the (111) and
(220) facets of spinel Co3O4, respectively. The powder X-ray
diffraction patterns in Figure 1b show strong diffraction peaks
of the (111), (220), and (311) facets, indexed to the cubic
spinel structure of Co3O4 NPs (JCPDS card no: 00-043-1003),
in accordance with the TEM observation. The loading amount
of Co3O4 NPs on CNTs estimated from atomic absorption
measurements (digesting Co3O4 NPs from CNTs using aqua
regia solution) is approximately 43 wt %, calculated from the
Co standard calibration curve. The estimated amount of Co3O4

on CNTs collected from atomic absorption measurements is
slightly larger than thermogravimetric measurements (see
Figure S7). Due to supporting the catalyst on CNTs with a
very large surface-to-volume ratio, the Co3O4@CNT catalyst
has a BET surface area of 143 m2/g and pore volume of 0.67
cm3/g, notably higher than nanosized Co3O4 NPs and
commercial Co3O4 materials (Table S2).
The noncovalent bonding of CNTs and polymers does not

alter their electronic structures, as evidenced by Raman spectra
(Figure 2a). The D- and G-bands of multiwalled CNTs for
pristine CNTs, polymer/CNTs, and Co3O4@CNT appear at
1354 and 1598 cm−1, respectively, assigned to the defects and
disorder-induced mode and in-planar E2g zone-center
mode.42,43 No obvious shift of the D- and G-bands of CNTs
was observed after polymer modification and the growth of
Co3O4 NPs. In addition, the intensity ratios of the D- and G-
bands (ID/IG) for pristine CNTs, polymer/CNTs, and Co3O4@
CNT are 1.09, 1.11, and 1.06, respectively. This suggests that

Figure 1. (a) Images of pristine CNTs (left) and CNTs with polymer surfactants (right) in dimethylformamide taken after sonication and overnight
incubation. The CNTs can form a stable suspension in the presence of polymer surfactants. (b) Powder XRD pattern for synthesized Co3O4@CNT
catalysts. The peak located at 26° is ascribed to CN (002) reflections. (c, d) High-magnification TEM images of Co3O4@CNT catalysts. The
measured size of Co3O4 NPs is 2.5 ± 0.5 nm by averaging more than 100 NPs. The inset in panel d is the selected-area electron diffraction pattern of
Co3O4@CNT.
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such noncovalent functionalization of CNTs preserves their
pristine surface and does not introduce further defects on the
tubular body. The formation of Co3O4 NPs was further
confirmed by Raman spectra as well (Figure 2b). Four Raman-
active lattice vibrations appear at 477, 516, 612, and 682 cm−1,
indicating the cubic spinel structure of Co3O4 NPs.
To investigate the catalytic activity, the obtained Co3O4@

CNT was first pretreated by annealing at 200 °C under
atmosphere for 1 h. After loading ∼100 mg of activated catalyst
(∼43 mg of Co3O4) into a glass tubular reactor, the CO
oxidation reaction was carried out under a continuous flow of a
normal gas mixture containing 1% CO and 2% CO2 balanced in
97% of N2 (space velocity of 35 000 mL g−1 h−1 and moisture
of 3−10 ppm). The catalytic performance of Co3O4@CNT is
given in Figure 3. A 100% conversion of CO to CO2 was
achieved at various temperatures ranging from 25 to 200 °C at
a low O2 concentration. The high catalytic activity is likely
attributed to nanosized Co3O4 particles supported on CNTs
having a much larger specific surface area of 143 m2/g and pore
volume of 0.67 cm3/g.38,44−46 These results suggest that more
active sites on Co3O4@CNT catalysts can be exposed. The free
Co3O4 NPs synthesized without CNT supports and commer-
cial Co3O4 catalysts show only little activity for CO oxidation at
room temperature (see Figures S9 and S10). The T50 (50% CO
conversion at this temperature) of free Co3O4 NPs and

commercial Co3O4 catalysts is ∼86 and ∼178 °C, respectively.
Subsequently, the Co3O4@CNT catalysts have been tested
using moisture-saturated feed gas (∼3% water) close to the
water concentration of automobile exhaust (Figure 3).47 Under
such a critical environment, the light-off temperature of
Co3O4@CNT catalysts is ∼100 °C, and the T50 is ∼132 °C.
The catalytic activity at higher temperatures (T > 175 °C) is
not affected. When the temperature is further decreased, the
CO conversion drops rapidly. For example, only 80% of CO
was converted into CO2 at T = 150 °C. The commercial Co3O4
catalysts are completely inactive under such conditions at T =
200 °C (see Figure S9).
The surface hydrophobicity of Co3O4@CNT catalysts is

assumed to influence the moisture resistance of catalysts. In
order to optimize moisture resistance, we have further modified
the Co3O4@CNT surface using the fluorination of PFDTES.
The residual −COOH groups from the polymers can
selectively react with PFDTES to introduce fluorinated alkyl
chains that alter the hydrophobicity of catalysts. Through the
vapor phase deposition technique, the Co3O4@CNT catalysts
were treated with PFDTES vapor at 80 °C for 30 min. The
fluorinated coating on the surface of Co3O4@CNT is further
confirmed by X-ray photoelectron spectra (XPS) (Figures 4
and S8). The F 1s peak at 688 eV is assigned to fluorinated
alkyl chains of PFDTES.48 The Co 2p1/2 and 2p3/2 areas did not

Figure 2. (a) Raman spectra of pristine CNTs, CNTs with polymers,
and Co3O4@CNT. The D, G, 2D, and D + G bands are defect-related
peaks of CNT or amorphous carbon. No shift of these peaks was
observed after mixing with polymers and the growth of Co3O4,
indicating that the surface of CNTs was not chemically modified. (b)
Close observation of Raman-active lattice vibrations of Co3O4.

Figure 3. Temperature dependence of catalytic activity of Co3O4@
CNT catalysts for CO oxidation. The CO conversion was measured
and quantified by gas chromatography. Each data point was collected
after stabilizing the catalysts under feed gas conditions and
temperature for at least 10 min.

Figure 4. X-ray photoelectron spectrum of F−Co3O4@CNT catalysts.
The appearance of F 1s signals at 688 eV is assigned to the PFDTES
coating. The inset is the Co 2p signals, correlated to Co 2p3/2 (780.8
eV) and Co 2p1/2 (796.5 eV) peaks.
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show any significant differences following the fluorination
treatment, indicating that the terminal silane groups of
PFDTES are bonded to CNT substrates other than Co3O4
NPs.49 The fact that the active sites on Co3O4 were preserved is
particularly important.
Figure 5 presents the CO conversion curves of F−Co3O4@

CNT at various temperatures. Again, when using normal feed

gas, 100% CO conversion was obtained at various temper-
atures. This confirms that the fluorination of Co3O4@CNT did
not shield the surface of Co3O4 and therefore did not prevent
adsorption of CO and O2 on the catalytic center. Under
saturated moisture, the shift of the CO conversion curve to
lower temperature is obvious compared to that of bare
Co3O4@CNT catalysts. The light-off temperature of F−
Co3O4@CNT catalysts is ∼40 °C, and T50 is ∼110 °C,
corresponding to a 22 °C decrease compared to that of
nonfluorinated Co3O4@CNT. At T = 150 °C, the CO
conversion can still reach 100% for F−Co3O4@CNT. This is
the lowest light-off and T100 temperature of Co3O4 NPs under
saturated moisture so far. The improved moisture resistance of
F−Co3O4@CNT is attributed to the increase in the surface
hydrophobicity of the catalysts, which prevents water
accumulation on the surface of Co3O4 active sites.
The changes of surface hydrophobicity of catalysts were

confirmed by water contact angle measurements. The powder
samples of catalysts were pressed onto carbon tape mounted on
adhesive copper tape stuck to form a condensed film. From
water contact angles (Figure 6a−c), our Co3O4@CNT
catalysts, having a contact angle of 108.8°, are more
hydrophobic than pure Co3O4 particles, which have a contact
angle of 86.1°. The surface hydrophobicity of CNTs slightly
improved the moisture resistance of catalysts, as evidenced by
100% CO conversion achieved in the presence of 3−10 ppm
moisture. However, the hydrophobicity is not high enough to
repel the moisture at higher water content (3% of moisture).
After surface treatment by PFDTES, the contact angle of
fluorinated Co3O4@CNT (F−Co3O4@CNT) further increased
to 142.4° (Figure 6c), indicating the superhydrophobicity of
F−Co3O4@CNT. The fluorinated alkyl chains of PFDTES can
form a hydrophobic layer on CNTs that enhances the
hydrophobicity of F−Co3O4@CNT. The hydrophobic layer
does not block the active sites on Co3O4, as evidenced by the
catalytic activity of F−Co3O4@CNT with normal feed gas.

Thus, the improved hydrophobicity of the CNT substrate only
shields the moisture from the active sites, resulting in the
decrease of light-off and T50 temperature for F−Co3O4@CNT
(Figure 6d).
To gain further insight on the effect of surface properties, we

examined the kinetics of moisture deactivation of two catalysts.
Figure 7 presents a time-resolved study of the catalytic

performance of Co3O4@CNT and F−Co3O4@CNT at 150
and 100 °C as a function of water exposure time. At T = 150
°C, F−Co3O4@CNT showed high catalytic performance and
100% CO conversion was reached regardless of the water
exposure time. The bare Co3O4@CNT showed a continuous
decrease of CO conversion when the water exposure time was
increased to 30 min. This suggests that water can still
accumulate around the catalytic centers and gradually
deactivate the catalysts. At this point, the turnover frequency
of F−Co3O4@CNT is 3.31 × 10−4 s−1, which is nearly twice as
high as 1.86 × 10−4 s−1 of Co3O4@CNT (based on the total
mass of Co ions). When the temperature dropped to 100 °C,
the CO conversion of F−CO3O4@CNT decreased in the first

Figure 5. Temperature dependence of catalytic activity of F−Co3O4@
CNT catalysts for CO oxidation. The CO conversion was measured
and quantified by gas chromatography. Each data point was collected
after stabilizing the catalysts under feed gas conditions and
temperature for at least 10 min.

Figure 6. (a−c) Contact angle measurements of commercial Co3O4
(a), Co3O4@CNT (b), and F−Co3O4@CNT (c) catalysts. (d)
Schematic illustration of surface hydrophobicity of catalysts, which
prevents water accumulation on the surface of the catalysts.

Figure 7. Time-resolved study of the catalytic performance of
Co3O4@CNT and F−Co3O4@CNT at 150 and 100 °C using
moisture-saturated feed gas. For the long-term stability test, the
moisture-saturated gas was continuously passed through the catalysts,
and the moisture was removed before the CO conversion measure-
ment.
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10 min and remained at ∼50%. Co3O4@CNT, on the other
hand, quickly deactivated within 10 min. This observation
implies that the water adsorption rate on the CO3O4@CNT
catalyst surface is higher than the water desorption rate at 100
°C; the accumulation of water would gradually passivate the
catalytic sites. On the contrary, the adsorption rate on the F−
CO3O4@CNT is much lower due to the surface hydro-
phobicity, and water does not accumulate.
Finally, the long-term stability of F−CO3O4@CNT catalysts

was studied at 150 °C under moisture-saturated conditions
(Figure 7). The catalytic activity of F−CO3O4@CNT is
extremely stable. This catalyst gave 100% conversion of CO
after 26 h, and a small fluctuation of CO conversion appeared
after that. The loss of stability is probably due to partial
detaching/degradation of fluorinated PFDTES on the catalyst
surface as well as an accumulation of carbonate species on the
surface. The nanostructure of the catalysts did not change after
the catalytic tests at 150 °C for 40 h (data not shown). Overall,
the F−CO3O4@CNT catalysts have shown high durability for
CO conversion under a harsh environment.

■ CONCLUSIONS
In summary, we have developed a polymer-assisted, facile
synthesis of highly active Co3O4@CNT catalysts for CO
oxidation under moisture-rich conditions. The modulation of
surface hydrophobicity of CNT substrates was demonstrated to
be an efficient method to enhance the moisture resistance of
metal oxide catalysts for CO oxidation. Using moisture-
saturated feed gas, the fluorinated Co3O4@CNT exhibited an
outstanding activity and durability at 150 °C. This approach is
simple and fast, yet general, and can be potentially applied to
other types of metal oxide catalysts. This research may open up
a new realm of possibilities in developing inexpensive and
moisture-resistant metal oxide catalysts for CO oxidation.
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