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rganizing nanomaterials into

macroscopic systems is the

bottleneck in nanotechnology to-
day, as the engineering of these structures
often compromise their intrinsic properties.
On the other hand, applications of nanoma-
terial aggregates in areas such as catalysis
and filtration have shown superior
performance.? Macroscopic assemblies of
robust aligned carbon nanotube (CNT) films
used as nanoelectromechanical systems
and nanoelectronic devices,? brush-type
electrodes,* multifunctional nanobrushes,’
and chip cooling elements,® etc. have dem-
onstrated the utility of large blocks and mi-
croscopic arrays of ordered nanotubes. The
CNT structures can be synthesized directly
by catalytic chemical vapor-phase deposi-
tion methods on planar as well as three-
dimensional growth templates with well-
defined geometries.” Here we present a
simple but efficient route to organize
aligned carbon nanotubes into macro-
scopic membranes which can be used as
particulate filters and catalyst templates. We
demonstrate the performance of these fil-
ters by showing the removal of more than
99% of the particulates with submicrome-
ter diameter. We show that a similar scaffold
system decorated with Pd nanoparticles
also serves as excellent catalyst support in
the hydrogenation of propene to propane.

RESULTS

Chemical vapor deposition (CVD) on the
micromachined Si/SiO, wafers produces
well-aligned nanotubes perpendicular to
the SiO, surface both on the upper/lower
facets of the template and also on the cylin-
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ABSTRACT Three-dimensional carbon nanotube scaffolds created using micromachined Si/Si0, templates are

used as nanoparticulate filters and support membranes for gas-phase heterogeneous catalysis. The filtering

efficiency of better than 99% is shown for the scaffolds in filtering submicrometer particles from air. In the

hydrogenation of propene to propane reaction low activation energy of £, ~27.8 = 0.6 kJ - mol~", a considerably

high turnover rate of ~1.1 molecules - Pd site™" -

decorated membranes. It is demonstrated that appropriate engineering of macroscopic-ordered nanotube
architectures can lead to multifunctional applications.

KEYWORDS: carbon nanotubes - catalyst support - submicrometer filtering - air

filter - propene

drical surface of the laser-ablated holes (Fig-
ure 1). The holes become gradually filled in
as the CVD process evolves in time, and af-
ter ~30 min synthesis, no macroscopic or
microscopic pinholes can be observed. In
the case of longer deposition, the film gets
densified and then the nanotubes bend and
continue to grow parallel to the walls of
the holes (instead of the perpendicular di-
rection; see Figure 1).

The gas permeability of membranes
shows significant dependence on the CNT
length, structure, and density in the scaffold
(Figure 2a). When short growth time (see
Materials and Methods) is used, the pin-
holes in the membranes enable strong flow
through of gases. Testing of membrane
grown for the longest time in particulate
air filtering shows higher than 99% filtering
efficiency for particles having a size of 0.3
pm, which is considerably better than that
obtained for the material used as the house-
hold HEPA filter (Figure 2b).

To demonstrate the feasibility of the
membranes in catalysis, the nanotubes
were first decorated with Pd nanoparticles
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anes grown on microstructured and oxidized Si chips: synthe-

sis times of (a) 0, (b) 20, (c) 30, and (d) 40 min were applied after the precursor prefeeding step.

and then applied as a membrane catalyst for reducing
propene to propane with H,. For Pd deposition on CNTs
two different approaches were used: in the first one,
the membranes were impregnated with Pd—acetate
and reduced/activated in H, flow at 500 °C; while in the
other process, the impregnated membranes were cal-
cined in air at 380 °C before the reduction step. The Pd
nanoparticles show narrow size distribution with a
mean diameter of 3.4 = 1.5 and 5.4 = 3.6 nm for re-
duced only and for calcined and reduced samples, re-
spectively (Figure 3). The calculation of the turnover
rates and dispersion was based on the diameters of
the Pd nanoparticles determined from TEM images (Fig-
ure 3) and assuming that each Pd atom at the mono-
layer surface is an active site. The dispersion of cata-
lyst was ~0.24 and ~0.11 for the reduced and calcined-
reduced samples, respectively.

The activated catalyst membranes showed excel-
lent and durable activity in the hydrogenation of pro-
pene to propane in the case of the three samples filled
with the longest carbon nanotubes. The turnover rate
was ~1.1 molecules - Pd site ' -s™"in the t > 120 °C
temperature range (Figure 4b) even after three con-
secutive experimental tests. The short CNT membranes
grown only by prefeeding showed a maximum ~0.7
molecules - Pd site™" - s, because some molecules can
pass through of the central hole of the membrane. The

conversion was found to be weakly dependent on the
method of catalyst preparation. Despite the higher dis-
persion, the reduced catalyst showed only slightly bet-
ter maximum conversion values than those calcined be-
fore activation which can be attributed to the partial
poisoning of metallic active sites.

Arrhenius behavior (Figure 4c) shows the three dif-
ferent catalytic reaction regimes typical for porous solid
catalysts.’ After a number of repeated heating and cool-
ing cycles the catalyst was tested in an aging test at a
relatively high temperature (156.1 = 2.4 °C) and
showed no sign of deactivation until after a 2 h time-on-
stream run (Figure 4d). Furthermore, when the catalyst
is removed from the reactor and stored in ambient at-
mosphere and reduced again, the same activity could
be recovered as before. An increase of the catalyst size
(Figure 4e) due to coarsening upon usage was well
within the error of the measurements (Supporting Infor-
mation, Figure S1).

DISCUSSION

In this work we show a simple and facile route to
fabricate carbon nanotube membranes on microstruc-
tured Si/SiO, chips for particulate air filtering and cata-
lyst support applications. The permeability of mem-
branes is adjusted by the growth time applied in the
catalytic CVD of carbon nanotubes. The intrinsic
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Figure 2. (a) Pressure drop vs flow rate of nanotube membranes. Samples with longer growth time show decreased perme-
ability due to the tortuous CNT films and closed up macroscopic holes (in each case, 2 mL precursor prefeeding has been ap-
plied before growth). (b) Concentration of the particulates with a diameter of 0.3—2 pm in office air before and after filter-
ing through the CNT membrane grown for 40 min and a sheet of commercial household HEPA filter of ~200 pm thickness.
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Figure 3. TEM images of carbon nanotubes decorated with Pd nanoparticles: (a) Pd—acetate impregnated on CNTs is re-
duced in H, flow at 500 °C resulting in Pd nanoparticles of 3.4 = 1.5 nm diameters; (b) impregnated sample calcined in air

at 380 °C before the reduction step having average catalyst size of 5.4 + 3.6 nm. (c) Size of the Pd nanoparticles in the fresh

samples.

permeability () of different membranes can be esti-
mated by applying Darcy’s equation, Ap = (mLQ)/(Aw.),
where a constant pressure gradient is assumed in the
membranes, as . = (MLQ)/(AAp), where =2 X 107°
Pa- s is the dynamic viscosity of Ar, L = 5 X 10™*m is the
thickness of the membrane, A = 16.7 X 10 m?is the to-
tal cross section of gas flow, Q is the gas flow rate, and
Ap is the pressure drop on the membranes (Table 1).
Samples of short growth time give the highest per-
meabilities due to the strong through flow in the only
partially filled microscopic flow channels. The perme-
ability values of the other samples which were grown
using longer synthesis times show reasonable agree-
ment with the values measured on other porous car-
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bonaceous media'® similar in densities to our nano-
tube films® (~150—200 kg - m~3 measured for
noncompressed planar aligned films). For instance, the
intrinsic gas permeability of highly porous graphite ma-
trices having densities between p = 20—200 kg-m™3
was measured to be in the range from 1072 to 10 °
m21" Similar results, 2.5 X 107" to 107'> m? were ob-
tained for compressed exfoliated graphite (p =
100—190 kg - m~3)."2 The large difference (~50-times)
of the permeability for the samples grown for 40 min
compared to 30 min can be explained on the basis of
the limited percolation of the pores through the film.®
The nanotube membranes with lower permeability
showed ~99% filtering efficiency in the case of
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Figure 4. (a) Schematic view of the gas flow during catalyst activity tests on a membrane. (b) Turnover rates of propene hy-
drogenation to propane in the temperature range from 27 to 160 °C. Results from three consecutive measurements are in
good agreement. (c) Corresponding Arrhenius type diagram shows the three different catalytic reaction regimes typical for
porous solid catalysts. The intrinsic-kinetics regime is identified with apparent an activation energy of 27.8 = 0.6 kJ - mol~".
(d) Aging test of catalyst shows no deactivation after a 2 h time on stream. (e) Catalyst size determined from TEM analysis (in

each case, count >160 particles).
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TABLE 1. Intrinsic Permeabilities of CNT Membranes Measured in Ar Flow at 23°C

membrane growth process
1 prefeeding only
2 prefeeding and 20 min growth
3 prefeeding and 30 min growth
4 prefeeding and 40 min growth

particulates of submicrometer diameter. The very effi-
cient filtering of submicrometer-sized particles through
the CNT membranes is attributed to the high density
packing of the nanotubes (Figure 1d) with an accompa-
nying microporous and mesoporous structure having
typical pore size on the nanometer scale (Supporting In-
formation Figure S2) which is 3 orders of magnitude
smaller than the pores of the used HEPA filter (Support-
ing Information Figure S3).

Membranes with higher permeability decorated
with Pd nanoparticles proved to be excellent catalysts
in the hydrogenation of propene to propane either as
prepared or calcined. A significant difference among
the obtained catalysts is the partially consumed nano-
tube support of calcined samples—as the catalyst
nanoparticles drill nanosized holes and cavities in the
walls of CNTs (Figure 3b). In the course of decomposi-
tion in air, Pd—acetate forms also PdO besides metallic
Pd (Supporting Information Figure 54)."* As the oxide
phase is known to be highly reactive,’* ¢ the localized
catalytic oxidation of carbon is indeed possible at 380 °C
in air.

Analyzing the Arrhenius plots we can consider three
different catalytic reaction regimes which are typical
for porous solid catalysts.” At low temperatures (27—
31 °C) in the intrinsic-kinetics regime, the rate of the re-
action is so low that the diffusion flux is insignificant,
and intrinsic reaction kinetics can be assumed with an
apparent activation energy of 27.8 + 0.6 kJ - mol™! (ap-
proximately 290 meV per molecule). This value is
slightly lower than those measured on Pt catalyst (£, =

MATERIALS AND METHODS

Template Fabrication. We use silicon chips (thickness of ~500
wm) that are laser cut to small discs (~8.5 mm in diameter) and
drilled through to form cylindrical holes (~500 wm diameter) in a
hexagonal arrangement (with a center-to-center spacing of 1
mm). For microstructuring the Si wafers, a Nd:YVO, pulsed laser
has been used. The laser parameters are as follows: pulse dura-
tion of 20 ns, focal spot size of ~15 um, repetition rate of 20 kHz,
average power of 3.2 W and scan rate of 50 mm/s. The micro-
structured wafers are cleaned in KOH solution (1 M, 23 °C, 2—3
min) to remove Si debris formed in the laser ablation process,
then oxidized in air at 1000 °C for 12 h to generate a thin diffu-
sion barrier surface oxide layer suitable for growing carbon nan-
otubes by catalytic chemical vapor deposition.

Catalytic Chemical Vapor Deposition of Multiwalled Carbon Nanotubes.
Growth of carbon nanotubes has been achieved in a horizontal
tube reactor from xylene/ferrocene precursor as described
elsewhere.*®7 In brief, the reactor is pumped to a base pressure
below 0.5 Torr and purged with argon. The argon flow rate is
then set to ~40 mL - min~" and the reactor is heated to 770—785

UNJ() VvOL.4 = NO.4 = HALONEN ET AL.

Q/Ap (m*s~"Pa™") »(m?)

(B1+11)x107* (1.88+0.68) X 107"
(17 +£0.1)x 1078 (9.9 +0.78) X 1072
93 +03)x 107" (5.58 = 0.18) X 10~ "
(0+01)x 10" (1.20 = 0.06) X 10~ ™

35.1—58.5 kJ - mol™~") supported on various oxides'®~ 8

and close to 35 = 1 kJ - mol~" found for Pd catalyst used
in ethylene hydrogenation.’ With increased tempera-
ture, in the internal diffusion regime (31—41 °C) the
pore diffusion becomes significant compared to the in-
creased reaction rate. In this regime the observed acti-
vation energy is 12.0 = 0.2 kJ - mol~", which is approxi-
mately one-half of the intrinsic value, which is in good
agreement with calculations described for this regime.’
At higher temperatures (external diffusion regime) the
rate-limiting step is the mass transfer from ambient
fluid to the surface observed in apparent activation en-
ergy with a value of 4.8 = 0.2 kJ- mol~" occurred at
bulk diffusion characteristics of gases in porous solid
catalysts.’ The deviation at higher temperatures (>105
°C) may be attributed to changes in kinetics and ap-
pearance of other reactions such as dehydrogenation
of propane (C3Hg) to propene (CsHg) or propene to pro-
pyne (C3H,).

The high sintering resistance of Pd nanoparticles
upon prolonged exposure to elevated temperature is
most likely related to the stabilization effect exercised
by the ordered porous structure of the radial carbon
nanotube network. A similar phenomenon was re-
ported on the stabilization effect of SBA-15 mesopores
on supported 2—6 nm Pd nanopartices calcined in air at
550 °C.2° Similar high sintering resistance—caused by
the carbonaceous surroundings and pore
entrapment—of Pt nanoparticles enclosed in mi-
croporous hollow carbon shells was demonstrated up
to 800 °C.2!

°C. A nominal 2 mL aliquot of precursor solution (20 g of fer-
rocene dissolved in 1000 mL of xylene) is injected into an evapo-
rator column preheated to 185 °C, and then the vapor is intro-
duced into the reactor with the preset flow rate of argon gas.
After the parameters were stabilized, the precursor flow rate is
adjusted to 0.1 mL-min~" and maintained until the end of the
process (20—40 min).

Gas Permeability Measurements. The nanotube membranes were
mounted in a silicon rubber tube which provided good sealing
along the perimeter. The flow rate of Ar gas was measured us-
ing different flow meters measuring from 5 mL-min~" up to 10
L-min~". The pressure drop on the membranes was measured
using a regulator gauge (AGA, R40/A1 GB from 30 kPa up to 200
kPa), a piezo transducer (HPS series 902 from 2 to 30 kPa), and
a manometer (0.01—2 kPa).

Testing in Particulate Air Filtering. Ambient air with a flow rate of
30 mL-min~" was flowed through the as-prepared membranes
and a sheet of a household HEPA air filter (Ideale; class H10) of
~200 pm thickness tightened to a silicon tube as reference ma-
terial. The concentration of particles with diameter of 0.3—2

www.acsnano.org



pm in outlet gas was monitored by a Lighthouse hand-held
3016 IAQ airborne laser particle counter.

Specific Surface Area Determination of the Nanotubes. N, adsorption
isotherms were measured at 77 K using a Quantachrome NOVA
2200 facility. The specific surface area (Ager) was calculated from
the 0.1—-0.3 p/p, region of the adsorption isotherm using the
Brunauer—Emmett—Teller (BET) method. The pore diameter
(dyn) was calculated by the Barret—Joyner—Halenda (BJH)
method from the adsorption isotherm in order to avoid an arti-
fact due to the tensile strength effect.??

Catalyst Deposition on the (NT Membranes. The catalyst particles
are deposited by wetness impregnation widely used for pow-
der support samples.3~26 Our process is as follows: Pd(OAc), dis-
solved in toluene (9.8 mg-mL™") is drop cast on the nanotube
samples until the ca. 30—35 wt % Pd load is reached. The “re-
duced catalyst” samples are made by heating the membranes
from room temperature (RT) to 500 °C in 5% H.,/N, flow with a
rate of 5 °C- min~", then keeping the membranes at 500 °C for 5
min and finally cooling back to RT. The “calcined-reduced cata-
lysts” are prepared by drying in air at 105 °C for 30 min followed
by calcination at 185 °C for 1 h and then at 380 °C for 1 h. Then
the same reduction procedure is carried out as described above
for the “reduced catalyst”.

(atalyst Characterization. X-ray diffraction experiments were per-
formed using Cu Ka radiation (Siemens D5000 diffractometer).
Electron microphotographs of the samples were taken by a LEO
912 OMEGA energy-filtered transmission electron microscope
using 120 kV acceleration voltage. Histograms of particle size dis-
tribution were obtained by counting at least 160 particles on
the micrographs of 250 k magnification for each sample.

Catalyst Activity and Reliability Tests. In the activity experiments,
the catalyst samples were fixed tightly in a quartz reactor of 9
mm inner diameter. The temperature at the membranes was
measured with a thermocouple being placed in the plane of the
membrane. The inlet gas composition (~1.5 Torr propene, ~38
Torr H, balanced with N, on ambient pressure), and flow rates
(1000 mL - min~") were set using mass-flow controllers. The out-
let gas composition (propane and propene) was measured by an
FT-IR (Gasmet) gas analyzer. Basically two different types of ex-
periments were carried out to collect information on the catalytic
behavior of the membranes. In the first, the reactor tempera-
ture was ramped up from 25 to 160 °C then cooled back to ~25
°C with a rate of 10 °C- min~". This was repeated at least three
times to study the repeatability of experiments and possible de-
activation of the catalyst upon temperature cycling. In the other
experiment, the cycled catalyst samples were left in the reactor
and the temperature was set to ~155 °C, while the propene to
propane conversion was monitored as a function of time (time-
on-stream measurement), again to study catalyst deactivation.
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