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he synthesis of a variety of nano-

structured materials possessing

unique and exciting physical proper-
ties has been the foundation for the devel-
opment of new and important applications
based upon nanotechnology. Of the many
such nanostructures that fit into this cat-
egory, nanorods and nanowires composed
of Si'"*and ZnO,® as well as nanotubes
composed of BN® and C,”~ '3 have emerged
as premier candidates for the future of de-
veloping applications. Despite the fact that
each of these nanostructures is unique in
the properties that make it attractive for
such applications, all of these structures can
be synthesized in a universal process that
utilizes vapor transport at elevated temper-
atures with metallic catalytic nanoparticles.
In many cases, where the catalyst forms a
stable metal-oxide when exposed to ambi-
ent conditions, the first stage of this process
involves the reduction or preparation of a
metal-oxide catalyst into a catalytically ac-
tive metallic state. This is a highly crucial
step in any process where selectivity in the
catalyst particle size is sought (particularly
for single-walled carbon nanotubes) since
dynamic behavior of metal atoms on a sup-
porting surface can limit control of the re-
sulting particle size distribution.'*~"” This is
a substantial issue that is particularly rel-
evant for the nucleation and growth of
dense arrays of single-walled carbon nano-
tubes, where the typical metal catalyst par-
ticle is less than 5 nm in diameter, with in-
terparticle spacing of less than 10 nm on
the solid oxide supporting surface.'” As a re-
sult, the route toward selectivity in any
high-density surface-supported growth
process will require the ability to reduce
the catalyst without initiating any coarsen-
ing of the catalyst particles prior to growth.
This is a difficult task since most techniques
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ABSTRACT An efficient technique using hydrazine (N,H,) vapor as an agent for the rapid reduction of high-

density layers of catalytic nanoparticles is demonstrated. With as little as 10 mTorr hydrazine bled into a thermal

chemical vapor deposition (CVD) apparatus, efficient reduction of metal-oxide catalyst particles is achieved more

rapidly than when using atomic hydrogen as the reducing agent. Postreduction catalyst imaging emphasizes the

differences in nanoparticle formation under different reduction environments, with the most uniform and compact

catalyst size distribution observed following hydrazine exposure. Low-temperature reduction studies suggest

that as little as 15 s N,H, exposure at temperatures of 350 °C can yield a reduced catalyst layer preceding the

synthesis of dense, aligned arrays of single-walled carbon nanotubes (SWNT) with uniform height. This work

demonstrates a simple route toward scalable, vapor transport reduction of metal-oxide catalyst relevant to a

number of catalytic applications, including the synthesis and selective synthesis of aligned SWNT arrays.
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which utilize a vapor transport growth pro-
cess require a high pressure background
level of H, at elevated temperatures (>700
°C) prior to the introduction of the reactive
feedstock species in order to achieve a me-
tallic catalyst state.'® Recent work by Nessim
et al.'® has shown that varying the time of
reduction in the pretreatment of Al,Os-
supported Fe catalyst allows one to tailor
the catalyst particle size distribution (and
hence, nanotube diameter) in vertically
aligned carbon nanotube array growth
based upon catalyst coarsening. Although
this technique can be used as a tool for se-
lectivity of carbon nanotube growth by di-
ameter and number of walls, it also high-
lights the sensitivity of the catalyst to the
reduction conditions utilized in most simi-
lar chemical vapor deposition techniques.
Therefore, the route toward selectivity
and controllability in catalysis is to utilize a
reduction step which can be efficiently ap-
plied to a metal-oxide catalyst for as briefly
as possible and at the lowest temperature
possible. In this spirit, the development of
the hot filament technique in CVD carbon
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nanotube growth'>'3'° provides a simple route toward
this goal as the use of a hot filament promotes the pro-
duction of atomic hydrogen in the presence of H,. Since
atomic hydrogen is a highly efficient reducing agent
of metal-oxides, rapid catalyst activation is achieved
while minimizing effects such as coarsening in the first
stage of this process. However, despite this advantage,
the primary drawback to using the hot filament is tied
to the finite diffusion distance of atomic hydrogen once
it is produced. This limits the surface area over which
uniform reduction occurs in a hot filament CVD appara-
tus and leads to nonuniformity in the reduction of large
surfaces. Furthermore, the number of applications in-
volving vertically aligned carbon nanotube arrays is ris-
ing at a remarkable rate—including supercapacitors,?
field emitters,?' filtration membranes,?>% and even
films drawn from arrays that can be used as loudspeak-
ers.2* This rising number of applications emphasizes
the concept that methods which can controllably pro-
mote selective and scalable growth are of utmost im-
portance as the demand for processes to mass produce
materials for these applications becomes greater.

In this study, we demonstrate a technique for metal-
oxide catalyst reduction that appears more efficient
than any other vapor transport reduction technique,
utilizing brief exposures of hydrazine gas to an iron-
oxide catalyst layer. With exposures as short as 3 s, and
with as little as 10 mTorr partial pressure of hydrazine,
catalyst reduction is attained and uniform growth can
proceed from the catalytic layer. Compared to reduc-
tion with a hot filament, hydrazine vapor is more effec-
tive for reduction at lower temperatures and is more
scalable in its ability to form highly uniform arrays of
carbon nanotubes with a height invariant relative to the
position of the chip in the heated furnace. The results
of this study emphasize a route toward scalable and se-
lective growth processes for future CVD reactor
systems—not only for carbon nanotube growth but
also for any CVD growth process which requires or ben-
efits from the use of a metallic catalytic particle.

RESULTS AND DISCUSSION
The use of hydrazine reduction in this study is devel-
oped as a means to scale-up a low-pressure
vapor transport system for growing single-
walled carbon nanotube (SWNT) arrays, as
an alternative to the use of high-pressure
hydrogen reduction or low-pressure atomic
hydrogen reduction. Hydrazine reduction
of metal-oxide catalyst is achieved through
a simple apparatus design that is illustrated
in a cartoon in Figure 1 and discussed in fur-
ther detail in the Methods and Supporting
Information. The principle of utilizing this
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Figure 1. Simple schematic of the experimental setup uti-
lized for N,H, introduction to the reactor system. A photo-
graph of the actual setup is included in the Supporting Infor-
mation.

on the equilibrium vapor pressure of hydrazine under
vacuum. To achieve this, an evacuated flask containing
hydrazine is connected through a two-way solenoid
valve that, when opened, allows hydrazine vapor to mix
with the other reaction gases (C;H,, H,, H,0). The par-
tial pressure of hydrazine in the vicinity of the metal-
oxide catalyst can be carefully controlled by an O-ring
fitting that modifies the opening of the hydrazine flask
to the two-way valve. To achieve a low equilibrium
pressure of hydrazine, the O-ring fitting can be only
slightly opened, whereas the greatest hydrazine partial
pressure can be achieved (~0.5 Torr) when the fitting
on the hydrazine-containing flask is completely open to
the two-way valve. An alternative technique to control-
lably introduce hydrazine is to utilize a temperature-
controlled bath and follow the temperature depen-
dence of the equilibrium vapor pressure of hydrazine
to maintain a controllable N,H, partial pressure. None-
theless, for the experiments reported in this study, the
process of modifying the opening of the O-ring fitting
on the hydrazine flask is sufficient, allowing us to
achieve hydrazine partial pressures between 10 and
500 mTorr.

In order to assess the effect of hydrazine reduction,
we first focus on the lowest N,H, partial pressures
achievable during catalyst reduction and the effect of
this on the growth of dense arrays of SWNTSs. In a ther-
mal CVD reactor operating at low pressures utilizing
only H; (no atomic hydrogen or N,H,) as the reducing
agent, the reduction and growth is poor. This is evi-
denced through a scanning electron microscope (SEM)
image shown in Figure 2a. Not only does growth occur

design is based upon the introduction of a Figure 2. Side-view SEM images of SWNT forests grown with (a) only H,

well-known and controllable amount of hy-

(1.4 Torr) for reduction, and (b) an additional 10 mTorr of N,H, for 10 s of
reduction upon rapid sample insertion into the furnace, at 750 °C in iden-

drazine into a vapor transport reactor based tical conditions.
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nonuniformly over the whole chip (pref-
erentially on edges), but the resulting
growth looks much more “forest-like” as
opposed to being composed of dense,
aligned SWNT arrays. In order to combat
this, most efforts to achieve uniform,
high-density growth of SWNT arrays uti-
lize an atmospheric process which results
in rapid H, reduction of a metal-oxide
catalyst. The setback to such a system is
the extreme difficulty in achieving repro-
ducible growth conditions in addition to
the sensitive nature of atmospheric
water-assisted SWNT forest growth. This
has led to the development of hot fila-
ment reduction producing atomic hydro-
gen for aligned SWNT growth, which is
a common technique utilized in CVD dia-
mond growth.%> However, this also has
limits since the reduction process cru-
cially depends on the distance of the
catalyst surface from the hot filament.
On the other hand, utilizing a reduction
technique such as hydrazine is not spa-
tially limited and can be just as easily ap-
plied to a large-area growth surface as a
small research-scale substrate. Further-
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Figure 3. (a) Measured carpet height (average) as a function of total reduction time utilizing
10 mTorr NyH, at two temperatures of 600 and 750 °C. (b) Measured carpet height as a func-
tion of N,H, partial pressure for a 5 s exposure of N,H, at 750 °C. (c,d) Raman spectra from
633 and 785 nm excitations of (c) a SWNT array grown following a 30 s exposure to 10 mTorr
N,H,4 at 750 °C, and (d) a SWNT array grown following a 30 s exposure to atomic hydrogen
at 750 °C.
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more, N,H, is a highly aggressive reduc-

ing agent, leading to uniform catalyst reduction at low
N,H, partial pressure following a brief exposure at high
temperature (600—750 °C). Figure 2b shows an SEM im-
age of a SWNT array grown following a 10 s reduction
at 750 °C with only 10 mTorr partial pressure of N,H,
(0.7% of the total reaction mixture). Not only does the
growth proceed in a remarkably uniform fashion over
the growth substrate, but the height, alignment, den-
sity, and appearance of the SWNT array are comparable
to an array grown with a 30 s exposure to atomic
hydrogen.

In order to investigate the potential of N,H, as a re-
ducing agent, the N,H, partial pressure and exposure
were varied in order to study the effect this has on the
resulting SWNT array growth. Since the reduction and
growth occurs in a closed system, we utilize the height
measurement of the vertically aligned SWNT array (or
carpet) in order to monitor the effectiveness of the re-
duction process. Significant work has been performed
to establish that a catalyst particle will not be catalyti-
cally active until it is fully reduced into a metallic state.?
Therefore, the measurement of the carpet height is a
test of the effectiveness of the reduction process. Fur-
thermore, the growth that occurs when no reducing
agent is introduced into the reactor is nonuniform, oc-
curring mostly or only at the edges of the growth sub-
strate and less than 10 um tall even where growth does
occur. From Figure 2a, it is clear that the array that is
grown is also less aligned due to having a substantially
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lower density. It is conceivable that within the 15 min
exposure to high-temperature conditions in the pres-
ence of 1.4 Torr H,, some of the most easily reduced
catalyst will be activated and begin to grow nanotubes.
However, this establishes a lower limit for comparison
of carpet height between growth from a catalyst layer
that has not been reduced versus a catalyst layer that
has been fully reduced. Figure 3a shows the depen-
dence of the carpet height on the exposure to 10 mTorr
N,H, at two different reduction/growth temperatures,
with all growths carried out for a total of 15 min. From
the applied fit, it is apparent that the carpet height as a
function of N,H, reduction time obeys a simple expo-
nential decay function of the form:

H(t) = H — exp(—t/1))

max(1

where t is the N,H,; exposure time and 7 represents a
characteristic time for activation of a metal-oxide par-
ticle to a catalytically active metal particle. The finite val-
ues of carpet height in Figure 3a at t = 0 s represent
the average measurable carpet height only over the
spots on the substrate where growth is observed and
not the height of a uniform carpet that is observed with
t > 0 s. Therefore, for practical fitting reasons, the fits
are extrapolated to zero height (i.e., H(0) = 0 wm) with-
out N,H,; exposure. The measured characteristic activa-
tion time constants from the applied fits are 1 = 4.44 =
0.35(750°C) and T = 4.61 = 0.1 s (600 °C). This sug-
gests that the hydrazine exposure at 750 °C more rap-
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idly reduces the catalyst, even though the time con-
stant associated with reduction at lower temperatures
(600 °C) is not significantly different. As a result, as little
as 10 mTorr of hydrazine is effective at reducing a thin
catalyst layer over the range of temperatures one can
utilize for carbon nanotube growth. It is also apparent
from Figure 3a that the maximum height (with full cata-
lyst reduction) is different for growth at temperatures
of 600 and 750 °C. This was also observed in
temperature-dependent studies of aligned carbon nan-
otube growth using similar conditions, but atomic hy-
drogen exposure for catalyst reduction.?” This is attrib-
uted to slower kinetics during the addition of carbon to
a growing nanotube at low temperatures, as this re-
sults in the formation of many nanotubes having addi-
tional walls and an overall slower rate of growth.?
Nonetheless, the reduction process appears efficient at
low temperatures and is a subject that will be revisited
at a later point in this paper.

In addition to varying the N,H, exposure time, we
also investigated the dependence of the carpet height
on the NyH, partial pressure for a brief exposure (5 s)
that is ineffective for full catalyst reduction, as evi-
denced by Figure 3a. The partial pressure was adjusted
as described previously by modifying the opening of
the vacuum seal on the hydrazine flask until the total
system pressure stabilized. Mass spectrometry per-
formed in situ downstream of the reaction was utilized
as a means to identify the presence of N,H, and
whether the N,H, partial pressure was stable. The pres-
sure dependence of the carpet height on a brief N,H,
exposure is shown in Figure 3b. Again, the data appear
to follow a curve describing exponential decay, with
full carpet growth (~55 wm) observed after only 5 s of
0.2 Torr partial pressure N,H, exposed to the catalyst at
750 °C. It should be noted that the N,H, partial pres-
sure is stabilized before rapid insertion of the catalyst
and support into the hot reactor. This means that the
catalyst is being reduced during substrate heating, de-
pending on how rapidly the substrate absorbs the infra-
red radiation emitted by the tube furnace. The con-
cept of low-temperature reduction will be presented
at a later point; however, it is a substantial improvement
to a vapor transport growth process to have the ability
to reduce the catalyst quickly upon insertion into the re-
actor, minimizing any ripening effects or other dy-
namic processes which may inhibit selective or control-
lable growth.

Although monitoring the carpet height is a good di-
agnostic, it is important to establish that two different
processes believed to only reduce the catalyst are not
leading to a substantially different makeup of SWNTs in
the carpets. In order to characterize and compare car-
pets grown via atomic hydrogen reduction to carpets
grown via hydrazine reduction, Raman spectroscopy is
performed on an exposed side of the carpet, as shown
in Figure 3c,d. Raman spectroscopy is incredibly useful

\\&) VOL.3 = NO.7 = PINT ET AL

in its ability to characterize the “quality” of the graphiti-
zation of the nanotubes (D and G peak ratio) as well as
a crude insight into nanotube diameters present in the
sample. Analysis of Figure 3¢,d indicates G/D ratios of
26.3 (633 nm) and 15.1 (785 nm) for SWNT grown from
atomic hydrogen reduced catalyst, whereas ratios for
nanotubes grown via hydrazine-reduced catalyst are
23.0 (633 nm) and 14.3 (785 nm). In other words, the
quality measured by Raman spectroscopy is very simi-
lar between the growths where different reduction
techniques are utilized. In addition to the D and G
peaks, the lower frequency radial breathing modes
(RBM) are diameter-dependent and allow one to make
a crude judgment regarding the range of SWNT diam-
eters present in the carpets. As is clear from Figure 3c,d,
the general range of SWNT diameters, including spe-
cific breathing modes, is nearly identical in the two
cases. One striking feature of the breathing modes is
the substantial number of modes present near the cut-
off filter for the lower excitation energy spectra. This in-
dicates the presence of many larger-diameter SWNTs
(1.5—2.5 nm), which is a feature unique to this water-
assisted growth process. In any case, these results em-
phasize that the general makeup of nanotubes in terms
of quality and the presence of RBMs is generally inde-
pendent of the reduction process itself. As a result, this
allows us to bypass the detailed SWNT characterization
(provided elsewhere?”?°) and focus on the specific as-
pects of hydrazine reduction relevant to this study.
The Raman results in Figure 3c,d as well as the gen-
eral similarities in the carpets between reduction with
N,H, and atomic hydrogen raise a fundamental ques-
tion regarding the initial state of the catalyst layer sup-
porting growth. It is widely believed that the deposited
metal catalyst layer forms a reasonably smooth, uni-
form layer on the catalyst support (Al,0s)."® Upon re-
duction, this layer is believed to break into numerous
small nucleation sites that will eventually yield SWNT
growth, with particle sizes determined by factors such
as the makeup of the incoming feedstock gases, and
the rate at which reduction occurs. In order to under-
stand the response of the catalyst layer to the different
reduction conditions considered, we performed trans-
mission electron microscope (TEM) imaging of the cata-
lyst layers under the different reduction conditions. Im-
ages of the catalyst layer under the reduction
conditions utilized in this work are shown in Figure 4,
with accompanying inset histograms depicting metal-
oxide particle size distributions. In order to prepare the
samples for imaging, the catalyst-coated substrate is
hand-polished from the back side until it is ~10 wm in
thickness. Following this, the chip is further ion-milled
at a low angle from the back side until it is perforated,
thereby forming a small hole around which plan-view
TEM imaging occurs. The conditions relevant to this
study include four specific cases, shown in Figure 4: (i)
an as-deposited layer of Fe, (ii) a catalyst layer reduced
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with H,, (iii) a catalyst layer reduced with
atomic hydrogen, and (iv) a catalyst layer
reduced with N,H,4. All other conditions
in (ii—iv) were identical, includinga 30 s
exposure to a reduction environment at
a temperature of 750 °C. The catalyst lay-
ers for all experiments were e-beam de-
posited at the same time, meaning that
any sample variation due to slight differ-
ences in the evaporation process is by-
passed, allowing us to only focus on ef-
fects occurring due to the exposure of
the catalyst layer to the reduction
environment.

Upon inspection of Figure 4, a strik-
ing aspect of the catalyst layer is the ap-
pearance of Fe particle formation on the
Al,O5 support in the as-deposited layer
(Figure 4a). Histograms indicate that typi-
cal metal-oxide particle sizes correlate
reasonably to the SWNT population ob-
served in the growth process, assuming
the metal-oxide particle is reduced prior
to growth. This provides crucial insight
into the growth process by emphasizing
that the primary role of the reduction en-
vironment is not to regulate the forma-
tion of the particle size distribution from
a uniformly coated metal layer. This
means that the particle formation, to
first order, occurs during deposition. This
is an important point to make and is
likely the reason why the “super-growth”
process is highly sensitive to the thick-

ness of the catalyst layer.3%3" In all images shown in Fig-
ure 4, the metal particles are converted back into Fe,03
during the substantial air exposure that occurs be-
tween reduction and TEM imaging experiments. There-
fore, the actual catalyst particle size relevant to SWNT
growth is likely ~30—40% smaller than the sizes shown
in Figure 4 and depicted through inset histograms. By
comparison of Figure 4a,b, it is evident that exposure of
the catalyst layer to a reduction environment consist-
ing only of H, as the reducing agent results in particle
coarsening, even after only 30 s. This coarsening effect
likely occurs due to Ostwald ripening at temperatures
which support high atomistic mobility."”” However,
when atomic hydrogen is utilized (Figure 4c) as the re-
duction agent, particles apparently form with sizes that
are on average slightly larger than those in the as-
deposited layer, but appearing compact in nature.
Looking closely, there is a wide distribution of particle
sizes that would represent a distribution of large-
diameter nanotubes consistent with what has been
characterized previously assuming the particles were
shrunk to fit their metallic (not metal-oxide) size. The
drawback to this reduction process is the dependence
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Figure 4. Plan-view TEM images of 0.5 nm thick Fe catalyst layers deposited onto an alu-
mina supporting layer and exposed to different reduction conditions. (a) As-deposited layer
of Fe catalyst, showing the formation of particles during the deposition process. (b) Cata-
lyst layer exposed to 1.4 Torr H, as the reduction condition for 30 s at 750 °C, (c) catalyst
layer exposed to atomic hydrogen for 30 s, produced in 1.4 Torr H, with a hot filament at 750
°C, and (d) catalyst layer exposed to 10 mTorr N,H, for 30 s at 750 °C, in addition to a back-
ground of 1.4 Torr H,. Scale bars in all images are 20 nm, and all panels have inset histo-
grams depicting size distributions of particles from N = 300 total particles.

of the atomic hydrogen exposure on the distance of
the sample from the hot filament. In order to investi-
gate this effect, additional TEM imaging performed em-
phasizes significantly different catalyst particle size dis-
tribution at an opposite end of the chip. This
emphasizes the drawback to utilizing the hot filament
as a scalable technique and further bolsters the need for
a scalable, uniform process such as hydrazine reduc-
tion. On the basis of size measurements of 300 particles
from each reduction condition corresponding to the in-
set histograms, the average particle sizes measured
are (a) 4.9 nm (as-deposited), (b) 6.6 nm (H, reduced),
(c) 5.0 nm (H reduced), and (d) 3.9 nm (N,H, reduced).
Although the average particle size is slightly smaller
when utilizing N,H, reduction, the emergence of a sig-
nificant number of particles having diameters larger
than the range of as-deposited particles (i.e., with d >
6—7 nm) is not apparent, suggesting that this reduction
process best preserves the initial particle size distribu-
tion for growth. This emphasizes a point that is already
well-accepted in the literature: the catalyst prereduc-
tion step is fundamental to maintaining a given cata-
lyst particle size.>~'® This makes any effort to achieve
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Figure 5. (a) Measured carpet height (average) as a function of 0.5 Torr partial

pressure N,H, exposure at 750 °C. (b) Plan-view TEM image of the catalyst layer fol-

lowing a 30 s exposure to 0.5 Torr N,H,.

selective SWNT growth sensitive not only to the initial
size distribution of the particles but also to the reduc-
tion conditions utilized before SWNT nucleation takes
place. In Figure 4, it is clear that rapid reduction with
N,H, results in a particle size distribution most closely
correlated to the starting particle size distribution, and
histograms depicting particle size distributions for the
other two reduction techniques indicate a significant
emergence of coarsened particles having diameters
larger than the as-deposited catalyst layer. Therefore,
not only is the catalyst size distribution sensitive to re-
duction conditions, but the rapid catalyst reduction ob-
tained from N,H, vapor exposure is best-geared to-
ward selective growth processes.

Although N,H, reduction, particularly with low N;H,
partial pressures, appears to be highly beneficial for
catalyst reduction, we find that too much N,H, expo-
sure for extended periods of time is not beneficial. In
Figure 53, a plot of carpet height as a function of reduc-
tion time with 0.5 Torr partial pressure NyH, (~50 times
more N,H, than utilized previously) emphasizes the
sensitivity of growth to extended exposure involving
too much N,H,. Full reduction appears to take place
quickly upon rapid insertion of the sample into the fur-
nace (<3 s), as evidenced by the maximum carpet
height achieved in the briefest possible exposure time.
However, as the exposure time is increased (even at 5's),
the resulting height of the carpet consistently de-
creases. To better understand this effect, we imaged
the catalyst layer following exposure to 30 s N,H,4 (0.5
Torr partial pressure) at 750 °C, shown in Figure 5b.
Compared to images presented in Figure 4, one can
clearly observe the emergence of large particles
(~15—20 nm) and the overall “shrinking” of the smaller
particles. Although this does not explain the falloff in
growth with greater N,H, exposure, it is analogous to
the rapid ripening effect observed without the presence
of H,0 during growth, as H,0 is expected to hydroxy-
late the surface and reduce the rate of catalyst
ripening.”?” One possible explanation for this effect is
that N,H, is known to attack surface hydroxyl radicals,*
which would result in catalyst ripening behavior in the
early stages of nucleation analogous to the case when
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no water was utilized during the growth process.
In such a case, the terminal carpet height
achieved is ~10 wm in these growth conditions,
similar to that presented in Figure 5b for a 30 s ex-
posure to 0.5 Torr NoH,.

Finally, in the framework of maintaining the
most controllable and selective growth condi-
tions, we performed experiments where reduc-
tion and growth occur separately and at different
temperatures. The principle of this is based upon
the fact that dynamic catalyst behavior will be im-
peded at low temperatures, yielding a preserved
catalyst layer which will uniformly nucleate
SWNTSs upon rapid insertion into a preheated fur-
nace. We now revisit data from Figure 3a, which empha-
size that the characteristic activation time constant de-
scribing the catalyst reduction process does not appear
to have a substantial temperature dependence over
the range of temperatures in which SWNT growth is
typically achieved. Therefore, this emphasizes the pos-
sibility that low-temperature reduction is another po-
tential advantage in utilizing a N,H, vapor transport re-
duction process. The results of this experiment are
presented in Figure 6a, utilizing 0.25 Torr N,H, partial
pressure in experiments performed at a reduction tem-
perature lower than that of the growth temperature.

In order to compare the effectiveness of the reduction
process at low temperatures, an identical experiment is
also carried out using hot filament (atomic hydrogen)
reduction. For the case of N,H, reduction, the chip is
rapidly inserted into the furnace under flow of H, and
H,0 for 10 s, after which the N,H, valve is opened and
20 s of N,H,4 exposure at that temperature occurs before
the sample is removed and the N,H, is turned off. For
the case of atomic hydrogen reduction, the hot filament
is energized and the chip is placed inside the heated
furnace for a total of 30 s, after which the chip is re-
moved and the hot filament turned off. Following re-
moval from the low-temperature reduction environ-
ment, the sample is immediately moved into an isolated
vacuum until the furnace heats to the growth tempera-
ture. Immediately apparent from Figure 6a is the abil-
ity to reduce the catalyst layer at low temperatures
(<400 °C) with N,H,, yielding a carpet that grows to
the full length expected for the growth conditions uti-
lized. However, comparing this result with that ob-
tained from hot filament reduction emphasizes a differ-
ence of over 200 °C in the lowest prereduction
temperature that is effective in the growth of a full-
length SWNT carpet. It should be noted that “NU” on
the bottom of the vertical axis in Figure 6 represents the
nonuniform growth that typically is representative of
the growth observed when no reduction technique is
utilized (either atomic hydrogen or N,H,). Another inter-
esting feature associated with Figure 6a is the observa-
tion that the hot filament reduction process is only ef-
fective in the temperature range in which efficient
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Figure 6. (a) Carpet height (average) dependence of a low-
temperature prereduction prior to growth. For the case of
N,H, reduction, the prereduction involves 10 s of heating,
followed by 20 s of 0.25 Torr N,H, vapor exposure. For the
case of atomic hydrogen reduction, the prereduction in-
volves 30 s of atomic hydrogen exposure at a set prereduc-
tion temperature. Between prereduction and growth, the
sample is moved into vacuum and the carbon feedstock is
turned on. (b) Plan-view TEM image of catalyst following
N,H, reduction at 400 °C under conditions described in part
(a), with inset histogram depicting particle size distributions
from N = 300 total particles.

growth is observed (>20 wm), whereas the hydrazine
reduction process is efficient at over 200 °C lower in
temperature. In order to better understand low-
temperature catalyst reduction with N,H,, we per-
formed further imaging on a catalyst layer exposed to
a 25 s treatment (identical to that in Figure 6a) upon
rapid insertion to a furnace heated to 400 °C. The result-
ing catalyst layer is shown in Figure 6b, with an accom-
panying inset histogram. First of all, it is evident when
comparing Figure 6b to Figure 4a that the catalyst layer
treated at 400 °C involves a slightly different distribu-
tion of catalyst particle sizes that are smaller than the
particles formed during catalyst deposition. Further-
more, there is no indication of ripening phenomena oc-
curring during this reduction process, which is typi-
cally evidenced by the emergence of large particles
and a distribution of shrinking smaller particles. In this
case, the average particle size is 3.2 nm with a relatively
narrow distribution (only a few metal-oxide particles
observed with d > 5 nm). In addition, similar catalyst
imaging experiments were performed on a catalyst
layer exposed to three times longer N,H, exposure at
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room temperature, and absolutely no change between
the as-deposited sample and the room temperature
N,H, treated sample is evident. This means that the low-
temperature reduction process results in catalyst mobil-
ity that is responsible for the rearrangement of the cata-
lyst on the surface into smaller islands, even though the
temperature is too low to promote the onset of Ost-
wald ripening. As a result, the ability to fully reduce the
catalyst at a temperature significantly lower than typi-
cal SWNT growth temperatures allows an optimal level
of control of the catalyst in the reduction stage, which is
likely most important for high-density SWNT array
nucleation, particularly where any selectivity is desired.
In addition, such rapid reduction of metal-oxide catalyst
at low temperatures provides a route that strongly ap-
peals toward the many research efforts to find new
ways to grow SWNT at low temperatures—a concept
that could strongly impact chirality selective SWNT
growth techniques, as well as the cost and availability
of large-scale industrially produced SWNT material.

In closing, this work, describing an efficient tech-
nique for rapid reduction of metal-oxide particles via va-
por transport processes, is not carbon-nanotube-
specific but also relevant to a growing effort to utilize
metal particles for catalysis of a number of new and ex-
citing nanostructured materials. Metal-oxide layers sup-
porting high-density SWNT growth are only one of the
many relevant emerging systems and among one of the
most sensitive to the reduction process as they are vul-
nerable to Ostwald ripening effects due to a close-
packed arrangement of particles having high strain en-
ergies. Nonetheless, the scalable and incredibly efficient
approach described in this study could benefit any
large-scale process where a metal-oxide particle of any
size or density on a surface must be reduced in order to
reveal its catalytic nature in the synthesis of a particu-
lar nanostructured object. This broadens the applicabil-
ity of this method to numerous growth processes which
focus on the synthesis of a wide variety of unique ma-
terials which each have significant potential for impact-
ing important applications in the future.

CONCLUSIONS

We present here an efficient technique for rapid
reduction of layers composed of metal-oxide cata-
lytic particles utilizing hydrazine vapor. Our results
indicate that the use of 10 mTorr N,H, for less than
15 s is sufficient to reduce catalyst supporting the
growth of vertically aligned SWNT, whereas greater
N,H, partial pressures result in reduction occurring
in less than 3 s of N,H,; exposure. Compared to the
use of the hot filament, N,H, reduction occurs more
quickly, best preserves the initial distribution of par-
ticle sizes, and can be scalable for large-area reduc-
tion unlike the hot filament. On the basis of this
work, hydrazine vapor reduction appears to be the

=4

1903



most efficient and scalable technique for catalyst re-
duction for high-density SWNT growth and is likely

METHODS

The hydrazine utilized for these experiments was purchased
from Sigma Aldrich (hydrazine, anhydrous, 98%) and loaded di-
rectly into the O-ring sealed flask with Teflon fittings in a fume
hood. Once loaded, the flask was attached to the reactor system
upstream of the reaction chamber as simply illustrated in Fig-
ure 1. A detailed photograph of the reactor system with a label
indicating gas flow direction is also presented in the Supporting
Information. To open the N,H, flask, a knob is turned on the
top of the flask which modifies the opening of an O-ring fitting.
Exposure to the reaction gas flow is achieved by opening a two-
way valve (Swagelok item 6LVV-DPF222P-C, located on the right-
hand side of the flask in Figure S1 in Supporting Information).
This valve was specifically chosen to minimize dead space as it
opens directly into a channel in which the reaction gases (H,,
CyHy, H,0, as shown in Figure S1 in Supporting Information) are
flowing. Therefore, precise exposures of N,H, can be achieved,
yielding accuracy in measurements of growth from well-defined
N,H, exposure times and concentrations. In order to monitor
the partial pressure of N;H,4, a pressure gauge (100 Torr MKS
Baratron) directly downstream of the reaction chamber was
monitored while the valve was opened and the black knob on
the N,H, flask was slowly turned, further opening the O-ring seal
and exposing N,H,4 vapor to the reactor. The partial pressure of
N,H, is determined from the assumption of an ideal gas mixture
(i.e., Pror = Ph,+h,0+GH, T Pnon,) by the measurement of the to-
tal pressure difference before and after the N,H, flask is opened
and allowed to reach equilibrium. After a desired pressure was
achieved (reaction gases + N,H,), mass spectrometry conducted
further downstream was utilized to confirm the presence of
N>H, and to support that the partial pressure had stabilized. For
these experiments, mass spectrometry is utilized only for analy-
sis of reaction gas mixture products and their relative abundance
since the mass spectrum (see Supporting Information) is compli-
cated by ionization cross sections and cracking patterns. Utiliz-
ing this process, the partial pressure of N,H, was found to be
controllable between 10 and 500 mTorr—a wide range ame-
nable to the study conducted in this work. In order to control
the exposure time of the N,H,, LabView software was developed
to control and operate a Fieldpoint relay to control a 12 V DC sig-
nal to activate the valve. A properly vented scroll pump was uti-
lized to maintain a constant vacuum during all processes of re-
duction, annealing, or growth. Further details of the
experimental design for the reaction system beyond that de-
scribed for N,H4 exposure and the specific conditions utilized in
the growth process are located elsewhere.?” Following growth,
carpet height analysis was carried out with an FEI Quanta 400 en-
vironmental scanning electron microscope, and catalyst layer im-
aging after exposure to annealing conditions was performed
with an FEl field emission transmission electron microscope/
scanning transmission electron microscope (S/TEM) (80-300 Ti-
tan).
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