(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization /’@T‘?’i‘\
International Bureau v{ ’0
&)
(43) International Publication Date N\

20 January 2011 (20.01.2011)

(10) International Publication Number

WO 2011/009071 A1

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

International Patent Classification:
B01J 23/00 (2006.01) B01J 23/84 (2006.01)

International Application Number:
PCT/US2010/042321

International Filing Date:
16 July 2010 (16.07.2010)

Filing Language: English
Publication Language: English
Priority Data:

61/226,438 17 July 2009 (17.07.2009) UsS
Applicant (for all designated States except US):
SOUTHWEST  NANOTECHNOLOGIES, INC.

[US/US]; 2501 Technology Place, Norman, OK 73701
(US).

Inventors; and

Inventors/Applicants (for US ornly): SILVY, Ricardo,
Prada [VE/US]; 4312 Blue Sage Ct., Norman, OK 73072
(US). TAN, Yongqgiang [CN/US]; 4909 Deerhurst Dr.,
Norman, OK 73072 (US).

Agents: HALL, William, D. et al.; McAfee & Taft A
Professional Coporation, Tenth Floor, Two Leadership
Square, 211 North Robinson, Oklahoma City, OK 73102

(US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
of inventorship (Rule 4.17(iv))

Published:
with international search report (Art. 21(3))

[Continued on next page]

(54) Title: CATALYST AND METHODS FOR PRODUCING MULTI-WALL CARBON NANOTUBES

F

A WT% B ¢ D E Mode
Carbon Carbon Median CNT diameter | <10nm

Run Co Fe Mo | Mg | Cosalt content | Yield (%) | diameter (nm) {nm}
PXE2-282 1.00 1.88 | 050 |0.50] Co-Ac 496 100 8.24 6.00 72.9%
PXE2-283 1.00 1.00 0.50 [0.50| Co-Ac 49.8 100 7.79 6.17 73.1%
PXE2-284 1.00 0.75 0.00 |0.50| Co-Ac 49.2 97 9.63 11.06 54.0%
PXE2-285 1.00 0.75 050 |0.50] Co-Nt 42.8 75 6.72 5.38 84.9%
PXE2-286 1.00 Q.50 0.50 |0.50| Co-Nt 43.8 78 7.35 5.19 61.6%
PXE2-288 1.00 0.00 100 [0.50| Co-Nt 301 43 6.98 4.68 83.6%
PXE2-289 1.00 1.88 0.50 [0.50[ Co-Nt 45.2 82 7.91 5.71 69.4%
PXE2-291 0.50 1.88 0.50 [0.50( Co-Nt 43.3 75 3.01 10.14 58.7%
PXE2-292 0.75 1.42 050 |0.50| Co-Ac 44.2 79 7.58 4.97 78.1%
PXE2-293 0.75 1.42 040 |0.50| Co-Ac 42.1 72 7.72 6.62 77.0%
PXE2-295 1.00 1.88 0.00 |0.00} Co-Ac 39.2 76 7.81 8.25 78.9%
PXE2-296 0.67 1.88 0.50 |0.50| Co-Ac 35.6 56 10.03 6.62 50.0%
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(57) Abstract: The present invention provides a catalyst precursor and a catalyst suitable for preparing multi-wall carbon nan-
otubes. The resulting multi-wall carbon nanotubes have a narrow distribution as to the number of walls forming the tubes and a
narrow distribution in the range of diameters for the tubes. Additionally, the present invention provides methods for producing
multi-wall carbon nanotubes having narrow distributions in the number of walls and diameters. Further, the present invention pro-
vides a composition of spent catalyst carrying multi-wall nanotubes having narrow distribution ranges of walls and diameters.



WO 2011/009071 A1 W00 A0 0T 000

amendments (Rule 48.2(h))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of



WO 2011/009071 PCT/US2010/042321

CATALYST AND METHODS FOR PRODUCING
MULTEI-WALL CARBON NANOTUBES

Background of the Invention

[001] The present application claims priority to U.S. Provisional Application Ser. No.
61/226,438 filed on July 17, 2009. The entircty of U.S. Provisional Application Ser. No.
61/226438 is incorborated herein by reference.

[002] Carbon nanotubes are known to exist in single wall and multi-wall configurations. Each
configuration provides certain benefits. Single wall nanotubes are preferred for electronic
applications due to the low occurrence of structural anomalies. However, multi-wall nanotubes
are generally lower in cost and will provide satisfactory performance in electronic applications if
the number of walls forming the nanotubes can be controlled. Unfortunately, current methods
for producing multi-wall carbon nanotubes lack the ability to control the resulting number of
walls in the structure in the resulting nanotubes. As a result, currently produced multi-wall
carbon nanotubes generally range in diameter from about 3 to 35 nm and comprise 3 to 40
concentric graphene layers, i.e. walls. The layers are coaxially arranged cylinders of carbon
atoms having an interlayer distance of about 0.37 nm. This wide distribution range in walls and
external diameter size limits the value of multi-wall nanotubes for electrical conductivity
applications, thermal conductivity applications and mechanical reinforcement applications.

[003] In contrast, multi-wall nanotubes, having a relatively narrow distribution range of walls
and external diameters, will provide electrical conductivity characteristics approaching those of
single wall nanotubes. Additionally, multi-wall nanotubes will provide such improvement at a
lower cost. Further, multi-wall nanotubes batches having narrow distributions of wall numbers
and external diameters will provide enhanced thermal conductivity and mechanical strength
when compared to batches having wide distribution ranges.

[004] While one might consider simply isolating a narrow distribution of multi-wall carbon
nanotubes from the wide distribution ranges presently manufactured, technology does not exist
for carrying out this task. Thus, the currently available multi-wall nanotubes are provided solely
in batches or lots having the undesirable wide distributions of walls and external diameters. 7
[005] As discussed in detail below, the present invention provides batches of multi-wall
nanotubes having narrow distribution ranges of walls and diameters. When incorporated into
thermoplastics the narrow distribution range batches provide electrical conductivity
characteristics which rival single wall nanotubes and are si‘gniﬁcantly improved over currently

available batches of multi-wall nanotubes. The current invention further provides catalysts and
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methods for preparing batches of multi-wall carbon nanotubes having narrow distribution ranges

of walls and external diameters.

Summary of the Current Invention

[006] In one embodiment, the present invention provides a catalyst precursor comprising
alumina (Al;O4), magnesiom oxide (MgQO) and magnesium aluminate (MgALO4) as a catalyst
support. The catalyst precursor further comprises metallic oxides of cobalt, iron and
molybdenum. The preferred metallic oxides include, but are not necessarily limited to, one or
more of the following mixed metal oxides: CoFe;0s, CoMoQ4, CoMoQ4, Fey(MoQOy)s,
- Co,Fe,MoQy; where x and y represent the atomic ratios of Co and Fe relative to Mo and x is
from about 1.6 to about 6.5 and y is from about 0.1 to about 10.5. Mixed metal oxides Having
two or more metal components are preferred, as single metal oxides produce carbon fibers and
other forms of carbon.

[007] In another embodiment, the present invention provides a method for preparing a catalyst
precursor and a catalyst. The method involves initially preparing a solution of mixed metallic
compounds comprising two or more of the following: a cobalt compound selected from the
group consisting of cobalt acetate, cobalt nitrate; an iron compound selected from the group
consisting of iron acetate, iron nitrate; a molybdenum compound selected from the group
consisting of ammonium heptamolybdate and ammonium dimolybdate; and magnesium nitrate.
This solution is reacted with an excess of aluminum hydroxide powder and the reaction products
subsequently formed into a paste. Formation of the paste causes the reaction products to
agglomerate thereby yielding a particle size distribution between about 100 and 1400 microns.
The reaction products are subsequently dried, reduced in size and calcined to yield a catalyst
precursor. The currently preferred catalyst precursor has a particle size distribution ranging from
70 pm to 150 um. Conversion of the precursor to a catalyst entails placing the catalyst precursor
within a reaction chamber suitable for use as a fluidized bed reactor. The catalyst precursor is
fluidized and pre-heated to the desired reaction temperature by passing an inert gas selected from
the group consisting of nitrogen, argon or helium through the reaction chamber. Upon achieving
steady state conditions at the desired reaction temperature, the inert gas is replaced with a blend
of ethylene and inert gas, The catalyst precursor converts to the desired catalyst during the first
five minutes of contact with the blend of ethylene and inert gas. During the conversion process,
cobalt and iron oxides are reduced to the respective metals. Additionally, a portion of the iron
oxide is reduced to iron carbide (Fe;C) and the molybdenum oxides are reduced to molybdenum
carbide (Mo;C). |
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[008] Still further, the present invention provides a method of producing multi-wall carbon
nanotubes wherein the resulting batch of multi-wall nanotubes has a narrow distribution as to the
number of walls making up the nanotubes and a narrow distribution of external diameters for the
resulting nanotubes. In the method of the current invention, the catalyst precursor is prepared as
discussed above, Following conversion of the catalyst precursor to the reduced metal catalyst,
flow of the ethylene/inert gas continues under the desired reaction conditions for a period of time
sufficient to yield multi-wall carbon nanotubes. The ethylene/inert gas contains from about 10%
to about 80% ethylene by volume and flows at a rate sufficient to fluidize the bed of catalyst
particles. Following a reaction period of about 10 to about 30 minutes, the flow of gas to the
reaction chamber is cut off and the particles carrying the multi-wall nanotubes are removed.
About 95% to about 98% of the resulting carbon product carried by the spent catalyst is carbon
nanotubes. From about 60% to about 90% of the resulting batch of multi-wall carbon nanotubes
have from 3 to 6 walls and external diameters ranging from about 3 nm to about 7 nm. Thus, the
present invention also provides a novel product comprising carbon nanotubes having 3 to 6 walls
and external diameters ranging from about 3 nm to about 7 nm.

Brief Description of the Figures

[009] FIGURE 1 provides a tabular representation of the carbon yield and carbon nanotube
diameter profile for various catalyst compositions on an alumina support.

[010] FIGURE 2A provides graphical representations of the carbon nanotube diameter
distribution for the catalytic composition corresponding to PXE2-282 in Figure 1.

[011}] FIGURE 2B provides graphical representations of the carbon nanotube diameter
distribution for the catalytic composition corresponding to PXE2-285 in Figure 1.

[012] FIGURE 2C provides graphical representations of the carbon nanotube diameter
distribution for the catalytic composition corresponding to PXE2-288 in Figure 1.

[013] FIGURE 2D provides graphical representations of the carbon nanotube diameter
distribution for the catalytic composition corresponding to PXE2-295 in Figure 1.

[014] FIGURE 3 is a tabular representation of the effect of reaction temperature and gas
composition on the carbon yield and selectivity to smaller diameter tubes.

[015] FIGURE 4A depicts the carbon nanotube diameter distribution as determined by TEM
corresponding to the SMW-100 carbon nanotube product.

[016] FIGURE 4B depicts the carbon nanotube diameter distribution as determined by TEM
corresponding to the MWCNT A carbon nanotube product.
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[017] FIGURE 4C depicts the carbon nanotube diameter distribution as determined by TEM
corresponding to the MWCNT B carbon nanotube product.

[018] FIGURE 4D depicts the carbon nanotube diameter distribution as determined by TEM
corresponding to the MWCNT C carbon nanotube product.

[019] FIGURE 5 is a graphical representation of electrical volume resistivity for SMW-100
carbon nanotubes and three commercial carbon nanotube products in polycarbonate.

[020] FIGURE 6A is a graphical representation of surface resistance on the front and back of
composites containing Nylon66 resin loaded with 2.5wt% SMW-100 carbon nanotubes or loaded
with 2.5 wi% of commercially available multi-wall carbon nanotubes.

[021] FIGURE 6B is a graphical representation of surface resistance on the front and back of
composites containing Nylon66 resin loaded with 3.5wt% SMW-100 carbon nanotubes or loaded
with 3.5 wi% of commercially available multi-wall carbon nanotubes.

[022] FIGURE 7 depicts surface resistivity of thin film comprising different forms of carbon
nanotubes.

Detailed Description of the Preferred Embodiments

[023] The following detailed disclosure of the current invention will describe the catalyst
precursor, methods of preparing the catalyst precursor and conversion thereof to the desired
catalyst. Additionally, the present invention provides methods of producing batches of desired
multi-wall carbon nanotubes on the catalyst wherein the carbon nanotube product has a narrow
range distribution of walls and external diameters. As used herein, "carbon content" refers
the percentage of the final product (carbon nanotube + catalyst) that is carbon-based. So if 250
g of the final product is carbon and the final product is a total of 500 g, then carbon content is
50% or 50.0 (as used in figure 1). As used herein, "carbon yield" refers to the amount of carbon
product produced relative to the amount of catalyst used in the reaction. It is defined by the
following equation: (amount of carbon in final product (g)/amount of catalyst (g)) X 100. For
example, a reaction that yields 250 g carbon product where 250 g of catalyst was used in the
reaction would have a carbon yield of 100% ((250g/250g) X 100 = 100%). As used herein,
(including Figures 2A-2D; 2A-4D), "frequency” refers to the number of carbon nanotubes in a
sample having a specified diameter (x axis). For example, in figure 2A, there are approximately
20 carbon nanotubes that have a diameter of about 6 nm.

1. The Catalyst Precursor and Catalyst

[024] The catalyst precursor of the present invention has a surface phase of mixed metal oxides

supported on a particle of alumina and magnesium aluminate. A mixed metal oxide is an oxide
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having two or more metal components. Additionally, the support of alumina/magnesium
aluminate carries a surface treatment of magnesium oxide. The magnesium oxide carried by the
alumina/magnesium aluminate particle is not necessarily an encompassing layer. The atomic
ratio of MgO to AlLOs is between about 0.02 and 0.04. Stated in other terms, for a ratio of
0.02:1, for every atom of MgO there are 50 atoms of Al,O3; while at a ratio of 0.04:1, for every
atom of MgO there are 25 atoms of A;O3. As noted below, a portion of the MgO used in these
calculations will be converted to MgAl;O4.

[025] The preferred surface phase of mixed metal oxides includes but is not limited to, one or
more of the following: CoFe 04, CoMoQj4, CoxMoQ4, CoxFe,MoQs, Fea(MoQy)s. Typically, the
metal oxides provide the following percent by weight concentrations of metals on the catalyst
precursor: Co from about 0.5% to about 2.0%; Mo from about 0.3% to about 2.0%; and, Fe from
about (0% to about 3.0%. Thus, for CoFe,MoQy, x may range from about 1.6 to 6.5 and y may
range from 0.1 to 10.5. More preferably, x will be about 3.3 and y will range from 2.6 t0 6.3. In
any event, a sufficient amount of the metal oxides are present on the catalyst precursor such that
the resulting catalyst comprises the following percent by weights of the metal component: Co
from about 0.5% to about 2.0%; Mo from about 0.3% to about 2.0%; and, Fe from about 0% to
about 3.0%. In the resulting catalyst, the iron may be present as a reduced metal or a carbide
(Fe;C), while the molybdenum is present as a carbide (Mo,C).

[026] Preferably, the percent by weight of each metal component based on the weight of the
catalyst precursor composition is: Co, from about 0.75% to about 1.5%; Mo, from about 0.5% to
about 1.0%; and, Fe, from about 0.5% to about 2.0%. Accordingly, the active metal components
are present in the following atomic ratios, wherein Mo is constant: the ratio of Co to Mo ranges
from about 1.6 to about 6,5, more preferably from about 2.44 to about 4.88 and most preferred
about 3.3; and the ratio of Fe to Mo from about 0 to about 10.5, more preferably about 1.75 to
about 6.98 and most preferred about 2.62 to about 6.28.

[027] The presence of Mg ions on the catalyst support reduces the number of strong acid sites
on the surface of the Alumina support. By reducing the number of strong acid sites on the
surface of the catalyst support, use of the improved catalyst will produce primarily carbon
nanotubes and significantly less amorphous carbon or other carbon products. As discussed
below, catalytic reactions using the improved catalyst produce at least 90% and preferably
greater than 98% carbon nanotubes as the resulting carbon product.

[028] The catalyst precursor of the present invention preferably has a particle size between
about 20 pm and about 500 pm. Preferably, the particle size is between about 20 pm and 250

pm. More preferably, the catalyst precursor has a particle size between about 20 pm and about
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150 pm. In the currently preferred method discuss below, the partic-lés range in size from about
70 pm to about 150 pm,
[029] The catalyst precursor described above is converted to catalyst particles by reduction of
the metal oxides to the respective metals and metal carbides, i.e. Fe®, Fe;C, Co® and Mo,C. The
catalyst particles have the same atomic ratios of metal present as the catalyst precursor. The
resulting nano-sized deposits of metallic cobalt and metallic iron will determine the interior
diameter of the multi-wall nanotubes produced on the catalyst particles. Additionally, the
presence of the Mo,C, disperses or spaces the metallic cobalt, thereby precluding sintering of the
cobalt and providing the desired cobalt particle size. In general, the resulting metal deposits on
the support will have diameters ranging from about 1.5 nm to about 3.0 nm. Preferably, the
resulting metal deposits of reduced iron and reduced cobalt will have diameters ranging from
about 1.5 nm to about 2.2 nm. Additionally, as noted above, the final catalyst particles have
fewer surface acid sites than catalyst particles utilizing only alumina as a support.
[030] In summary, the final catalyst particles of the present invention have particle sizes
between about 20 pm and about 500 pm. Preferably, the particle size is between about 20 um
and 250 pm. More preferably, the catalyst precursor has a particle size between about 20 pm
and about 150 um. In the currently preferred method of making multi-wall nanotubes discussed
below, the presently preferred particle size is about 70 pm to about 150 pm. The catalyst
particles comprise:
a. gamma alumina (y-Al;Os) between about 91.0% and 97.6% by weight, preferably
between about 94.8% and about 97.3% by weight;
b. Mg (in the form of MgO and MgAl;04) between about 0.5% and about 3.3% by
weight, preferably between 0.5% and 1.0%;
¢. reduced Co from about 0.5% to about 2.0% by weight, preferably from about
0.75% to about 1.5% by weight;
d. Mo, in the form of Mo,C from about 0.3% to about 2.0% by weight, preferably
from about 0.5% to about 1.0% by weight; and,
e. Fe, in the form of reduced iron and iron carbide (Fe®, Fe;C) from about 0% to

about 3.0% by weight, preferably from about 0.5% to about 2.0% by weight.

Typically, less than 2.0% by weight of the catalyst particle will be metal carbides. The atomic
ratios of the reduced metals for catalytic production of multi-wall carbon nanotubes will not vary
substantially from the catalyst precursor as the metal carbides are not produced in substantial

quantities.
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2. Method of Preparing the Catalyst Precursor Particles and Catalyst Particles

[031] The current invention provides methods for manufacturing a catalyst precursor and a
catalyst suitable for the catalytic formation of multi-wall carbon nanotubes. In particular, the
catalyst of the current invention enables the production of batches of multi-wall carbon
nanotubes having a narrow distribution range of walls and diameters.

[032] In a preferred embodiment, the method initially involves preparing a solution of mixed
metallic compounds comprising two or more of the following: a cobalt compound selected from
the group consisting of cobalt acetate, cobalt nitrate; an iron compound selected from the group
consisting of iron acetate, iron nitrate; a molybdenum compound selected from the group
consisting of ammonium heptamolybdate and ammonium dimolybdate; and magnesium nitrate.
The preferred solution comprises cobalt acetate, iron nitrate, ammonium heptamolybdate and
magnesium nitrate in water.

[033] Regardless of the cobalt compound chosen, the solution contains a concentration of
cobalt ion between about 20 g/L and about 50 g/L; a concentration of molybdenum ion between
about 10.5 g/L and about 70.3 g/L; a concentration of iron ion between about 35 g/L and about
105 g/L; and, a concentration of Mg ion between about 6.7 g/L to about 27.0 g/L. The preferred
solution contains between about 26.7 g/L and about 40.0 g/L cobalt ion; between about 17.6 g/L
and about 35.2 g/L molybdenum ion; between about 52.7 g/L and about 70.1 g/L iron ion; and,
between about 6.7 g/L. and about 13.5 g/L magnesium ion. Most preferred is a solution of about
33.4 g/L cobalt ion; of about 17.6 g/L molybdenum ion; of about 63.1 g/L iron ion; and, about
6.7 g/L magnesium ion, Proper selection of the metal ion concentration will enhance the
formation of the desired mixed metal oxides. Thus, it is desirable to provide the proper
stoichiometric ratios of the metals in solution to achieve this result.

[034] The above referenced metal ions are then reacted with aluminum hydroxide to yield a
mixture of metal hydroxides and other ionic compounds including, but not limited to, the
following hydroxides where the stoichiometric ratios may be varied from that shown: Mg(OH)é,
Fe(OH);, Co(OH);, CoMoO4snH,0, Fe;(MoO4)3nH;0. Typically the foregoing reaction takes
place at room temperature over a period of about two to four hours. The reaction products have
a paste like consistency which promotes agglomeration of the particles. Preferably, the paste has
a moisture content of about 20% to about 40% water by weight. More preferably, the paste
contains from about 25% to about 30% water by weight.

[035] If necessary for agglomeration of the particles, the paste-like product is manipulated to
yield agglomerated particles having particle sizes ranging from about 100 pm to about 1400 pm.

Typically, the particles will agglomerate during the reaction. Preferably, the agglomerated
7 :
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particles are between about 100 um to about 500 pm. In the preferred process, the agglomerated
particles are mixed in a machine which kneads or mixes the paste for about 20 to about 50
minutes. Following the kneading, the product is allowed to age for about 2 to 3 additional hours.
The total time period will depend upon the batch size. For batches of about 200 to about 2000
grams, the preferred kneading period will be about 30 minutes. Larger batches will require
longer mixing times. Following agglomeration, the particles are dried and sieved to isolate
particles Iess than 1400 um. Preferably, the sieving step provides particles in the range of about
100 pm to about 500 pm.

[036] The agglomerated particles are dried to a moisture content of about 10% to about 20%
water by weight. Preferably, the dried particles have less than 15% water by weight. The
drying step preferably takes place at a temperature between about 30°C and 50°C.

[037] Following drying and sieving, the particles are calcined under a flowing gas at a
temperature between about 400°C to about 600°C for a period of about 3 hours to about 8 hours.
More preferably, the calcining step takes place at a temperature between about 400°C and 500°C
for a period of about 3.5 hours to about 4.5 hours. Most preferably, the calcining step occurs at a
temperature of about 440°C to about 460° for a period of about 3.5 hours to about 4.5 hours.
Preferably, the calcining gas is selected from air, nitrogen, helium and mixtures thereof,
Typically, the preferred calcining gas is a gas that is inert under the calcining conditions, The
drying and calcining steps reduce the agglomerated particles to a particle size between about 20
pm and 500 pm, Alternatively, prior to calcining the particles are sieved and if necessary ground
such that calcining will produce particles between 20pm and 250pum. Preferably, calcining
produces particles between about 20 pm and 200 pm. More preferred are particles between
about 20 pm and 150 pm, In the preferred method discussed below, the preferred particles range
in size from about 70 pm to about 150 pm. The resulting particles are essentially free of water
moisture, i.e. no greater than 3% moisture by weight.

[038] Calcining of the particles converts the metal hydroxides to the respective oxides. For
example, calcining of iron hydroxide with molybdate yields iron-molybdate (Fex(MoOs)).
Likewise, calcining cobalt hydroxide with molybdate yields cobalt-molybdate (CoMoQy).
Further, during the calcining process Fe(OH); and Co(OH),; combine to yield CoFe;O4. Finally,
during calcining Mg(OH), yields MgO and the aluminum hydroxide (AI(OH);) converts to
gamma alumina, i.e. y-A,O;. During the calcining process, the oxidation of Mg(OH), also
precludes the formation of strong acid sites on the surface of the y-Al;03. The resulting surface

configuration is believed to be a mixed oxide similar to Mg-Al-O. In any event, the surface
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acidity of the y-AL Qs carrying the MgQ is significantly lower than the surface acidity of y-AlO3
when calcined without Mg(OH); present.

[039] Turther, during the calcining process, in addition to forming the respective oxides of
magnesium and aluminum, a portion of the Mg'? ions adjacent to the aluminum hydroxide
produces a parallel reaction. In this reaction, the solubility of the magnesium ion in the alumina
allows the magnesium to displace a portion of the aluminum oxide tetrahedral structure near the
surface of the particle thereby producing magnesium aluminate (MgAl:O4), a compound with a
spinel like structure. The formation of magnesium aluminate is favored over the formation of
CoAlL Q4 and FeAlQ;. Thus, the favored reaction preserves the catalytic metals for reduction and
conversion to catalyst sites on the surface of the resulting support particle. In particular, the
reduced cobalt takes the form of nanoparticle size domains on the surface of the resulting
support, the iron becomes reduced iron and iron carbide and the molybdenum becomes
molybdenum carbide. The iron carbide and reduced iron disperse the cobalt on the surface of the
catalyst support thereby controlling the inner diameter of the resulting nanotubes.

[040] The resulting catalyst support has a configuration wherein magnesium aluminate is
incorporated into the crystalline structure of the y-AlO; primarily in the outer layer of the
particle. Additionally, the surface of the gamma alumina carries MgQ. Without being limited by
theory, the MgO on the surface is likely a mixed oxide with the alumina of the particle, i.e. a
mixed oxide of Mg-Al-O. This configuration results from the reaction of the magnesium ions
with the alumina during the calcining process. Finally, the preferred catalyst support is
preferably free of CoALO4 and FeAlOs. If FeAlO; is present then preferably, the catalyst
support comprises less than 0.5 percent by weight FeAlOs. If CoAl;O4 is present then
preferably, the catalyst support comprises less than 0.5 percent by weight CoALO,.

[041] The presence of magnesium on the surface of the catalyst support particle reduces the
surface acidity of the catalyst precursor support particle and the resulting catalyst support
particle. By reducing the number acid sites on the surface of the support particle, the method of
the current invention improves the production of carbon nanotubes and reduces the formation of
other carbon types during the subsequent production of multi-wall carbon nanotubes.
Additionally, by blocking the formation of CoAl;O4 and FeAlO; the presence of the magnesium
ion precludes the loss of catalytic metals.

1042] Following calcining and particle size reduction, the resulting catalyst precursor particles
have a catalyst support of y-AL,O1/ MgALO4 with a surface treatment of MgO. Additionally, the

surface of the catalyst support carries a mixed phase of the referenced metal oxides. As noted
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above the preferred mixed metal oxides include but are not necessarily limited to: CoFe;Qy,
CoMoQs, CosMoQs, Fe2(MoO4)s, CoFe,Mo04 with Co.Fe,MoO, being the most preferred.

[043] The resulting catalyst precursor is placed within a reaction chamber. Preferably, the
reaction chamber is designed to produce a fluidized bed of catalyst particles when a flowing gas
passes through the chamber and the particles located therein. To finally convert the catalyst
precursor to a catalyst, the precursor must be heated and reacted with a carbon containing gas, In
the following method for producing multi-wall nanotubes, the preferred gaseous carbon
compound is ethylene. The conversion of the catalyst precursor to catalyst takes place at a
temperature between about 600°C and 700°C during the first ten minutes of contact with the
gaseous carbon compound. During this time period, the metal oxides are reduced to the
respective metals and metal carbide discussed above. Additionally, the formation of the Fe,C
and Mo,C preclude sintering and agglomeration of the reduced cobalt and iron on the surface of
the support. Thus, the resulting nanoparticles of reduced cobalt preferably have diameters
between about 1.5 nm to about 3.5 nm. More preferably, the reduced cobalt metal particles on
the surface of the catalyst support have diameters between about 1.5 nm and 2.2 nm. The
reduced iron particles will have similar sizes, i.e. from about 1.5 nm to about 3.5 nm preferably
between about between about 1.5 nm and 2.2 nm.

[044] The resulting catalyst comprises a support of y-AlbOs/ MgALO4 with a surface treatment
of MgO and nano size particles of FesC and Mo,C on the surface of the support. The reduced
metallic cobalt may be carried by the y-ALOy/ MgAlLOs; and may also be found on the
Iﬁolybdenum carbide (Mo,C) and iron carbide (FesC). Additionally, reduced iron may be carricd
by the y-Al;03/ MgAlQ4 and may also be found on the molybdenum carbide (Mo,C) and iron
carbide (FesC).

[045] As discussed above the resulting catalyst particles have particle sizes between about 20
um and about 500 pm. Preferably, the particle size is between about 20 pm and 250 pm. More
preferably, the catalyst has a particle size between about 20 pm and about 150 um. In the
cutrently preferred method of making multi-wall nanotubes, the presently preferred particle size
is about 70 pm to about 150 pm,

[046] The catalyst particles comprise: gamma alumina (y-Al;O3) between about 91.0% and
97.6% by weight, preferably between about 94.8% and about 97.3% by weight; Mg (in the form
of MgO and MgAl,O4) between about 0.5% and about 3.3% by weight, preferébly between 0.5%
and 1.0%; reduced Co from about 0.5% to about 2.0% by weight, preferably from about 0.75%
to about 1.5% by weight; Mo, in the form of Mo;C from about 0.3% to about 2.0% by weight,
preferably from about 0.5% to about 1.0% by weight; and, Fe, in the form of reduced iron and
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iron carbide (Fe®, Fe;C) from about 0% to about 3.0% by weight, preferably from about 0.5% to
about 2.0% by weight. Typically, less than 2.0% by weight of the catalyst particle will be metal
carbides. The atomic ratios of the reduced metals for catalytic production of multi-wall carbon
nanotubes will not vary substantially from the catalyst precursor as the metal carbides are not
produced in substantial quantities. '

[047} In an alternative method for preparing the catalyst precursor, the magnesium nitrate has
been omitted from the initial solution. In this method, magnesiom hydroxide powder is
combined with the aluminum hydroxide powder and reacted with the solution of metallic
compounds comprising a cobalt compound selected from the group consisting of cobalt acetate,
cobalt nitrate, an iron compound selected from the group consisting of iron acetate, iron nitrate, a
molybdenum compound selected from the group consisting of ammonium heptamolybdate and
ammonium dimolybdate and mixtures thereof. The preferred solution comprises cobalt acetate,
iron nitrate, ammonium heptamolybdate and magnesium nitrate in water.

048] Regardless of the cobalt compound chosen, the solution contains a concentration of
cobalt between about 20 g/L. and about 50 g/L; a concentration of molybdenum ion between
about 10.5 g/ and about 70.3 g/L; a concentration of iron ion between about 35 g/I., and about
105 g/L; and, a concentration of Mg ion between about 6.7 g/L to about 27.0 g/L.. The preferred
solution contains between about 26.7 g/L and about 40.0 g/L. cobalt ion; between about 17.6 g/L
and about 35.2 g/L molybdenum ion; between about 52.7 g/L. and about 70.1 g/L iron ion; and,
between about 6.7 g/L. and about 13.5 g/ magnesium ion. Most preferred is a solution of about
33.4 g/1. cobalt ion; of about 17.6 g/L molybdenum ion; and about 63.1 g/L iron ion.

[049] The solution of metal ions is subsequently reacted with an excess of aluminum hydroxide
powder having particles ranging in size from about 20 pm to about 150 pm and magnesium
hydroxide powder having particles ranging in size from about 20 pum to about 150 pm.
Following this reaction, the preparation of the catalyst precursor and the subsequent catalyst is
identical to the process described above.

Manufacture of Multi-Wall Carbon Nanotube Batches Having Narrow Distribution Ranges of

Walls and Diameters

[050] The following discussion concerning the catalytic production of multi-wall carbon
nanotubes is essentially a continuation of the discussion above concerning the preparation of the
catalyst precursor and the catalyst. Following placement of the calcined catalyst precursors in
the reactor chamber, the particles are fluidized and converted to catalyst particles. As noted
above, the catalyst may have particle sizes between about 20 pm and about 500 pm. Preferably,

the particle size is between about 20 pm and 250 pm. More preferably, the catalyst precursor
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has a particle size between about 20 pm and about 150 pm. In the currently preferred method of
making multi-wall nanotubes, the presently preferred particle size is about 70 pm to about 150
um, Thus, the particles are well suited for use in a fluidized bed reactor.

[051] Following placement of the catalyst precursor particles in the reaction chamber, a flowing
stream of nitrogen gas passes through the reaction chamber thereby fluidizing the bed of
particles. The nitrogen gas is heated to a temperature sufficient to raise the temperature within
the fluidized bed to a range of about 600°C to about 700°C. Alternatively, the reaction chamber
may be located in a furnace or other suitable heating device. When located within a furnace, the
reaction chamber will typically be heated by both the furnace and the gas. More preferably, the
fluidized bed is pre-heated to a temperature between about 600°C to about 630°C. Most
preferably, the fluidized bed is pre-heated to about 610°C to about 630°C. One skilled in the art
will recognize that other non-reactive gases such as argon or helium may be substituted for
nitrogen. The primary requirement for the pre-heating step is fluidization and heating of the
fluidized bed to the desired temperature without undesirable side reactions.

[052] Upon stabilization of the temperature within the fluidized bed, the gas flow to the bed is
switched from nitrogen to a reactive gas. The reactive gas is a non-reactive carrier gas with a
carbon containing gas. The preferred carrier gas is nitrogen and the preferred carbon containing
gas is ethylene; however, other carrier gases such as argon or helium will perform equally well.
The preferred blend of ethylene in nitrogen by volume is between about 10% and 80% by
volume. More preferably, the reactive gas contains from about 20% to about 50% by volume
ethylene in nitrogen, Most preferred is a reactive gas containing from about 20% to about 40%
by volume ethylene in nitrogen.

[053] The flow rate of the ethylene containing gas is not dependent upon the size of the reaction
chamber. Rather, the volume of gas passing through the reaction chamber depends upon the
grams of catalyst precursor within the reaction chamber. The flow rate will be from about 70
L/min per kg of catalyst precursor to about 150 L/min per kg of catalyst precursor. More
preferably, the flow rate will range between about 90 L/min per kg of catalyst precursor to about
120 L/min per kg of catalyst precursor.

[054] The initial reaction of the ethylene containing gas with the catalytic particles reduces the
metal oxides to their respective metals (Co® and Fe®) and metal carbides (Mo,C and Fe;C). This
reduction step generally occurs over the first five minutes of the reaction process. Preferably, the
reaction temperature is 600°C to 750°C. More preferably, the reaction temperature is between
610°C and 650°C. Most preferably, the reaction temperature is 610°C. Additionally, during the

first ten minutes of the reaction process, the ongoing reaction of ethylene with the catalyst
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precursor and subsequent catalyst particles is an exothermic reaction. Thus, the preferred
method maintains the temperature of the fluidized bed below 670°C. Temperature maintenance
may be achieved by lowering the temperature of the gas entering the reaction chamber. If a
furnace is used, then the temperature of the furnace may also be reduced. Preferably, the
temperature is maintained below 650°C as higher temperature will lead to an increased
production of amorphous carbon, As the metal oxides are reduced, the ethylene gas contacts the
resulting catalytic particles and begins to grow multi-wall carbon nanotubes. Following the
reduction of metal oxides to catalytic particles, the reaction process continues for about 10 to
about 40 minutes. More preferably, the reaction process following the reduction of metal oxides
continues for about 15 to 25 minutes.

[055] The resulting carbon product carried by the now spent catalyst particles is 98% free of
amorphous carbon and other carbon forms. Thus, 98% of the carbon product is multi-wall
carbon nanotubes. Further, the resulting multi-wall carbon nanotubes primarily have from 3 to 8
walls, More preferably, the resulting nanotubes carried by the spent catalyst particles primarily
have from 3 to 6 walls and external diameters between about 4.0 nm to about 7.0 nm.
Preferably, at least 60% of the resulting multi-wall carbon nanotubes have three to six walls and
external diameters between about 4.0 nm and about 7.0 nm. More preferable, the method of the
current invention yields multi-wall carbon nanotubes wherein at least 75% of the resulting multi-
wall carbon nanotubes having the desired narrow distribution range of 3 to 6 walls and diameters
between about 4.0 nm and 7.0 nm. More preferably, at least 85% of the resulting nanotubes
carried by the spent catalyst have three to six walls and external diameters between about 4.0 nm
and about 7.0 nm. Most preferably, with continuously maintained fluidization of the catalyst
particles, the present invention will provide spent catalyst carrying multi-wall carbon nanotubes
wherein 90% of the resulting multi-wall nanotubes will have 3 to 6 walls and diameters between
about 4,0 nm and about 7.0 nm.

[056] The following examples and test data do not limit the nature of the current invention.
Rather, this information will enhance the understanding of the current invention.

EXAMPLE 1

Objective

[057] This example demonstrates the effect of various catalyst metal compositions on carbon
yield and carbon nanotube diameter.

Methods
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[058] A variety of catalyst precursors were prepared to demonstrate the importance of the
catalytic metals on the resulting multi-wall product. The table in Figure 1 identifies the nanotube
products produced for this comparison. For these examples, 600 grams of catalyst precursor
prepared as discussed above, having particles sizes of 150 to 300 microns, were placed in a
fluidized bed reactor. As discussed above, the method of the current invention converts the
catalyst precursor to catalyst and subsequently grows multi-wall carbon nanotubeé on the
resulting catalyst. For each of the examples provided in Figure 1, the final catalysts were reacted
at 610 °C with 40% cthylene in nitrogen at a gas flow rate of 60 L/min (gas flow/mass of catalyst
ratio of 100 L/min per Kg catalyst) for 20 minutes.

Results

[059] As depicted in Figure 1, the catalytic metal composition significantly impacts the
resulting multi-wall nanotube product. For example, runs PXE2-282, PXE2-285, PXE2-292 and
PXE2-293, provide data regarding multi-wall carbon nanotubes prepared with catalyst precursors
having Co, Mo and from about 0.75 percent weight of iron to about 1.9 percent weight of iron.
The resulting baich of nanotubes have a high yield of carbon nanotubes with a median external
diameter from about 6.72 nm to about 8.24 nm and a mode external diameter from about 4.97 nm
to about 6 nm. Between 75% and 85% of these carbon nanotubes have external diameters of less
than 10 nm. Specifically, PXE2-282 represents a batch of multi-wall nanotubes having a mode
diameter of 6.0 nm, the median diameter for the batch is 8.24 nm and 73% of the batch had
diameters less than 10 nm. Similarly, PXE2-285 represents a batch of multi-wall nanotubes
having a mode diameter of 5.38 nm, the median diameter for the batch is 6.72 nm and 85% of the
batch had diameters less than 10 nm. The values for PXE2-292 and PXE2-293 can be easily
determined from Figure 1. As known to those skilled in the art, the term “mode” when used in
this manner represents the value that occurs the most frequently in a data set. Thus, for PXE2-
285, the most common diameter for nanotubes within the batch is 6.72 nm.

[060] These results demonstrate that catalyst precursor compositions comprising Co from about
0.75 to about 1 percent weight of total metals of catalyst precursor, Fe from about 0.75 to about
1.9 percent weight of total metals of catalyst precursor, and Mo from about 0.4 to 0.5 percent
weight of total metals of catalyst precursor, result in high percentage yields of small diameter
carbon nanotubes.

[061] In contrast, catalyst precursor particles lacking iron result in a significant reduction in
carbon yield. For example, run PXE2-288 demonstrates a 57% loss in carbon yield when iron is
removed from the precursor catalyst formulation. Interestingly, the resulting product comprises

carbon nanotubes with a median external diameter of 6.98 and a mode external diameter of 4.68,
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This suggests that iron is not responsible for the small diameter of the resulting carbon
nanotubes. However, the results seem to suggest that molybdenum plays a role in limiting
carbon nanotube diameter. For example, run PXE2-284, produced carbon nanotubes having a
median and mode external diameter of 9.63 nm and 11.06 nm, respectively. Additionally, only
54% of the resulting carbon nanotubes had an external diameter less than 10 nm compared to
85% in run PXE2-285, where Mo was used in the precursor composition. Figures 2A-2D further
illustrates the effect of removing either Fe or Mo from the catalyst precursor on carbon nanotube
diameter distribution. Taken together, these results demonstrate that iron acts to maintain carbon

yield while molybdenum promotes production of a smaller diameter carbon nanotube.
EXAMPLE 2
Objective

[062] With reference to Figure 3, this example demonstrates the effect of reaction temperature
and gas composition on carbon yield and carbon nanotube diameter.
Methods

[063] Catalyst compositions having the formulations of PXE2-282 and PXE2-285 in Figure 1
were used in this test as a reference. To determine the impact of reaction temperature on the
resulting nanotube product, reactions were carried out at temperatures between 610-675 °C.
Further, these tests determined the impact on the resulting nanotube product due to changes in
ethylene concentration in the gas feed for variations of ethylene concentration between 30-40 %.

Results

[064] Increasing the reaction temperature and/or lowering the gas composition from 40% to
30% ethylene decreases the carbon yield and increases the diameter of the carbon nanotubes.
Thus, in order to maximize carbon yicld and to produce small diameter carbon nanotubes, the
catalytic reaction should occur at about 610 °C with a reactive gas mixture containing 40%
ethylene.

EXAMPLE 3

Objective

[065] This example compares the electrical conductivity of composites containing primarily
small diameter multi-wall carbon nanotubes having between 3-6 walls (diameters of 4-8 nm) fo

composites comprising larger diameter carbon nanotubes. This example and the following
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examples utilize the material prepared according to the current invention and identified as PXE2-
282 in Figure 1 (referred to as SMW-100).
Methods ‘

[066] Carbon nanotubes produced by the methods and catalyst compositions of the current
invention (hereinafter, SMW-100 refers to multi-wall carbon nanotubes produced by the catalyst
composition described for PXE2-282 in figure 1) were compared to various commercially
available carbon nanotubes having diameter distributions described in Table 1 and Figures 4A-D.
The following Table 1 provides the carbon nanotube diameter distributions for various
commercially available multi-wall carbon nanotubes and SMW-100. For example, with regard
to SMW-100 ten percent of the nanotubes have diameters smaller than 4.2 nm, 50% of the total
nanotubes have diameters smaller than 6.7 nm and 90% of the total nanotubes have diameters

smaller than 12 nm.

10% 50% 00%
SMW-100 4.2 nm 6.7 nm 12.0 nm
MWCNT A 5.5 nm 7.8 nm 13.0 nm
MWCNT B [/.4nm 12.0 nm 16.5 nm
MWCNT C [7.1 nm 9.9 nm 13.3 nm
TABLE 1

[067] Polycarbonate Makrolon 2600 PC granules were melt mixed with the carbon nanotube
sources described in Table 1. Melt mixing was performed in a DSM micro-compounder (15
em3) under the following conditions: screw speed - 200 rpm; temperature - 280°C; time — 5
min). Pressed plates (60 mm diameter x 0.5 mm thickness) were prepared from extruded strands
(temperature: 280°C, time: 1 min, pressure: 100 kN). Carbon nanotube samples were
characterized by TGA and TEM analysis (Figures 4A-D).

[068] Resistivity was measured with a Keithley 6517A Electrometer in combination with a
Keithley 8009 test fixture (for resistivity > 107 Ohm cm) or a strip test fixture (for resistivity <
10" Ohm cm). For the purposes of this disclosure, the term percolation threshold is that
concentration of carbon loading at which there is one, and only one, continuous conducting

pathway in the material.
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Results

[069] Figure 5 demonstrates that the SMW-100 carbon nanotube material provides the lowest
electrical percolation threshold. As depicted in Figure 5, a CNT loading of 0.33 wt.% satisfied
the requirement for electrical percolation. As shown by Figure 5, SMW-100 provided resistivity
reading of 10*-10> Ohm/cm for loadings ranging from 0.5-1.0 wt%. In contrast, the comparative
carbon nanotubes having diameters between 7-9 nm (MWNT A), 10-11 nm (MWNT C), and 12-
15 nm (MWNT B) respectively yielded percolation thresholds of 0.50 wt%, 0.50 wt% and 0.55-
0.60 wt%.

[070] Based on the above, results, the use of a batch of straight multi-wall carbon nanotubes
having the characteristics of SMW-100 provided by Table 1 and Figure 1 will provide higher
conductivity properties at lower loading levels than other commercially available sources of

multi-wall carbon nanotubes.
EXAMPLE 4
Objective

[071] This study compares the performance of composites based on commercially available
multi-wall carbon nanotubes dispersed in Nylon 66 resin to composites prepared from SMW-100
carbon nanotubes dispersed in Nylon66 resin.

Methods

[072] CNT-Nylon 6,6 compounding was performed via twin screw extrusion. The resulting
composites were then injection-molded into standard ASTM test bars and plaque (4in by 4in by
3.2mm). Conductivity measurements were then performed on the injection-molded plaques
using a standard ProStat resistance meter as per ASTM D-257 for Volume and Surface
resistance.  Surface resistance was determined using PRF-912B probe at 25 predetermined
locations on each surface of the injection molded plaques — i.e. 25 points on the front surface and
25 points on the back surface of the plaques. This rigorous testing is designed to bring out any
minor variations in electrical performance due to non-uniformity in material and/or processing.
The front surface of the plaques corresponds to where the gjector pins are located. The back
surface of the plaques corresponds to the fixed part of the tool (closer to Nozzle}). Volume
resistances of the plaques were tested using a PRF-911 concentric ring at five locations per
sample and averaged for both the front and back of the plaques.

Results
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[073]) The surface resistance data is depicted in Figures 6A and 6B. SMW-100 composites
exhibited lower and more uniform electrical resistance properties after molding compared to the
commercially available multi-wall carbon nanotube (MWCNT). The surface resistance, of the
MWCNT and SMW-100 filled samples are fairly uniform and consistent with very good
agreement on the front and back surfaces of the plaques.

[074] Furthermore, Nylon 6,6 based composite with SMW-100 showed higher conductivity
values than Nylon 6,6 based composite with commercially available grades of MWCNT. The
SMW-100 composites also showed more uniform resistance values, with a narrower range of
standard deviation between the tested points and between the front and back surfaces of the
plaques. As reflected by Figures 6A and 6B, composites prepared from the inventive carbon
nanotube material, i.e. a batch of nanotubes having a narrow distribution of diameters and
number of walls, have improved conductivity when compared to currently available materials.
EXAMPLE 5

Objective

[075] This cxample compares the surface resistivity of thin films containing respectively:
SMW-100; single-wall carbon nanotubes (SWNT); double-wall carbon nanotubes (DWNT); and,
commercially available multi-wall carbon nanotubes (MWCNT B - from Example 3).

Methods

[076] Carbon nanotube-based thin films having different degrees of transparencies (80-95%
transmittance) were prepared using solutions containing 1 g carbon nanotube /liter in 1% Triton-
X 100 surfactant. The solutions were then sonicated and centrifuged. The various carbon
nanotube inks were deposited on a PET 505 substrate employing the rod coating technique.

Results

[077] As depicted in Figure 7, films having 80-90 % transparency prepared with SWNTs
demonstrate higher electrical conductivity than the other type of carbon nanotube materials in
thin film. However, films prepared using the novel batch material of the current invention, i.e.
the SMW-100, had better conductivity performance than films incorporating conventional
DWNT and MWNT.

[078] Other embodiments of the current invention will be apparent to those skilled in the art
from a consideration of this specification or practice of the invention disclosed herein. Thus, the
foregoing specification is considered merely exemplary of the current invention with the true

scope and spirit of the invention being defined by the following claims.
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We claim:

1. A catalyst precursor composition comprising;

a support; and

mixed metal oxides on a surface of the support, wherein the mixed metal oxides are
selected from the group consisting of CoFe04, CoM00Qy4, Co,FeyMoO,, Fea(MoOg)zand blends
thereof,

wherein x and y each represent the atomic ratio of the corresponding metal oxide,

wherein x is from about 1.6 to 6.5, and y is from about 0 to 10.5.
2. The catalyst precursor composition of claim 1, wherein x is from about 2.44 10 4.88 and y
is from about 1.75 to 6.98.
3. The catalyst precursor composition of claim 1, wherein the mixed metal oxide is selected
from the group consisting of CoFe;04, CoMoQ4, Cos 3Fes 2M004 and blends thereof,
4, The catalyst precursor composition of claim 1, wherein the mixed metal oxide is selected
from the group consisting of CoFe;04, CoMo0Qj, Coz 3Fe,MoQ4 and blends thereof, where y inay
range from 2.6 to 6.3.
5. The catalyst precursor composition of any of claims 1 to 4, wherein the support
comprises alumina and magnesium aluminate.
6. The catalyst precursor composition of claim 5 wherein magnesium oxide is located on the
surface of the support.
7. The catalyst precursor composition of claim 6 wherein the alumina is gamma-alumina,
8. A catalyst precursor composifion comprising:

a support comprising alumina and a magnesium compound; and

mixed metal oxides on a surface of the support, wherein the metal components of the
mixed metal oxides are selected from the group consisting of cobalt, molybdenum and iron,

wherein said cobalt is from about 0.5 to about 2.0 percent by weight concentration

of the total metals of said catalyst precursor composition, said molybdenum is from about 0.3 to
about 2.0 percent by weight concentration of the total metals of said catalyst precursor
composition, said iron is from about 0 to about 3.0 percent by weight concentration of the total
metals of said catalyst precursor composition, said magnesium is from about 0.5 to about 3.3
percent by weight concentration of the total metals of said catalyst precursor composition.
9. The catalyst precursor composition of claim 8, wherein the aiurﬁina is gamma-alumina.
10. The catalyst precursor composition of claim 8, wherein the magnesium compound is

magnesium aluminate.
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11, The catalyst precursor composition of claim 8, wherein magnesium oxide is present on
the surface of the support.
12. The catalyst precursor composition of claim 8, wherein said catalyst precursor
composition has a particle size between about 20 and about 500 microns,
13.  The catalyst precursor composition of claim 8, wherein said catalyst precursor
composition has a particle size between about 20 and about 250 microns.
14. The catalyst precursor composition of claim 8, wherein said catalyst precursor
composition has a particle size between about 20 and about 150 microns.
15.  The catalyst precursor composition of claim 8, wherein said catalyst precursor
composition is substantially free of FeAlO; and CoAl;Oq.
16.  The catalyst precursor composition of claim 8, wherein said catalyst precursor
composition has less than 0.5 perceni by weight of FeAlO; and less than 0.5 percent by weight of
CoALLOs.
17.  The catalyst precursor composition of claim 8, wherein said cobalt is about 0.75 to about
1.5 percent by weight concentration of the total metals of said catalyst precursor composition,
said molybdenum is from about 0.5 to about 1.0 percent by weight concentration of the total
metals of said catalyst precursor composition, said iron is from about 0.5 to about 2.0 percent by
weight concentration of the total metals of said catalyst precursor composition, and said
magnesium is from about 0.5 to about 1.0 percent by weight concentration of the total metals of
said catalyst precursor composition
18. A catalyst composition comprising:

a support comprising gamma-alumina and magnesium aluminate; and

the surface of said support carrying cobalt, molybdenum and iron, wherein said cobalt is
in the form of metallic cobalt and is from about 0.5 to about 2.0 percent by weight of said
catalyst composition, wherein said molybdenum is in the form of molybdenum carbide and is
from about 0.3 to about 2.0 percent by weight concentration of said catalyst composition, and
wherein said iron is in the form of metallic iron and iron carbide and the total iron component is
from about 0 to about 3.0 percent by weight concentration of said catalyst composition.
19. The catalyst composition of claim 18, wherein the gamma-alumina is from about
91.0 to about 97.6 percent by weight of said catalyst composition and wherein the magnesium, in
the form of MgO and MgAl,Oy4, is from about 0.5 to about 3.3 percent by weight of said catalyst
composition.

20.  The catalyst composition of claim 18, wherein the gamma-alumina is from about
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94.8 to about 97.6 percent by weight concentration of said catalyst composition and wherein the
magnesium is from about 0.5 to about 1.0 percent by weight concentration of said catalyst -
composition,

21.  The catalyst composition of claim 18, wherein said cobalt is in the form of metallic cobalt
and is from about 0,75 to about 1.5 percent by weight concentration of said catalyst composition,
wherein said molybdenum is in the form of molybdenum carbide and is from about 0.5 to about
1.0 percent by weight concentration of said catalyst composition, and wherein said iron is in the
form of metallic iron and iron carbide and the total iron component is from about 0.5 to about 2.0
percent by weight concentration of said catalyst composition. |

22.  The catalyst composition of claim 18, wherein the molybdenum carbide and iron carbide
comprise from zero to less than 2.0 percent by weight of said catalyst composition.

23.  The catalyst composition of claim 18, wherein said metallic cobalt is on the surface of
said support as particles having sizes between about 1.5 nm to about 3.0 nm.

24.  The catalyst composition of claim 18, wherein said metallic cobalt is on the surface of
said support as particles having sizes between about 1.5 nm to about 2.2 nm.

25.  The catalyst composition of claim 18, wherein magnesium oxide is present on the surface
of the support.

26.  The catalyst composition of claim 18, wherein said catalyst composition has a particle
size between about 20 and about 500 microns,

27.  The catalyst composition of claim 18, wherein said catalyst composition has a particle
size between about 20 and about 250 microns.

28.  The catalyst composition of claim 18, wherein said catalyst composition has a particle
size between about 20 and about 150 microns

29. A composition of matter comprising:

a plurality of spent catalyst particles, said spent catalyst particles carrying catalytically
formed carbon products, wherein at least 70% of the carbon products carried by said spent
catalyst particles are multi-wall carbon nanotubes and wherein at least 60% of the multi-wall
carbon nanotubes have between about 3 and about 8 walls.

30.  The composition of matter of claim 29, wherein at least 98% of the carbon products are
multi-wall carbon nanotubes.

31.  The composition of matter of claim 29, wherein at least 60% of said multi-wall carbon
nanotubes have between 3 and 6 walls.

32.  The composition of matter of claim 29, wherein at least 75% of said multi-wall carbon

nanofubes have between about 3 and about 8 walls.
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33.  The composition of matter of claim 29, wherein at least 75% of said multi-wall carbon
nanotubes have between 3 and 6 walls.
34.  The composition of matter of claim 29, wherein at least 85% of said multi-wall carbon
nanotubes have between about 3 and about 8 walls.
35.  The composition of matter of claim 29, wherein at least 85% of said multi-wall carbon
nanotubes have between 3 and 6 walls.
36.  The composition of matter of claim 29, wherein at least 90% of said multi-wall carbon
nanotubes have between about 3 and about 8 walls.
37.  The composition of matter of claim 29, wherein at least 90% of said multi-wall carbon
nanotubes have between 3 and 6 walls.
38.  The composition of matter of claim 29, wherein at least 60% of said multi-wall carbon
nanotubes have external diameters less than about 7 nm.
39.  The composition of matter of claim 29, wherein at least 75% of said multi-wall carbon
nanotubes have external diameters between about 4 nm and about 7 nm.
40.  The composition of matter of claim 29, wherein at least 85% of said multi-wall carbon
nanotubes have external diameters between about 4 nm and about 7 nm,
41.  The composition of matter of claim 29, wherein at least 90% of said multi-wall carbon
nanotubes have external diameters between about 4 nm and about 7 nm.
42, A method of preparing a catalyst precursor composition comprising:

preparing a solution comprising two or more metallic compounds, wherein the metallic
portions of the compounds are selected from the group consisting of cobalt, iron, molybdenum,
magnesium and mixtures thereof;

reacting the solution of metallic compounds with aluminum hydroxide to yield a product
comprising reacted particles;

drying the particles;

calcining the particles under a flowing gas; and

reducing the size of the particles.
43,  The method of claim 42, wherein the cobalt-containing compound is selected from the
group consisting of cobalt acetate and cobalt nitrate; the iron-containing compound is selected
from the group consisting of iron acetate and iron nitrate; the molybdenum-containing compound
is selected from the group consisting of ammonium heptamolybdate and ammonium
dimolybdate; and the magnesium-containing compound is magnesium nitrate.
44, The method of claim 42, wherein the solution comprises cobalt acetate, iron nitrate,

ammonium heptamolybdate, and magnesium nitrate.
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45. The method of claim 42, wherein the reaction between the solution of metallic
compounds and the aluminum hydroxide is performed at room temperature for a period of about
two to four hours.
46, The method of ciaim 42, wherein the product of reacted particles has a paste-like
consistency.
47. The method of claim 42, wherein prior to drying, said product comprising reacted
particles has a moisture content between about 20% and 40% by weight.
48. The method of claim 42, wherein prior to drying, said product comprising reacted
particles has a moisture content between about 25% and 30% by weight.
49,  The method of claim 42, further comprising the step of manipulating the reacted particles
by kneading said particles for a period between about 20 minutes to about 50 minutes.
50.  The method of claim 42, wherein the drying step is performed at a temperature between
about 30°C and about 50°C.
51.  The method of claim 42, wherein the drying step results in a moisture coﬁtent from about
10% to about 20% water by weight.
52.  The method of claim 42, wherein the drying step results in a moisture content of less than
15% water by weight.
53.  The method of claim 42, wherein the calcining step is performed at a temperature
between about 400° and 600°C for a period of time of about three hours to about five hours.
54.  The method of claim 42, wherein the calcining step is performed at a temperature
between about 400° and about 500°C for a period of time between about 3.5 hours and 4.5 hours,
55.  The method of claim 42, wherein the calcining step is performed at a temperature
between about 440° and about 460°C for a period of time between about 3.5 hours and 4.5 hours.
56..  The method of claim 42, wherein the step of reducing particle size produces particles
between about 20 pm and about 500 pm.
57.  The method of claim 42, wherein the step of reducing particle size produces particles
between about 20 pm and about 250 pm. '
58.  The method of claim 42, wherein the step of reducing particle size produces particles
between about 20 pm and about 150 pm.
59. A method of preparing a catalyst precursor composition comprising:

preparing a solution comprising two or more metallic compounds, wherein the metallic
portions of the compounds are selected from the group consisting of cobalt, iron, molybdenum,
and mixtures thereof;

preparing a mixture of aluminum hydroxide and magnesium hydroxide;
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reacting the mixture of aluminum hydroxide and magnesium hydroxide with the solution
of compounds to yield a product comprising reacted particles;

drying the particles;
calcining the particles under a flowing gas; and
reducing the size of the particles.

60.  The method of claim 59, wherein the calcining step is performed at a temperature
between about 400° and about 500°C over a period of time between about three hours to about
five hours.
61.  The method of claim 59, wherein the calcining step is performed at a temperature
between about 425° and about 475°C for a period of time between about 3.5 hours and 4.5 hours.
62.  The method of claim 59, wherein calcining step is performed at a temperature between
about 440° and about 460°C for a period of time between about 3.5 hours and 4.5 hours.
63. A method of preparing multi-wall carbon nanotubes comprising:

placing catalyst precursor particles having a particle size between about 20 microns and
500 microns in a reactor chamber, said catalyst precursor composition comprising:

a support; and |
a phase of mixed metal oxides on a surface of the support, wherein the metals of

said mixed metal oxides are selected from the group consisting of cobalt, molybdenum and iron;

flowing a stream of non-reactive gas throﬁgh the reaction chamber at a flow rate
sufficient to fluidize the catalyst precursor particles thereby forming a fluidized bed;

heating said fluidized bed to a temperature between about 600°C and about 750°C;

flowing a reactive gas mixture through the reaction chamber while maintaining the
temperature of said fluidized bed between about 600°C and about 750°C, wherein said flow of
reactive gas reduces the metals oxides of said catalytic precursor composition to yield a
composition comprising catalyst particles; and,

continuing to flow said reactive gas mixture through the reaction chamber thereby
producing multi-wall carbon nanotubes on the catalyst particles.
64.  The method of claim 63, wherein between about 60% and about 95% percent of the
resulting multi-wall carbon nanotubes have between three and seven walls.
65.  The method of claim 63, wherein the temperature of the fluidized bed is maintained
below 650 °C during passage of gases through the fluidized bed.
66.  The method of claim 63, wherein said reactive gas mixture comprises nitrogen and

ethylene.
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67. The method of claim 66, wherein said reactive gas mixture contains between about 10%
and 50% by volume ethylene.
68.  The method of claim 66, wherein said reactive gas mixture contains between about 20%
and 30% by volume ethylene.
69. The method of claim 63, wherein said gases pass through said bed at a rate of about 70
liters/min per kg of catalyst precursor to about 150 liters/min per kg of catalyst precursor.
70. The method of claim 63, wherein said gases pass through said bed at a rate of about 90
liters/min per kg of catalyst precursor to about 120 liters/min per kg of catalyst precursor.
71. The method of claim 63, wherein said gases pass through said bed at a rate of about 100
liters/min per kg of catalyst precursor.
72.  The method of claim 63, wherein following reduction of said metal oxides the reactive
gas mixture is flowed through the reaction chamber for a period of time between about 15 and to
about 30 minutes.
73.  The method of claim 63, wherein following the catalytic reaction said catalyst particles
are spent catalyst particles carrying said multi-wall carbon nanotubes and further comprising the
step of removing the spent catalyst particles carrying said multi-wall carbon nanotubes.
74. The method of claim 63, wherein said cobalt is from about 0.5 to about 2.0 percent by
weight concentration of metals of said catalyst precursor composition, said molybdenum is from
about 0.3 to about 2.0 percent by weight concentration of the total metals of said catalyst
precursor composition, said iron is from about 0 to about 3.0 percent by weight concentration of
the total metals of said catalyst precursor composition.
75.  The method of claim 63, wherein the support comprises alumina and magnesium
aluminate.
76. A batch of carbon nanotubes comprising:

multi-wall carbon nanotubes, wherein said multi-wall carbon nanotubes comprise from
about 60% to about 100% of said batch by weight and wherein at least 60% of the multi-wall
carbon nanotubes have between about 3 and about 7 walls.
77. The batch of carbon nanotubes of claim 76, wherein at least 75% of the multi-wall carbon
nanotubes have between about 3 and about 7 walls.
78. The batch of carbon nanotubes of claim 76, wherein af least 85% of the multi-wall carbon
nanotubes have between about 3 and about 7 walls.
79. The batch of carbon nanotubes of c¢laim 76, wherein at least 90% of the multi-wall carbon

nanotubes have between about 3 and about 7 walls,
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80, The batch of carbon nanotubes of claim 76, wherein at least 60% of the multi-wall carbon
nanotubes have external diameters between about 4 nm and about 7 nm.
81, The batch of carbon nanotubes of claim 76, wherein at least 75% of the multi-wall carbon
nanotubes have external diameters between about 4 nm and zbout 7 nm.
82. The batch of carbon nanotubes of claim 76, wherein at least 85% of the multi-wall carbon
nanotubes have external diameters between about 4 nm and about 7 nm.
83. The batch of carbon nanotubes of claim 76, wherein at least 30% of the multi-wall carbon
nanotubes have external diameters between about 4 nm and about 7 nm.
84, The batch of carbon nanotubes of any of claims 76 to 83, wherein said multi-wall carbon
nanotubes comprise from about 80% to about 98% of said batch by weight
85. A composition comprising multi-wall carbon nanotubes, wherein from about 60% to
about 90% by weight of said multi-wail carbon nanotubes have 3 to 7 walls.
86.  The composition of matter of claim 85, wherein at least 75% of said multi-wall carbon
nanotubes have between about 3 and about 7 walls.
87.  The composition of matter of claim 85, wherein at least 85% of said multi-wall carbon
nanotubes have between about 3 and about 7 walls.
88.  The composition of matter of claim 85, wherein at least 90% of said multi-wall carbon
nanotubes have between about 3 and about 7 walls,
89.  The composition of matter of claim 85, wherein at least 60% of said multi-wall carbon
nanotubes have external diameters between about 4 nm and about 7 nm.
90.  The composition of matter of claim 85, wherein at least 75% of said multi-wall carbon
nanotubes have external diameters between about 4 nm and about 7 nm.
91.  The composition of matter of claim 85, wherein at least 85% of said multi-wall carbon
nanotubes have external diameters between about 4 nm and about 7 nm. '
92.  The composition of matter of claim 85, wherein at least 90% of said multi-wall carbon
nanotubes have external diameters between about 4 nm and about 7 nm.
93. A batch of carbon nanotubes comprising;:

wherein from about 60% to about 100% of said batch by weight of said carbon nanotubes
are multi-wall carbon nanotubes and wherein between 50% to about 90% of the multi-wall
carbon nanotubes have an external diameter of less than 10 nm.
94, The batch of carbon nanotubes of claim 93, wherein between 54% and 85% of the multi-
wall carbon nanotubes have an external diameter of less than 10 nm.
95. The batch of carbon nanotubes of claim 93, wherein between 60% and 75% of the multi-

wall carbon nanotubes have an external diameter of less than 10 nm.
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96. The batch of carbon nanotubes of claim 93, wherein said multi-wall carbon nanotubes
have a median external diameter from about 6.5 nm to about 8.5 nm.

97. The batch of carbon nanotubes of claim 93, wherein said multi-wall carbon nanotubes
have a median external diameter from about 7 nm to about 8 nm.

98, The batch of carbon nanotubes of claim 93, wherein said muiti-wall carbon nanotubes
have a mode external diameter from about 4 nm to about 7 nm.

99, The batch of carbon nanotubes of claim 93, wherein said multi-wall carbon nanotubes
have a mode external diameter from about 4.5 nm to about 6.7 nm.

100, The batch of carbon nanotubes of ¢laim 93, wherein said multi-wall carbon nanotubes
have a mode external diameter from about 5.1 nm to about 6.2 nm.

101.  The batch of carbon nanotubes of any of claims 93-100, wherein said multi-wall carbon
nanotubes comprise at least 90% of said batch by weight.

102.  The batch of carbon nanotubes of any of claims 93-100, wherein said multi-wall carbon
nanotubes comprise at least 98% of said batch by weight.

103. A composition comprising multi-wall carbon nanotubes, wherein between 50% and 90%
of the multi-wall carbon nanotubes have an external diameter of less than 10 nm.

104. The composition of claim 103, wherein between 54% and 85% of the multi-wall carbon
nanotubes have an external diameter of less than 10 nm.

105. The composition of claim 103, wherein between 60% and 75% of the multi-wall carbon
nanotubes have an external diameter of less than 10 nm.

106. The composition of claim 103, wherein said multi-wall carbon nanotubes have a median
external diameter from about 6.5 nm to about 8.5 nm.

107. The composition of claim 103, wherein said multi-wall carbon nanotubes have a median
external diameter from about 6.5 nm to about 8.5 nm.

108. The composition of claim 103, wherein said multi-wall carbon nanotubes have a mode
external diameter from about 4 nm to about 7 nm.

109. The composition of claim 103, wherein said multi-wall carbon nanotubes have a mode

external diameter from about 5.1 nm to about 6.2 nm.
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This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: claims 1-7 directed to a catalyst precursor composition comprising:

a support; and

mixed metal oxides on a surface of the support, wherein the mixed metal oxides are selected from the group consisting of CoFe204,
CoMo04, CoxFeyMoO4, Fe2(Mo04)3 and blends thereof,

wherein x and y each represent the atomic ratio of the corresponding metal oxide, wherein x is from about 1.6 to 6.5, and y is from about
0to 10.5.

Group lI: claims 8-28 directed to a catalyst precursor composition comprising:

a support comprising alumina and a magnesium compound, and

mixed metal oxides on a surface of the support, wherein the metal components of the mixed metal oxides are selected from the group
consisting of cobalt, molybdenum and iron, wherein said cobalt is from about 0.5 to about 2.0 percent by weight concentration of the
total metals of said catalyst precursor composition, said molybdenum is from about 0.3 to about 2.0 percent by weight concentration of
the total metals of said catalyst precursor composition, said iron is from about 0 to about 3.0 percent by weight concentration of the total
metals of said catalyst precursor composition, said magnesium is from about 0.5 to about 3.3 percent by weight concentration of the
total metals of said catalyst precursor composition.

Group lIl: claims 29-41 directed to a composition of matter comprising:

a plurality of spent catalyst particles, said spent catalyst particles carrying catalytically formed carbon products, wherein at least 70% of
the carbon products carried by said spent catalyst particles are multi-wall carbon nanotubes and wherein at least 60% of the multi-wall
carbon nanotubes have between about 3 and about 8 walls.

Group IV: claims 42-62 directed to a method of preparing a catalyst precursor composition comprising:

preparing a solution comprising two or more metallic compounds, wherein the metallic portions of the compounds are selected from the
group consisting of cobalt, iron, molybdenum, magnesium and mixtures thereof;

reacting the solution of metallic compounds with aluminum hydroxide to yield a product comprising reacted particles;

drying the particles;

calcining the particles under a flowing gas; and

reducing the size of the particles.

Group V: claims 63-75 directed to a method of preparing multi-wall carbon nanotubes comprising:

placing catalyst precursor particles having a particle size between about 20 microns and 500 microns in a reactor chamber, said catalyst
precursor composition comprising:

a support; and

a phase of mixed metal oxides on a surface of the support, wherein the metals of said mixed metal oxides are selected from the group
consisting of cobalt, molybdenum and iron;

flowing a stream of non-reactive gas through the reaction chamber at a flow rate sufficient to fluidize the catalyst precursor particles
thereby forming a fluidized bed;

heating said fluidized bed to a temperature between about 600?C and about 750?C;

flowing a reactive gas mixture through the reaction chamber while maintaining the temperature of said fluidized bed between about
600?C and about 750?C, wherein said flow of reactive gas reduces the metals oxides of said catalytic precursor composition to yield a
composition comprising catalyst particles; and,

continuing to flow said reactive gas mixture through the reaction chamber thereby producing multi-wall carbon nanotubes on the catalyst
particles.

Group VI: claims 76-92 directed to a batch of carbon nanotubes comprising:

multi-wall carbon nanotubes, wherein said multi-wall carbon nanotubes comprise from about 60% to about 100% of said batch by weight
and wherein at least 60% of the multi-wall carbon nanotubes have between about 3 and about 7 walls.

Group VII: claims 93-102 directed to a batch of carbon nanotubes comprising:

wherein from about 60% to about 100% of said batch by weight of said carbon nanotubes are multi-wall carbon nanotubes and wherein
between 50% to about 90% of the multi-wall carbon nanotubes have an external diameter of less than 10 nm.

Group VIII: claims 103-109 directed to a composition comprising multi-wall carbon nanotubes, wherein between 50% and 90% of the
multi-wall carbon nanotubes have an external diameter of less than 10 nm.

The inventions listed as Groups I-Vill do not relate to a single general inventive concept under PCT Rule 13.1 because under PCT Rule
13.2 they lack the same or corresponding technical features for the following reasons:

Groups II, I, IV, V, VI, Vil and VIl do not include the CoFe204, CoMoQ4, CoxFeyMoO4, Fe2(Mo0O4)3 and blends thereof, wherein x
and y each represent the atomic ratio of the corresponding metal oxide, wherein x is from about 1.6 to 6.5, and y is from about 0 to 10.5
of group I

Groups |, llI, IV, V, VI, VIl and Vil do not include the alumina and a magnesium compound; and the mixed metal oxides in the claimed
weight percents of group Il.

Groups |, II, 1V, V, VI, VIl and VIl do not include the spent catalyst of group IIl.
Groups |, I and IV do not include the multi-walled carbon nanotubes of groups I, V, VI, Vil and VIII.
Groups |, 1, Ill, V, VI, Vil and VIIl do not include the aluminum hydroxide, drying, calcining and reducing of group IV.

---See Continuation Sheet---
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Groups |, 11, lIl, IV, VI, VIl and VIl do not include the preparing multi-walled carbon nanotubes with a phase of mixed metal oxides on a
surface of the support of group V.

Groups |, Il, IV, V and VIII do not include the multi-wall carbon nanotubes have between about 3 and about 7 walls of groups lIl, Vi and
VII.

Groups |, Ii, IV, V, VIl and VIil do not include the multi-wall carbon nanotubes comprise from about 60% to about 100% of said batch by
weight of groups |ll, and VII.

Groups |, Ii, ll, IV, V and VI do not include the between 50% and 90% of the multi-wall carbon nanotubes have an external diameter of
less than 10 nm of groups VIi and VIil.

The common feature of a catalyst comprising a support and mixed metal oxides of iron, molybdenum and cobalt of Groups |, Il and V is
taught by US 7,250,148 B2 issued to Yang et al. 31 July 2007 (col 5, In 46 to col 6, in 14).

The common feature of multi-walled carbon nanotubes of groups Ill, V, VI, Vil and VIIl and the common feature of 70% to about 100% of
said batch by weight of said carbon nanotubes are multi-wall carbon nanotubes of groups Ill, VI and VIl and the common feature of at
least 60% of the multi-wall carbon nanotubes having greater than 3 walls of groups IIl and VI are taught by US 2006/0099136 A1 by
Dillon et al. published 11 May 2006 (para [0063]; [0077]-[0078)).

The common feature of the multi-wall carbon nanotubes having an external diameter of less than 10 nm groups VIl and Viil is taught by
US 2004/0150312 A1 by McElrath et al. published 05 August 2004 (para [0111]; [0079]); therefore the common feature is not an
improvement over the prior art.

None of these technical features are common to the other groups, nor do they correspond to a special technical feature in the other
groups. Therefore, unity of invention is lacking.
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