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Abstract In the preparation and evaluation of Fischer–

Tropsch (FT) catalysts, active catalysts formed by both

incipient wetness impregnation (IWI) and atomic layer

deposition (ALD) of major components were demon-

strated. ALD-deposited Co on a silica support was more

effective than a similar catalyst deposited upon a support of

ALD-deposited Al2O3 on silica. The addition of Co

reduction promoters including Pt, Ir and Ru using either

ALD or IWI has been shown to strongly affect the catalyst

pre-conditioning step. CO conversion results were consis-

tent with previously reported Temperature Programmed

Reduction X-ray Absorption Near-edge Structure/Extended

X-ray Absorption Fine Structure Spectroscopy (TPR-

XANES/EXAFS) experiments observing the nature of

chemical transformations occurring during the activation of

cobalt-based FT catalysts in hydrogen. Specifically, there

exists a 2-step reduction process involving Co3O4 to CoO

and CoO to Co0 transformations. The extent of catalyst

preconditioning was strongly affected by the reduction

temperature (with 400 �C preferred) and the loading of the

promoter. This was demonstrated using a continuous-flow

catalytic-bed unit with a 2:1 molar blend of H2:CO, at

temperatures ranging from about 260 to 300 �C, pressures

averaging 1.3 MPa (190 psia), and gas space velocities

about 24 NL/h-g.

Keywords Fischer–Tropsch � Catalyst pretreatment �
Promoters � Cobalt � Alumina � Incipient wetness

impregnation � Atomic layer deposition � TPR � EXAFS �
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1 Introduction

Fischer–Tropsch (FT) chemistry involves the reaction of

hydrogen with carbon monoxide to form long-chain

hydrocarbons. Even though this process was invented in

Germany in 1923, there has been a continuing development

of catalysts, the most common of which are based upon

iron, cobalt, and ruthenium. Due to the water gas shift

catalytic activity of iron, its use in FT catalysis is often

directed toward a gas stream generated from the gasifica-

tion of coal (namely, lower H2/CO ratios.) In the case of

gas to liquid (GTL) production with higher H2/CO ratios

(*2:1), emphasis is often directed toward supported cobalt

catalysts. Such processes typically use a supported cobalt

catalyst (e.g. Co/Al2O3) under pressure (e.g., *20 bar) and

mild temperatures (e.g., *220 �C) to produce a distribu-

tion of hydrocarbons—mainly straight chain paraffins—

that can be upgraded to transportation fuels (e.g., diesel, jet

fuel). Cobalt catalysts are relatively inactive intrinsically

for the water–gas shift reaction. One drawback of cobalt is

that it is more expensive than iron. Thus, catalyst activity

must be maintained over long periods of time for the

process to be economically viable.

The available literature on these catalysts is very

extensive. For reference, a very comprehensive series of

articles on the FT process has been edited by Schulz and

Claeys [1] and Steynberg and Dry [2]; the kinetics litera-

ture was reviewed by Van der Laan and Beenackers [3];

see also Satterfield [4]. Davis has carried out an extensive
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study of FT catalysis under DOE contracts; reference is

made to the Final Technical Report [5] of Contract No.

PC90056.

Two of the significant factors to be considered in the use

of Co-containing catalysts are particle size and reducibility.

Below a dispersion of 12 %, Iglesia [6] reported a linear

trend between FT activity and cobalt surface area on a per

gram of catalyst basis as measured by hydrogen chemi-

sorption, indicating that the active sites for the catalysis are

the surface cobalt metal particles. At higher dispersions,

lower activity has been reported, although it is not clear if

this is due to actual lower activity on small Co particles, or

rather due to particle size dependent deactivation (e.g.,

reoxidation [7]). Bezemer et al. [8] explored the impact of

particle size on turnover frequency in the range of

2.6–27 nm using 0.8–22 %Co supported on carbon-

nanofibers. They found that the CO rate based on g of Co

increases with Co size from 2.6 to 8.5 nm and then

decreases between 8.5 and 16 nm. These data resulted in an

increasing TOF with increasing Co particle size below

8 nm while above that size TOF remained stable. C5?

selectivity displayed an increasing trend with increasing Co

particle size up to 16 nm. Borg et al. [9] examined Co

particle size effects in the range of 3-18 nm using

10–30 %Co/Al2O3 catalysts at 210 �C, 20 bar, and a

H2/CO ratio of 2.0. Employing a micro-fixed-bed reactor,

the authors reported that the best Co particle size range for

production of C5? was 7–8 nm.

Due to the strong interaction of alumina with cobalt

oxides, alumina stabilizes very small cobalt oxide particles.

The small particle size is important for producing a sig-

nificant surface area of metallic cobalt following activation

in H2. However, the highly interacting small particles are

difficult to reduce and thus, reduction promoters (e.g., Pt,

Ru, and Re) are often employed—and often in combina-

tion—to facilitate reduction of the cobalt oxide crystallites

to the metallic state.

Reduction of Co3O4 clusters takes place in two steps:

(1) Co3O4 þ H2 ! 3CoOþ H2O and (2) 3CoOþ 3H2 !
3Co0 þ 3H2O This two-step process has been recently

demonstrated by a TPR-EXAFS/XANES investigation

[10]. When the reduction promoter reduces below the

temperature of step 1 (typically in the temperature range of

300–350 �C), as in the case of Pt or Ru both steps are

typically shifted to lower temperatures [11–14]. However,

in the case of Re [11, 12, 15, 16] which reduces at a

comparable temperature to the first step, only the second

reduction step (CoO to Co0) has been observed to be

impacted. Using a standard 10 h H2 reduction treatment of

350 �C, Jacobs et al. [11] showed by hydrogen chemi-

sorption/pulse reoxidation measurements that in all cases

(Pt, Ru, and Re), gains in active site densities (i.e., number

of cobalt atoms exposed at the surface) were directly due to

the higher extents of reduction gained by promoter addi-

tion. The three promoters, Pt, Ru and Re, have all been

observed to exhibit direct contact with Co at the atomic

level by EXAFS spectroscopy [12, 17–20].

In this study we compare the performance of Co catalysts

prepared using two different techniques, namely: (1) Incipient

wetness impregnation (IWI) and (2) atomic layer deposition

(ALD). IWI is a conventional catalyst preparation method in

which the catalyst support is immersed in a solution of the

desired metal salt, and then dried and calcined. ALD is a thin

film growth technique utilizing alternating, self-limiting

chemical reactions between gaseous precursors and a solid

surface to deposit materials in an atomic layer-by-layer

fashion [21]. Both uniform thin films as well as discrete

nanoparticles can be formed by ALD. ALD has been shown to

yield more highly dispersed surface species than IWI at

comparable metal loadings in some cases [22]. Consequently,

one objective of this study was to compare the relative per-

formance of Co catalysts prepared using IWI and ALD to

determine if there is any advantage for the ALD.

To provide an effective comparison between catalyst

samples, a small charge (0.1 g) of catalyst was used. At a

total gas feed rate of about 40 mL/min, the space velocity

was about 24 standard liters per hour gram (SL/h g). For

reference, the space velocity of the experiments of Jacobs

et al. [11]. was about 2 SL/h g; therefore, our CO con-

version rates should be lower than those typically reported

for FT experiments.

2 Experimental

2.1 FT Reactor System

A continuous-flow catalytic-bed unit was used. The gas-

eous feed consisted of a 2:1 molar blend of H2:CO. The

feed passed through a preheater/reactor that consisted of a

0.4 cm-ID tube of 90 cm length. Gaseous flow was

downward through the following zones:

1. An empty upper zone of about 46 cm filled with quartz

wool zone to serve as a preheater,

2. A second zone of about 10 cm consisted of low-

surface a-Al2O3 to ensure radial flow dispersion,

3. A third zone of about 3 cm consisted of supported

catalyst that was mixed 6/0.1 with a-Al2O3,

4. A bottom zone of additional a-Al2O3 packing served to

support the active catalyst mixture in the temperature

controlled zone.

The a-Al2O3 packing above and below the reaction zone

was 14 9 18 mesh, and 20 9 24 in the reaction zone.
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The preheater and reactor had a total of six internal and

two external thermocouples. The reactor temperature was

controlled using a thermocouple near the center of the

active catalyst bed. Two thermocouples located within the

reaction zone typically averaged within 3 �C.

The experiments were carried out at temperatures

ranging from about 220 to 300 �C, pressures averaging

1.3 MPa (190 psia), a gas feed rate of about 40 mL/min,

and a catalyst charge of 0.1 g. The reactor effluent was

cooled in air and then one of two parallel wet-ice-cooled

traps so that periodic condensate samples could be recov-

ered for weighing and sampling. The off-gas was pressure

controlled, metered and sampled.

The gas composition was determined using an HP 6890

Series gas chromatograph (GC) that had been modified by

LINC Quantum Analytics of Foster City, CA. It had three

columns: (1) a molecular sieve column (7 ft 9 1/16 in.

13 9 45/60) for light gas retention and separation, (2) a

capillary column (50 m 9 0.53 mm KCl modified Al2O3

PLOT) for hydrocarbon analysis by a flame ionization

detector (FID), and (3) a packed column (7 ft 9 1/16 in.

Hayesep A 60/80) for CO2 separation and analysis using a

thermal conductivity detector (TCD). The calibration of the

system was routinely carried out.

Emphasis was placed upon observing the extent of CO

conversion. This was determined on a basis of C molar

balance; namely 100 % minus the sum of the carbon-

containing products. At a CO conversion level of 20 %, the

typical C balance was [96 %, and the distribution was

normalized to 100 %. The selectivity in forming CH4 was

about 4–5 %, that of C2? hydrocarbons was about 90 %,

and that of CO2 was about 3–5 %.

2.2 Catalyst Preparation

The IWI preparation procedures for the 25 % Co-catalyst

samples have been previously described [10]. In addition,

IWI was used to prepare samples of Pt and Ir promoted

catalysts. Salts of Pt(NH3)4(NO3)2, or Ir(acac)3 were dis-

solved in sufficient water to wet the above Co-containing

catalyst. They were impregnated into the catalyst and

subsequently dried and calcined in air at 200 �C for about

1 h after the total heat-up and drying stages of about 2 h.

Co-containing catalysts were also prepared using a vis-

cous flow ALD reactor [23, 24] at 1.3 mbar (1 Torr)

pressure using ultrahigh purity nitrogen carrier gas at a

mass flow rate of 360 sccm and a temperature of 465 �C.

Approximately 1 g of the silica gel support material was

contained in a fixed-bed powder fixture. After allowing the

powder to thermally equilibrate and outgas, the silica gel

was cleaned using a 1.3 mbar (1 Torr), 400 sccm mixture

of 10 % ozone in oxygen for 10 min. In selected cases, an

Al2O3 ALD technique was used to deposit an additional

catalytic support layer. The Al2O3 ALD used three ALD

cycles comprised of alternating exposures to trimethyl

aluminum and water vapors to deposit *0.4 nm of Al2O3

[25–27]. Finally, the Co3O4 ALD coating was performed

using 5–20 ALD cycles comprised of alternating exposures

to bis(cyclopentadienyl)cobalt (II) and ozone. In addition

to the silica gel powder, small portions of Si(100) wafers

were coated concurrently with the ALD Co3O4 and sub-

sequently analyzed using spectroscopic ellipsometry.

These measurements determined that each ALD Co3O4

cycle deposits 0.23 nm of material. X-ray fluorescence

measurements were performed on the silica gel powders to

determine the cobalt loading. These measurements

revealed that the Co3O4 ALD deposits *1.7 wt % Co per

ALD cycle on the S10040M powder.

Various promoted catalysts were prepared using ALD.

Approximately 0.2 g of the above Co-based catalyst was

contained in a fixed bed fixture. This catalyst was treated

using alternating exposures to the noble metal precursor

and oxygen to deposit *1 nm nanoparticles. The noble

metal precursors for Pt, Ir, and Ru were Pt(MeCp)Me3,

Ir(acac)3, and 4-(dimethylpentadienyl)(ethylcyclopenta-

dienyl) ruthenium (DER), respectively. Metal loadings of

*0.1 wt % were achieved by adjusting the deposition

temperature in the range 100–300 �C as well as the number

of ALD cycles performed. The specific details of the Pt

deposition have been described in detail [21, 22]. Similar

approaches were used to deposit the Ir and Ru.

Additional catalysts were prepared by applying thin

films of aluminum oxide and cobalt oxide onto silica gel

powder supports using ALD. The silica gel was Silicycle

S10040M with a specific surface area of 100 m2/g, a pore

size of 30 nm and a particle size of 75–200 microns.

2.3 Catalyst Preconditioning

A two-step reduction process was observed [10] consisting

of Co3O4 to CoO and CoO to Co0 transformations over

catalysts exhibiting both weak metal/support interactions

(i.e., Co/SiO2) and strong interactions (i.e., Co/Al2O3).

Increased reduction temperatures were needed to effec-

tively reduce Co-containing catalysts deposited on strongly

interacting surfaces when compared with those of unsup-

ported Co3O4 or weakly supported Co catalyst. The addi-

tion of noble metal promoter (i.e., Pt) strongly affected the

reducibility and resulting cobalt crystallite size.

Cobalt-containing catalysts were preconditioned in

flowing 100 % hydrogen at atmospheric pressure. The

temperature was increased from room temperature to

350 �C in 1 h; the catalyst was then maintained at this

temperature with 100 % hydrogen flow for about 6 h.

Similar conditions were used for fresh catalyst condition-

ing at 400 �C. In selected cases, a catalyst that had been
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preconditioned at 350 �C and used in FT experiments was

further conditioned in flowing hydrogen at 400 �C at

atmospheric pressure prior to subsequent FT experiments.

2.4 BET Measurements

BET measurements for the catalysts were conducted using

a Micromeritics Tri-Star system. Prior to the measurement,

samples were slowly ramped to 160 �C and evacuated for

24 h to approximately 50 mTorr (*0.2 mbar).

2.5 X-ray Diffraction

Powder diffractograms on calcined catalysts were recorded

using a Philips X’Pert diffractometer. First, short times

were used over a long range to assess crystalline phases

present. The conditions were as follows: scan rate of 0.02�/

step, scan time of 5 s/step over a 2h range of 15–80�. Then,

long times were used over a short range in order to quantify

average Co3O4 domain sizes using line broadening analysis

for the peak at 2h = 36.8� representing (311). The condi-

tions employed for the latter were a scan rate of 0.01�/step

and a scan time of 30 s/step over a 2h range of 30–45�.

2.6 Hydrogen Chemisorption with Pulse Reoxidation

Hydrogen chemisorption measurements were performed

using a Zeton Altamira AMI-200 unit, which utilizes a TCD.

The sample weight was typically 0.220 g. The catalyst was

activated at 400 �C for 5 h using a flow of pure hydrogen and

then cooled under flowing hydrogen to 100 �C. The sample

was then held at 100 �C under flowing argon to prevent

physisorption of weakly bound species prior to increasing the

temperature slowly to the activation temperature. At that

temperature, the catalyst was held under flowing argon to

desorb the remaining chemisorbed hydrogen so that the TCD

signal returned to the baseline. The TPD spectrum was

integrated and the number of moles of desorbed hydrogen

determined by comparing to the areas of calibrated hydrogen

pulses. Prior to experiments, the sample loop was calibrated

with pulses of nitrogen in helium flow and compared against

a calibration line produced from gas tight syringe injections

of nitrogen under helium flow.

After TPD of hydrogen, the sample was reoxidized at

the activation temperature by injecting pulses of pure

oxygen in helium referenced to helium gas. After oxidation

of the cobalt metal clusters, the number of moles of oxygen

consumed was determined, and the percentage reduction

calculated assuming that the Co0 reoxidized to Co3O4.

While the uncorrected dispersions (uc) are based on the

assumption of complete reduction, the corrected disper-

sions (c), which are reported in this work, include the

percentage of reduced cobalt as follows.

%Duc ¼ ð# of Co0 atoms on surface

� 100 %Þ=ðtotal # Co0 atomsÞ

%Dc ¼ ð# of Co0 atoms on surface

� 100 %Þ=½ðtotal # Co atomsÞðfraction reducedÞ�

2.7 Catalyst Characterization by TPR-EXAFS/XANES

with a Multi-Sample Holder

In situ H2-TPR XAFS studies were performed at the

Materials Research Collaborative Access Team (MR-CAT)

beamline at the Advanced Photon Source, Argonne

National Laboratory. A cryogenically cooled Si(1 1 1)

monochromator selected the incident energy and a rho-

dium-coated mirror rejected higher order harmonics of the

fundamental beam energy. The experiment setup was

similar to that outlined by Jacoby [28]. A stainless steel

multi-sample holder (4.0 mm i.d. channels) was used to

monitor the in situ reduction of six samples during a single

TPR run. Approximately 6 mg of each sample were loaded

as a self-supporting wafer in each channel. The catalyst to

diluent weight was approximately 0.1. Supported cobalt

catalyst samples were diluted with sufficient SiO2 to allow

for the wafer to be self supporting. The holder was placed

in the center of a quartz tube, equipped with gas and

thermocouple ports and Kapton windows. The amount of

sample used was optimized for the Co K edge, considering

the absorption by Al and/or Si of the support. The quartz

tube was placed in a clamshell furnace mounted on a

positioning table. Each sample cell was positioned relative

to the beam by finely adjusting the position of the table to

an accuracy of 5 lm (for repeated scans). Once the sample

positions were fine-tuned, the reactor was purged with

helium for more than 5 min at 100 ml/min then the reactant

gas (H2/He, 4 %) was flowed through the samples (100 ml/

min) and a temperature ramp of *1.0 �C/min (starting

from 250 �C after a more rapid startup) was initiated for

the furnace. The Co K-edge spectra were recorded in

transmission mode and a Co metallic foil spectrum was

measured simultaneously with each sample spectrum for

energy calibration. By measuring each sample, in turn, and

repeating, this allowed 24 scans to be collected for each

sample over an 8 h period. The sample’s temperature

change from the absorption edge through the end of the

scan was then about 5.0 �C, while each sample was mea-

sured approximately every 30 �C starting from about

250 �C, following a more rapid startup. Data reduction of

the EXAFS/XANES spectra was carried out using the

WinXAS program [29]. The details of the XANES and

EXAFS analyses are provided in the appendices of our

previous article, and will not be repeated here, for the sake

of brevity [10]. EXAFS data reduction and fitting were

carried out using on the catalysts in their final state
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following TPR and cooling using the WinXAS [29], Atoms

[30], FEFF [31], and FEFFIT [32] programs. The k-range

used for the fittings was 3–12 Å-1. Fitting was confined to

the first Co–Co metallic coordination shell by applying a

Hanning window in the Fourier transform magnitude

spectra, and carrying out the back-transform to isolate that

shell.

3 Results and Discussion

3.1 BET Characterization

BET results for supports and, where possible, catalysts, are

reported in Table 1. For the catalysts prepared by aqueous

impregnation on c-Al2O3, 25 % of Co is equivalent to

about 33 % Co3O4 by weight. If alumina is the main

contributor to the surface area, then if no pore blocking

occurs, the surface area of the catalysts should be

0.67 9 150 m2/g = 100 m2/g. Most of the catalysts were

within 5 m2/g of this value. However, one catalyst, 0.1 %Pt

(ALD) 25 %Co (IWI) Al2O3 was slightly lower, indicating

some particles may have been large enough to cause some

minor pore blocking. Similar findings were obtained in

evaluating Co/SiO2. With the ALD catalysts, the BET

surface area was about 10 m2/g lower when both Al2O3

and 25 %Co were deposited on SiO2 relative to only

deposition of 25 %Co.

3.2 Catalyst Characterization by XRD/Hydrogen

Chemisorption-Pulse Reoxidation

XRD profiles are displayed in Figs. 1 and 2. Significant

broadening of the (311) peak is observed whenever ALD was

used to deposit cobalt as compared with the IWI method,

regardless of support. Results of line broadening analysis for

evaluating Co3O4 crystallite size in calcined catalysts, and

projected Co0 crystallite diameter following reduction, are

summarized in Table 1, along with—where possible—

results of hydrogen chemisorptions pulse reoxidation. The

crystallite diameter from XRD was about half of that

(5.6–5.9 nm relative to 10.1 nm) for the 25 %Co catalysts

prepared on SiO2 by ALD relative to 20 %Co/SiO2 air cal-

cined catalysts. The agglomeration of crystallites into large

(52 nm) clusters was noted in chemisorption results for the

20 %Co/SiO2 air calcined catalyst. Likewise, the crystallite

diameter from XRD was a little more than half of that

(6.7 nm relative to 10–11 nm) for the 25 %Co catalyst pre-

pared on Al2O3 by ALD relative to the catalysts prepared by

aqueous impregnation to 25 %Co levels. The sizes obtained

by hydrogen chemisorption/pulse reoxidation were slightly

smaller, but within experimental error, of those predicted

from XRD. This may be due to the fact that XRD requires a

certain degree of long range order. Unlike the air calcined

20 %Co/SiO2 catalyst, the 25 %Co/Al2O3 catalysts main-

tained the small cluster size following activation.

3.3 Catalyst Characterization by TPR-EXAFS/XANES

with a Multi-Sample Holder

TPR-XANES spectra are reported in Figs. 3 and 4. The

extents of CoO reduction to Co0 are plotted vs. temperature

for all catalysts in Fig. 5. The extent of reduction vs.

temperature overlays are plotted in Fig. 6. As demonstrated

in our previous work [10], in each case, the catalyst begins

with cobalt oxide particles as Co3O4. Unpromoted catalysts

undergo the first reduction step from Co3O4 to CoO in the

temperature range of *350 �C, and Fig. 3c provides a

reference for 25 %Co/Al2O3. The spectra for maximum

CoO content were retrieved from each TPR trajectory and

are plotted in Fig. 7. The maxima were slightly different,

and may depend on support type [10]. The temperature at

which maximum CoO content was achieved in the refer-

ence 25 %CoAl2O3 catalyst was measured to be 360.2 �C.

Addition of a small amount of Pt (i.e., *0.1 %) by IWI

facilitated reduction of the first step considerably, with the

temperature for maximum CoO content decreasing to a

narrow range of 308–313 �C for the two Pt promoted

25 %CoAl2O3 catalysts. Using the ALD method, however,

decreased the temperature even further, to 288 �C. The

temperature for the catalyst having 0.1 % Pt (ALD) 25 %

Co(ALD)/Al2O3(ALD) on SiO2 was *322.0 �C, slightly

higher than the three 0.1 %Pt/25 %Co/Al2O3 catalysts.

However, the corresponding temperature for the

0.1 %Pt(ALD) 25 %Co (ALD)/SiO2 was in the same range

as the 0.1 %Pt/25 %Co/Al2O3 catalysts, at 297 �C.

The more important reduction step is that of CoO to

Co0, since Co0 is active for CO hydrogenation (e.g.,

Fischer–Tropsch synthesis). The temperature at which

50 % conversion from CoO to Co0 was achieved in the

reference 25 %CoAl2O3 catalyst was measured to be

455.9 �C. Adding a small amount of Pt (i.e., *0.1 %) by

IWI also facilitated reduction of the second step consid-

erably, with the temperature for 50 % conversion of CoO

to Co0 decreasing to a narrow range of 390.5–399.7 �C for

the two Pt promoted 25 %CoAl2O3 catalysts. Again,

however, using the ALD method decreased the temperature

even further, to 352.4 �C. The corresponding temperature

for the catalyst having 0.1 % Pt (ALD) 25 % Co(ALD)/

Al2O3(ALD) on SiO2 was *412.86 �C, slightly higher

than the three 0.1 %Pt/25 %Co/Al2O3 catalysts. On the

other, the corresponding temperature for the 0.1 %Pt(ALD)

25 %Co (ALD)/SiO2 was even somewhat lower than the

0.1 %Pt/25 %Co/Al2O3 catalysts, at 342.8 �C.

The TPR-EXAFS results are reported in Figs. 3 and 4.

In each case, there is initially a strong signal for Co–O
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coordination (at low distance) and Co–Co (at higher dis-

tance) in the Co3O4 oxide. There is a clear signal decrease

for the Co–O bond as the oxide converts to CoO and the

peak for Co–Co coordination in the oxide moves to a

shorter distance as CoO is formed, as expected. Finally, a

peak for Co–Co in the metal is formed at even higher

temperature.

There are two primary factors that influence the number

of active sites, the surface Co0 atoms, which are formed

upon activation of a cobalt catalyst. The first factor was

already discussed—the extent of cobalt reduction. How-

ever, the second factor is the average cobalt metal particle

size. The second factor should not be understated. For

standard catalysts prepared by aqueous impregnation of

cobalt, despite a low extent of reduction of 30 % for

15 %Co/Al2O3 catalysts after a standard 350 �C reduction

for 10 h in H2, Jacobs et al. [11] observed that the number

of active sites was 4 times higher than a corresponding

15 %Co/SiO2 catalyst prepared by the same method and

having over double the extent of reduction (64 %)—due to

the fact that Al2O3 stabilized a much smaller particle size.

This was the case despite the fact that SiO2 exhibited a

higher surface area. That is, the surface interaction with

cobalt oxides was deemed to be the most important factor

in controlling the particle size and extent of reduction of

cobalt catalysts prepared by aqueous impregnation.

It should be noted, however, that procedures have been

developed to produce smaller cobalt clusters on SiO2-based

catalysts. Direct reduction of Co/SiO2 catalysts (in the form

of cobalt nitrate) in H2 has led to smaller cobalt cluster

sizes relative to those prepared by standard air calcination

followed by a H2 reduction step for activation [33, 34].

Another method is the calcination of catalysts prepared

with Co(NO3)2 precursor using a less oxidative gas relative

to O2, such as nitric oxide [35, 36]. In each of these cases,

the reducibility of cobalt on silica decreased relative to

standard calcined catalyst prepared by aqueous impregna-

tion, due to the smaller cobalt size obtained and, thus, the

greater interaction with the support.

In this case, the 25 %Co/SiO2 catalyst was prepared by

ALD. It is thus of interest to compare the average size of

the catalyst to that of a standard catalyst prepared by

impregnation. Fittings (Fig. 8) were carried out on EXAFS

spectra recorded after high temperature reduction and

cooling. Comparison of the calculated coordination num-

bers (Table 2) shows that the 25 %Co/SiO2 ALD catalyst

exhibits a larger particle size relative to the alumina sup-

ported catalysts. Moreover, in comparison with our earlier

work using a 20 %Co/SiO2 catalyst prepared by aqueous

impregnation of cobalt, the coordination numbers are

comparable (9.8 in this work versus 10.1 for the catalyst

prepared by impregnation). However, the question must be

raised as to whether it is fair to compare the catalysts afterT
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they have been subjected to treatment at such high tem-

peratures, where sintering is likely.

The XRD results predict that smaller cobalt particles are

generated by the ALD method, and one can further sur-

mise, based on the earlier discussion, that a Co/SiO2 cat-

alyst prepared by ALD likely exhibits stronger surface

interactions between the cobalt particles and the support—

thereby hindering reduction—compared to a standard cat-

alyst prepared by aqueous impregnation. Unfortunately, for

the TPR-EXAFS/XANES run, there was not enough cata-

lyst left over to run the unpromoted Co/SiO2 ALD catalyst

to demonstrate this unequivocally. Nevertheless, as will be

shown in the next section, addition of Pt to Co/SiO2 cata-

lyst prepared by ALD significantly impacts CO conversion.

It is well known that Pt addition increases the number of

cobalt active sites by facilitating the reduction of cobalt

oxides interacting with the support. Thus, the reaction

testing results provide some evidence that, in the absence

of a reduction promoter like Pt, the cobalt particles on Co/

SiO2 ALD catalysts are small enough (as demonstrated by

XRD) such that significant surface interactions with the

support exist that hinder their reduction.

In comparing the resulting cobalt particle size of Co/

Al2O3 catalysts having 0.1 %Pt added by either ALD or

IWI, the coordination number after high temperature

reduction and cooling appears to be somewhat higher for

the ALD catalyst relative to the IWI catalysts (8.9 versus

8.1 and 8.4, respectively), although the data are within

experimental error of each other. If this is the case, one

possibility is that the more facile reduction of cobalt oxides

brought about by a greater interaction with Pt for the ALD

catalyst resulted in greater agglomeration of cobalt metal.

It should be noted that Soled et al. and Li et al. [33, 34]

used the direct reduction of cobalt nitrates in order to slow

the reduction process relative to the standard reduction of

air calcined catalysts; the result was a considerably smaller

cobalt particle size. In this case it would appear that the

opposite case arose, where increasing the rate of reduction

by using ALD Pt tended to increase the average cobalt

particle size. A slightly larger cluster size and slightly

lower site density were observed in hydrogen chemisorp-

tions/pulse reoxidation results (Table 1). As will be dem-

onstrated in the reactivity section to follow, despite the

more facile reduction of cobalt with ALD Pt addition, the

catalyst did not display a higher CO conversion rate rela-

tive to the Pt IWI catalyst, further confirmation of a slightly

larger average cobalt particle size for the ALD Pt catalyst.

Fig. 1 X-ray diffraction profiles of Al2O3-supported catalysts,

including (a) 25 %Co (IWI) Al2O3; (b) 0.1 %Pt (IWI) 25 %Co

(IWI) Al2O3; (c) 0.1 %Pt (IWI) 25 %Co (IWI) Al2O3 (trial #2)

(d) 0.1 %Pt(ALD) 25 %Co (IWI) Al2O3; (e) 25 %Co (ALD) 0.1 %Pt

(ALD) Al2O3 on SiO2; (f) 25 %Co (ALD) Al2O3 on SiO2

Fig. 2 X-ray diffraction profiles of SiO2-supported catalysts, includ-

ing (a) 20 %Co (IWI) PQ-SiO2; (b) 0.1 %Pt (ALD) 25 %Co (ALD)

SiO2; and (c) 25 %Co (ALD) SiO2
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3.4 Reference FT Experiments

Initial FT experiments were carried out using an empty

reactor. There was a nominal level of CO conversion

presumably due to the presence of a catalytic surface on the

thermocouples and stainless steel tubes. To reduce the

active catalytic surface effect of the reactor, the stainless

tube and associated fittings were coated with a passivating

alumina film using the ALD system. The level of CO

conversion was reduced by about one-half when the

stainless steel surfaces were coated with a 50 nm Al2O3

layer. Subsequent experimental runs were made with the

ALD Al2O3-coated reactor.

3.5 Particulate Catalysts

3.5.1 Effect of Co Concentration on the FT Catalysts

A series of ALD cobalt-containing catalysts was made

using silica support on which a 0.4 nm ALD Al2O3-coating

had been deposited. These catalysts were first reduced in

hydrogen at 350 �C, tested in a series of FT runs, reduced

at 400 �C, and again tested in a series of FT runs. The

results of the FT experiments are summarized in Fig. 9.

The level of CO conversion increased about linearly

with the amount of ALD Co in the range of 9–25 % Co.

Considering a catalyst pre-conditioned at 400 �C and a

Fig. 3 (left) Normalized H2-

TPR-XANES spectra recorded

near the Co K-edge and (right)
linear combination fittings for

(a) 0.1 wt% Pt/ALD on 25 wt%

Co/ALD ? on Al2O3 on SiO2;

(b) 0.1 wt% Pt/ALD on 25 wt%

Co/ALD on SiO2; and (c) 25

wt% Co on Al2O3 (CAER one

step calcination). Symbols (filled
circles) Co3O4; (open circles)

CoO; (filled triangles) Co0
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reference reactor temperature of 280 �C, the level of CO

conversion was estimated to be 4, 6, 12 and 16 % for Co

loadings of 9, 11, 17, and 25 %, respectively. The selec-

tivity of CO conversion to hydrocarbons when compared to

total CO2 conversion was in the range of 85–97 % for the

latter three catalysts.

As shown in Fig. 9, the IWI catalyst exhibited a higher

CO conversion than the ALD catalyst at a comparable Co

loading. The selectivity of CO conversion to hydrocarbons

was 96 % for the IWI catalyst and was similar to that of the

ALD catalysts at 17–25 % loading. The lower activity for

the ALD catalyst compared to the IWI catalyst may result

from the ALD Al2O3 support layer, the ALD Cl, or both.

Figure 10 shows that catalysts consisting of 25 % Co

prepared using the ALD technique on either silica or

alumina ALD-deposited on silica had essentially the same

CO conversion activity. This finding suggests that the

support had little effect on the ALD Co catalysts. The 25 %

IWI catalyst was about three times as active for CO con-

version, and this difference was confirmed using a dupli-

cate IWI catalyst with 25 % Co (Fig. 10). In summary, the

IWI catalysts are more active for FT than the ALD cata-

lysts at a comparable metal loading, and this difference

appears to be due to a low extent of reduction (18.5 % for

ALD relative to 47.9 % for IWI with 25 %Co Al2O3), as

observed in hydrogen chemisorption/pulse reoxidation

(Table 1). The result suggests that some ALD cobalt is

suitably small enough to be interacting strongly with the

support such that it does not undergo reduction even at

400 �C.

Fig. 4 (left) Normalized H2-

TPR-XANES spectra recorded

near the Co K-edge and (right)
linear combination fittings for

(a) 0.1 wt% Pt on 25 wt% Co on

Al2O3 (CAER prep by IWI);

(b) 0.1 wt% Pt on 25 wt% Co on

Al2O3 (CAER prep by IWI Trial

#2); and (c) 0.1 % ALD/Pt on

CAER 25 % Co on Al2O3.

Symbols (filled circles) Co3O4;

(open circles) CoO; (filled
triangles) Co0
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3.5.2 Effect of Preconditioning Temperature Upon

Catalyst Activity

FT cobalt containing catalysts are preconditioned in H2 to

convert the surface oxide in the following steps: Co3O4 ?
CoO and CoO ? Co0. The Co0 is believed to be the active

phase for the FT reaction. This route was indicated as

previously reported [10] using TPR-XANES/EXAFS

experimentation. The Co3O4 to CoO transformation

occurred in a temperature range of about 150–400 �C. The

CoO to Co0 step depended strongly on the nature of the

support with the reduction of CoO in strongly interacting

Co/Al2O3 extending beyond 700 �C. Support type was

found to be the key factor in determining the strength of the

interaction and the rate at which the cobalt oxides under-

went reduction. For both 15 and 25 % Co on Al2O3 the

Co3O4 to CoO reduction reaction started at about 150 �C

and appears to have been complete at about 400 �C and the

reduction of CoO to Co0 appears to have started at about

400 �C and continued to temperatures above 700 �C.

The temperature to be used for the Co catalyst precon-

ditioning in the FT series was originally set at 350 �C, but

it was subsequently increased to 400 �C, which was near

the design limit of the unit. FT experiments were under-

taken to confirm the effect of the preconditioning temper-

ature upon catalyst activity.

The effect of preconditioning on FT cobalt catalyst

activity is shown in Fig. 9. The FT activity of 9.4 % Co

ALD coated catalyst when preconditioned at only 350 �C

was only marginally better than that of an empty reactor.

However, there was a 3–5 % increase of CO conversion

when the catalyst was preconditioned at 400 �C. With a Co

level of 17 %, there was about a 5 % increase of CO

conversion when the catalyst preconditioning was

increased from 350 to 400 �C. In the case of 15 % Co

catalyst prepared by IWI, the increase of CO conversion

level ranged from about 5 to 15 % in the 270� to 290� FT

range when the preconditioning temperature was increased

from 350 �C to 400 �C. Therefore, there is an obvious

advantage in increasing the preconditioning temperature

when testing Co-coated catalysts (without any promoters).

Considering that the active surface of the FT catalyst is

Co0, further increasing the preconditioning temperature

should be of advantage. However in our case, the operating

temperature limits of the unit kept us from experimentation

at higher temperatures.

3.5.3 Effect of the Addition of Pt as a Promoter

The addition of Pt as a promoter greatly enhanced the Co

reduction process as noted in the TPRXANES/EXAFS

study [10]. Therefore, a series of FT experiments was

undertaken to observe the interaction of Pt addition and

preconditioning temperature upon FT catalyst activity.

The results of experiments made with IWI catalysts are

summarized in Fig. 11. The overall conversions of CO of

these catalysts can be compared at a reactor temperature of

280 �C. The use of 15 % Co by IWI catalysts precondi-

tioned at 350 and 400 �C resulted in CO conversions of 13

and 24 %, respectively. With the addition of 0.5 % Pt and a

preconditioning temperature of 400 �C, the level of CO

conversion increased to about 56 %. This confirms that the

Fig. 5 Extent of CoO reduction to Co0 (alpha) versus temperature for

(filled circles) 0.1 wt% Pt/ALD on 25 wt% Co/ALD ? on Al2O3 on

SiO2; (open circles) 0.1 wt% Pt/ALD on 25 wt% Co/ALD on SiO2;

(filled triangles) 25 wt% Co on Al2O3 (CAER one step calcination);

(open triangles) 0.1 wt% Pt by CAER on 25 wt% Co on Al2O3; (filled
squares) 0.1 % Pt on CAER 25 % Co; and (open square) 0.1 % ALD/

Pt on CAER 25 % Co on Al2O3

Fig. 6 Normalized XANES spectra for the point at which maximum

CoO content was detected in the catalyst, including (solid line) 0.1

wt% Pt/ALD on 25 wt% Co/ALD ? on Al2O3 on SiO2 (*322.0 �C);

(dotted line) 0.1 wt% Pt/ALD on 25 wt% Co/ALD on SiO2

(*297.0 �C); (dashed line) 25 wt% Co on Al2O3 (CAER one step

calcination) (*360.2 �C); (dash-dot-dotted) 0.1 wt% Pt by CAER on

25 wt% Co on Al2O3 (*307.6 �C); (long dashed line) 0.1 % Pt on

CAER 25 % Co (*312.6 �C); and (dash-dotted) 0.1 % ALD/Pt

on CAER 25 % Co on Al2O3 (*287.6 �C)
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addition of a promoter such as Pt greatly increases catalytic

activity after preconditioning.

The results of FT experiments made with ALD-prepared

catalysts with a support of Al2O3 deposited on SiO2 are

shown in Fig. 12. Again, the overall conversions of CO of

these catalysts can be compared at a reactor temperature of

280 �C. The use of 17 % Co ALD catalysts preconditioned at

350 and 400 �C resulted in CO conversions of about 7 and

12 %, respectively. These levels of CO conversion were

about one-half of those of the equivalent IWI catalysts.

As also noted in Fig. 12, the ALD deposition of Pt at a

level of 0.5 % on a 25 % Co on ALD Al2O3 generated an

active catalyst. Specifically, CO conversions were about 15

and 38 % for the 25 % Co catalysts without and with Pt,

respectively (400 �C preconditioning).

Figure 13 provides a comparison between the ALD-

Al2O3-deposited on SiO2 and bare SiO2 supported catalysts

when the level of Co was 25 % and the preconditioning

temperature was limited to 400 �C. The activities of the

ALD Al2O3-deposited on SiO2 and SiO2 supported ALD

Fig. 7 EXAFS k1-weighted

Fourier transform magnitude

spectra as a function of

temperature, including (a) 0.1

wt% Pt/ALD on 25 wt%

Co/ALD ? on Al2O3 on SiO2;

(b) 0.1 wt% Pt/ALD on 25 wt%

Co/ALD on SiO2; and (c) 25

wt% Co on Al2O3 (CAER one

step calcination); (d) 0.1 wt% Pt

on 25 wt% Co on Al2O3 (CAER

prep by IWI); (e) 0.1 wt% Pt on

25 wt% Co on Al2O3 (CAER

prep by IWI Trial #2); and

(f) 0.1 % ALD/Pt on CAER

25 % Co on Al2O3
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Co catalysts with no promoter were equal. With the

deposition of about 0.6 % and even 0.1 % Pt by ALD, the

activity of the SiO2 supported catalyst was about double

that of the Al2O3 supported catalyst.

A comparison of experimental results of catalysts pro-

moted with a low level of Pt, namely 0.1 %, is presented in

Fig. 14. In all cases, the use of 0.1 % Pt as a promoter

increased CO conversion activity. Table 1 confirms that the

Pt addition increases the extent of reduction and thereby

significantly improves the active sites density (e.g.,

91.9 lmol H2 desorbed/g for unpromoted versus

135–142 lmol H2 desorbed/g for 0.1 %Pt promoted cata-

lysts). The use of the ALD technique to deposit Pt increased

the activity by about 15 %. However, the use of IWI to

deposit this low level of Pt was shown to be more effective.

The most active catalyst was prepared in which the Co-

containing catalyst was first calcined and then impregnated

with the Pt solution followed by a second calcination. An

intermediate activity catalyst was also prepared in which

the Pt solution was introduced prior to the Co calcination

step. There remains some question of the difference of

activities with order of calcination due to the results

observed at about 265 �C. As noted previously from TPR-

EXAFS/XANES results, ALD Pt was found to better

facilitate reduction of cobalt oxides relative to IWI Pt, but

the resulting average cobalt size appears to be higher. The

Fig. 8 Results of EXAFS

fittings, including (left) raw

k3�v(k) versus k data; (middle)

filtered k3�v(k) versus k data and

fitting; and (right) Fourier

transform magnitude of data and

first shell fitting of (a) 0.1 %Pt

(ALD) 25 %Co (ALD) Al2O3

(ALD) on SiO2, (b) 0.1 %Pt

(ALD) 25 %Co (ALD) SiO2,

(c) 25 %Co (IWI) Al2O3,

(d) 0.1 %Pt (IWI) 25 %Co

(IWI) Al2O3, (e) 0.1 %Pt (IWI)

25 %Co (IWI) Al2O3 Trial #2,

and (f) 0.1 %Pt (ALD) 25 %Co

(IWI) Al2O3
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latter point could explain the lower activity of the ALD Pt

catalyst despite its slightly faster reduction rate.

The effectiveness of depositing low levels of Ir and Ru

on the 25 % Co catalyst is shown in Fig. 15. The Ir results

and evaluations have been previously reported [37]. Ir

deposited by both incipient wetness and ALD was shown to

be a more effective promoter than Pt or Ru. Again the

incipient wetness technique was best. Ru was shown to be

only about 60 % as effective as Ir.

The FT runs exhibited similar linear Arrhenius corre-

lations with comparable slopes. The overall average acti-

vation energy of the various ALD-prepared Co catalysts

was 28.6 kcal/mol. The average of all of the FT runs with

Co-containing FT catalysts, including those with low levels

of Pt promoter, was about 29.2 kcal/mol.

Table 2 Results of EXAFS fitting for data acquired near the Co K edge for catalysts reduced directly in the EXAFS multisample in dilute H2

Catalyst N Co–Co metal R Co–Co metal (Å) e0 (eV) r2 (Å2) r-factor

Co0 foil 12 (set) 2.494

(0.005)

7.1

(1.0)

0.0070

(0.0002)

0.0061

0.1 %Pt (ALD) 25 %Co (ALD) Al2O3 (ALD) on SiO2 9.9

(0.9)

2.492

(0.006)

-4.7

(1.0)

0.0109

(0.0007)

0.0068

0.1 %Pt (ALD) 25 %Co (ALD) SiO2 9.8

(1.5)

2.487

(0.010)

-5.2

(1.8)

0.0111

(0.0013)

0.0142

25 %Co (IWI) Al2O3 8.9

(0.8)

2.481

(0.006)

4.7

(1.0)

0.0110

(0.0007)

0.0056

0.1 %Pt (IWI) 25 %Co (IWI) Al2O3 8.0

(1.0)

2.467

(0.008)

2.8

(1.5)

0.0094

(0.0010)

0.013

0.1 %Pt (IWI) 25 %Co (IWI) Al2O3

Trial #2

8.4

(0.5)

2.495

(0.004)

6.5

(0.6)

0.0102

(0.00045)

0.002

0.1 %Pt (ALD) 25 %Co (IWI) Al2O3 8.9

(1.34)

2.482

(0.010)

5.0

(1.7)

0.0109

(0.0013)

0.018

The fitting ranges for the Co–Co metal first shell fitting were approximately Dk = 3.0–12.0 Å-1 and DR = 1.5–2.8 Å

Note that S0
2 was fixed at 0.90 as a first approximation

Fig. 9 CO conversion vs. reaction temperature with ALD and IWI

Co on Al2O3 support catalysts with 350 and 400 �C reduction

temperature

Fig. 10 CO conversion vs. reaction temperature with various

supports with 25 % ALD and IWI Co catalysts and 400 �C reduction

Fig. 11 CO conversion vs. reaction temperature; effect of Pt addition

upon IWI Co activity with 350 and 400 �C reduction
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Considering the above discussion of catalyst properties,

SEM scans were made of selected catalyst samples. A

comparison of the surfaces of the 25 % Co by IWI on

alumina and 25 % Co by ALD on ALD-alumina on silica

catalysts is shown in Fig. 16. The first catalyst has a

smoother surface than the second. This is consistent with

the above reported catalyst properties.

4 Conclusions

Active catalysts for the Fischer–Tropsch (FT) reduction of

carbon monoxide formed by both incipient wetness

impregnation (IWI) and atomic layer deposition (ALD)

have been prepared and demonstrated using a continuous-

flow catalytic-bed unit. A catalyst consisting of IWI Co

deposited on an Al2O3 support was more active than ALD-

deposited Co on a silica support. This in turn was more

active than an ALD-prepared Co surface deposited on an

ALD-coated Al2O3 surface deposited on silica.

The addition of Co promoters including Pt, Ir and Ru

with either ALD or IWI deposition has been shown to

strongly affect the catalyst pre-conditioning step. CO

conversion results were consistent with previously reported

TPR-XANES/EXAFS experiments observing the nature of

chemical transformations occurring during the activation of

cobalt-based FT catalysts in hydrogen. Specifically, there

exists a 2-step reduction process involving Co3O4 to CoO

and CoO to Co0 transformations. The extent of catalyst

preconditioning was strongly affected by the reduction

temperature (with 400 �C preferred) and the level of pro-

moter deposition.

The addition of Pt greatly promoted the preconditioning

of Co-containing catalysts. This observation was valid for

both ALD and IWI prepared catalysts. The most effective

ALD-prepared FT catalyst was one containing cobalt

Fig. 12 Effect of Pt addition upon ALD Co activity with 350 and

400 �C reduction

Fig. 13 CO conversion vs. reaction temperature; comparison of

support and Pt addition with 25 % Co ALD catalysts and 400 �C

reduction

Fig. 14 CO conversion vs. reaction temperature; comparison of Pt

addition techniques with 25 % Co catalysts with 400 �C reduction

Fig. 15 CO conversion vs. reaction temperature; comparison of

various promoters with 0.1 % deposited on 25 % IWI Co catalysts

with 400 �C reduction
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deposited on a silica support that was subsequently ALD

coated with about 0.6 % Pt promoter. As noted previously,

it appears that smaller Co particles in close interaction with

the support were likely formed by the ALD method com-

pared to standard impregnation catalysts, and to the point

that reduction of cobalt oxides was hindered. Pt addition

apparently facilitated their reduction, leading to a greater

number of active sites and boosting the CO conversion rate.

This catalyst had about the same FT activity as a similar Co

and Pt on Al2O3 catalyst prepared by IWI. The FT activity

of ALD-coated Co catalysts on Al2O3 was about linear

with Co level from about 9–25 %. Therefore, there is a

question about the uniformity of the ALD deposition pro-

cess and atomic level interactions with the Al2O3 deposited

surface. For reference, catalysts containing only Pt and Ru

that were ALD-deposited on an ALD-Al2O3 coated catalyst

supports were found to be relatively inactive.

The preconditioning of Co-containing catalysts was

tested at temperatures of 350 and 400 �C. The higher

temperature was much more effective, as was also indi-

cated in previously reported TPR-XANES/EXAFS

experiments.

The average activation energy of the rate of CO con-

version was about 29.2 kcal/mol when all of the Co-con-

taining catalysts other than those with high Pt promoter

levels were taken into account.
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