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ABSTRACT
Effect of Support, Preparations Methods, Ag Promotion and NC Size on the Activity,
Selectivity and Sintering Deactivation of Supported
Co Fischer-Tropsch Catalyst
Mahmood Rahmati
Department of Chemical Engineering, BYU
Doctor of Philosophy
A series of silver-promoted, 20 wt% cobalt Fischer-Tropsch synthesis (FTS) catalysts supported on
an alumina modified with 5 wt% silica were prepared using two methods: traditional incipient
wetness impregnation (IWI) and a new solvent-deficient precipitation (SDP) technique. Catalysts
containing silver promoter concentrations of 0.3, 0.6, 1.2, and 2.5 wt% were prepared using each of
the two methods. Silver improved the reducibility of the cobalt significantly, lowering reduction
temperatures by up to 100°C, and increasing the extent of reduction by up to 35%. Further, in both
preparation methods, changing the silver loading altered the cobalt dispersion. The smallest Co
crystallite size was achieved with 1.2 wt% Ag loading, which produced average cobalt crystallite
sizes of about 7 nm. The Fischer-Tropsch CO consumption rate increased with decreasing crystallite
size and thus was highest for 1.2 wt% Ag. Intrinsic CO consumption rates per Co site (CO turnover
frequency) were also measured for each catalyst. A clear increase in the intrinsic turnover frequency
(TOF) was observed as Ag loading was increased from 0.6% to 1.2 wt% for both preparation
methods. Both 1.2 wt% Ag catalysts produced TOF’s of ~0.050 s-1 (equivalent to a CO consumption
rate of ~65 mmol gcat-1 h-1), which are 20-30% higher than the catalysts containing 0.3, 0.6, and 2.5
wt% Ag and are comparable to reported rates for commercial FTS catalysts. Higher loadings of Ag
(2.5 wt%) resulted in higher extents of reduction, but led to lower TOFs and larger Co crystallite
diameters, which is assumed to be due to blockage of active sites and changes in the Ag-Ag and AgCo coordination ratio. Thus, silver promotion appears to improve catalytic performance by enhancing
cobalt reduction, dispersion, and electronic properties. The SDP and IWI methods produced catalysts
with the same properties, but the SDP method is a simpler, one-pot technique that offers many
potential advantages.
In another part of this work a series of Co Fischer-Tropsch synthesis catalysts with the same
composition and preparation procedures, but supported on four different aluminas, were synthesized,
characterized, and kinetically tested to investigate the effect of the supports on their performance.
The results demonstrate that the most active catalyst, with a rate of 49 mmol CO gcat-1h-1 at 220°C
and 20 atm, is obtained by using the Al-Si support, which has: high surface area and pore volume,
high hydrothermal stability and lower number of hydroxyl groups on the surface.
Finally, the effect of Co nanocrystal (NC) size on deactivation of Co FT catalysts by sintering was
studied using surface chemical properties of the active metal phase and the support and their
interactions. Values of surface energy, adhesion and cohesion energy, chemical potential, diffusivity,
and energy required for sintering deactivation versus Co NC diameter were calculated. Effects of the
FT reaction environment, such as water concentration and temperature, on sintering was explained
and quantified. Co sintering via Ostwald Ripening was found to be a chemically driven phenomena.
Also, adhesion energy and appropriate deposition of Co NCs inside support pores are the most
important factors affecting the sintering rate via crystal migration and coalescence.
Keywords: Cobalt, Fischer-Tropsch, silver, support, sintering
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1.1

INTRODUCTION

The Need for Alternative Sources of Petroleum
In 2107, United States (US) consumed about 19.88 million barrels per day of petroleum

to provide1 feedstock to produce at least 40% of its energy and chemicals.2 In 2012, about 60%
of US oil is imported from countries such as Canada, Saudi Arabia, Mexico, Venezuela, and
Nigeria.3 In 2017 US imported about 8 million barrels per day of petroleum.4 Despite the large
petroleum market in the US, other industrialized countries consume similar volumes. For
example, China used 18.8 million barrels per day in 2011, making this country the second largest
petroleum consumer in the world. Additionally, despite all the efforts to decrease petroleum
consumption due to environmental considerations, petroleum consumption in the US has slightly
increased in 2016 and 2017.5 Finite oil supplies and combustion-related environmental concerns
provide incentives to develop more sustainable energy resources with lower CO2 emissions and
other environmental impacts.6 Therefore, countries are searching for long-term, feasible, and
environmentally friendly alternatives to conventional petroleum resources to supply liquid fuels
worldwide. This push for alternative fuel supplies provides opportunities for academia and
industry to develop and improve liquid fuel sources from natural gas, biomass, and coal.

1.2

Overview of Fischer-Tropsch Synthesis Development
Fischer-Tropsch synthesis (FTS) is the key step in the process of converting low-value or

remotely located feedstocks to transportation fuels, generically called carbon to liquids (XTL)
1

processes. In the XTL acronym, the X stands for the various types of feedstock used, for
example, gas to liquids (GTL), coal to liquids (CTL), and biomass to liquid (BTL). All of these
processes firstly convert the carbon-containing feedstock to synthesis gas (syngas) containing
CO and H2 and then catalytically transform the syngas to liquid hydrocarbon products, like diesel.
Fischer-Tropsch diesel has a higher cetane number, no sulfur as an environmental contaminant,
and almost no aromatic compounds compared to conventionally produced crude oil diesel fuels.
The FTS process was industrialized by Nazi Germany to provide fuel for their troops and
war equipment. They were able to reach production capacities up to 4.1 Mbbl/y (11,500 bbl/d)
(Bartholomew and Farrauto, 2005). After World War II, the South African Coal, Oil and Gas
Corporation (SASOL) continued commercialization and development of FTS and has continued
production of synthetic fuels to the present. At various times in the past, high oil prices led to
massive government programs and industrial investment in FTS development. These include
SASOL, ExxonMobil, Shell, Synfuels China, and a number of smaller players. In 2012, the
world FTS production was about 410,000 bbl/d, mostly from facilities built and operated by
SASOL, Shell, and Synfuels China.7 Several projects have been announced or are under
construction in China, South Africa, Germany, Qatar, Malaysia, Nigeria, and the United States,
amounting to an additional 260,000 bbl/d of potential capacity,7 though the completion of these
projects will depend on complex economic variables. Nevertheless, the Fischer-Tropsch (FT)
industry is a well-established, catalyst-assisted process that will continue to be an important
alternative fuel source.
The purpose of this project is to investigate the effect of different supports, preparation
methods, reduction promoters, and nanocrystal size on modifying cobalt FT catalysts to enhance
catalytic activity, selectivity, and stability, as well as decrease the catalyst preparation costs.
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1.3

Statement of Purpose/Objectives
In this project, a newly developed alumina-silica (Al-Si) support was compared to

conventionally-used supports for cobalt FT catalysts. In all prepared catalysts, Ru was added to
decrease reduction temperatures and to prevent the cobalt crystals from sintering. The
conventional supports used for comparison in this study were Puralox from Sasol and other
aluminum oxides from Alfa Aesar and Saint Gobain. Catalyst properties were evaluated by
various characterization methods. Catalytic performance, such as activity and selectivity, were
measured in a fixed bed reactor. Furthermore, the focus was on silver (Ag) as a promoter for Co
FTS catalysts due to the promise shown by the other two studies and the lack of sufficient
research on Ag as a promoter. An optimum loading of Ag was found in order to obtain the good
activity and selectivity effects shown in the cited research by applying both a new, simple costeffective catalyst preparation method and different traditional preparation methods. Deactivation
of Co FT catalysts is another important aspect which needs to be studied and addressed to
increase the catalyst lifetime and to decrease the fixed cost for the operation. Deactivation via
carbon deposition and sintering are two major deactivation mechanisms affecting Co FT catalyst
stability.8 In terms of deactivation, the present project specifically focused on deactivation of Co
FT catalysts by sintering and was designed to address: (i) important fundamentals and principles
of surface science and surface chemistry underlying the processes leading to low temperature
sintering of supported Co during FTS reaction, informed by a substantial database of recent,
relevant, and illuminating literature; (ii) application of these fundamentals and principles to
disclose the order of importance of the two fundamental mechanisms of sintering (molecular (i.e.,
Ostwald ripening) and crystallite migration and coalescence (CMC)) in the context of time and
nanocrystal diameter; (iii) compilations and comparisons of sintering rate data for Co during FTS
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based on a proven rate model and pertinent catalyst properties; and (iv) effect of reaction
conditions (temperature and partial pressures of CO and water) on sintering rate, mechanism, and
activation energy.
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2.1

LITERATURE REVIEW

FTS Catalysts
Group 8 transition metals catalyze the FT reaction. However, only Ni, Co, Fe, and Ru

have sufficient CO hydrogenation activity for commercial application.8 Nickel mainly produces
methane at FT reaction temperatures and also forms nickel carbonyl that increases sintering via
atomic migration.9 Ruthenium is the most active FTS catalyst; however, it is prohibitively
expensive and relatively scarce for use at industrial scales. As a result, iron and cobalt catalysts
are the best two options for commercial FT plants.8
The choice of FT catalyst depends on the process and desired product distribution. The
three key parameters of a catalyst are catalytic activity, selectivity, and longevity. Ideal
selectivity for a FT catalyst is production of only gasoline and diesel. However, FT catalysts
produce wide range of hydrocarbon products from light gases such as methane or ethane to
heavy molecular waxes. Iron generally produces more olefins and oxygenates than cobalt.8 The
active phase in cobalt FT catalysts is the metal, while for iron catalysts, the active sites are
probably iron carbides.10-12 The principal stoichiometric reactions (R) in FTS include:
CO+3H2 → CH4 + H2O

∆H°rxn = -247 kJ/mol

(R1)

CO+2H2 → -CH2- + H2O

∆H°rxn = -165 kJ/mol

(R2)

CO+H2O→ H2 + CO2

∆H°rxn = -41.2 kJ/mol

(R3)
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Two mechanisms remove oxygen as CO dissociates during the FTS process: (1) oxygen
removal as water, which occurs with a selectivity of about 99% for cobalt catalysts and (2)
oxygen removal as CO2, which occurs with a selectivity of 30-50% for iron catalysts because of
their high water-gas-shift (WGS; reaction 3) activity. Co catalysts are highly preferred for GTL
process because of low WGS activity and high selectivity for liquid and waxy hydrocarbons.
However, iron catalysts show higher water gas shift activity, and are thus better suited for CTL
and BTL processes, which produce syngas with lower H2/CO ratios (below the stoichiometric
requirement of ~2).

2.2

Supported Cobalt Catalysts
Cobalt FT catalysts are generally supported to improve their performance. The

characteristics of the support, like geometry, surface area, pore properties (i.e., pore volume and
pore size distribution), and chemical makeup, affect the catalyst activity, stability, and selectivity.
Variation in supports can result in either stronger or weaker interaction with the cobalt, which
leads to different Co dispersions and in turn to different cobalt crystal sizes and degrees of
reducibility to the active metal.13-16
Alumina and silica have been thoroughly studied and used as supports for FT cobalt
catalysts. Cobalt supported on alumina often results in small Co crystallites, which are difficult
to reduce. 17-20 To overcome this problem, noble metals, especially Ru and Pt, have been used as
promoters to enhance the reducibility of cobalt oxides.21-22 On the other hand, formation of water
at high conversions during FTS can lead to formation of Co/aluminate spinels that are only
reducible at very high temperatures and generally inactive in FTS.19, 23-26 However, adding a thin
layer of silica prevents cobalt from forming Co/aluminates27 and consequently prevents
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deactivation. In addition, the pore properties of alumina supports, especially pore size and pore
size distribution, also affect Co FT catalyst properties. For instance, Shimura et al.28 found that
increasing the pore size will result in higher dispersion. They observed that activity of Co/Al2O3
catalysts is highly dependent on the pore structure rather than the crystal phase. They also
observed that the selectivity decreases with increasing surface area.
On the other hand, silica supported Co FTS catalysts often have bigger Co crystallite
sizes that are less dispersed, but easier to reduce.19, 29 Studies have been performed on the effect
of silica as a support for cobalt catalysts. Ernst et al.30 investigated the FT performance of silica
supported cobalt prepared by a sol-gel method in both acid and basic medias. They found that the
activity is directly correlated with the support surface area, and the lowest methane selectivity is
produced by catalysts supported on silica that has average pore diameters less than 4 nm. A study
on Co/SiO2

31

indicated that the best activity and long chain hydrocarbon selectivity resulted

from supports with an average pore diameter of 10 nm. Similarly, Li et al.32 also found that an
average silica pore size of 10.1 nm resulted in the best activity and C5+ selectivity.
Conventionally-prepared silica or alumina supports exhibit pore size distributions that are
unimodal. Diffusional restrictions play a major role in supports with small pore size, especially
in multi-phase reactors. Therefore, bimodal supports, which have two distinct peaks in their pore
size distributions representing large and small pore sizes in the support structure, may have
superior FTS performance.
Although various alumina-silica supports are being used in different industrial
applications,

15, 25, 33-37

alumina-silica supports have not been thoroughly studied thus far for

cobalt FT catalysis. Recently, Cosmas Inc. has developed a new alumina-silica support that has
successfully been used to prepare iron FT catalysts.35, 38 Mixing alumina with small amount of
7

silica (up to 6%) can result in a support that has a higher surface area, bimodal pore size
distribution, improved porosity, higher thermal stability, and optimal acid site concentration.35, 39

2.3

Silver as a Potential Promoter for Cobalt FT Catalysts
Noble metal (NM) promoters have been widely used for Co catalysts to improve

reducibility, mass-based catalytic activity, and C5+ selectivity. The noble metal also enables a
high degree of reduction at lower temperatures, e.g. 300-450°C, compared to the reduction
temperature of unpromoted cobalt catalysts, e.g. 500-600°C, which can lead to sintering of the
active metal.40-41 Reduction at such high temperatures may also require expensive steel alloys for
the reduction vessel and may make in situ reduction impossible.
Preparation of supported metal Co catalyst from metal salt (commonly nitrate) generally
involves three main steps: (1) Deposition of Co salt into support pores; (2) Decomposition of the
Co salt and Co oxide formation; (3) Reduction of Co oxide to metallic Co. During the reduction
of a Co catalyst, there are two stages of reduction that result in two peaks in the temperature
programmed reduction (TPR) profile:
Co3O4 + H2 → 3CoO + H2O

(R1)

CoO + H2 → Co + H2O

(R2)

In a typical commercially-relevant NM-promoted cobalt catalyst (containing 20-25 wt%
cobalt, 0.05-0.5 wt% of NM), the first reduction reaction (R4) occurs at temperatures around
220-360°C, while the second (R5) occurs at 350-450°C.8
Noble metals are typically classified as second and third row Group VIII metals, which
include Ru, Rh, Pd, Ag, Re, Os, Ir, Pt, and Au; Cu is sometimes included in the less restrictive
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list of noble metals. All of these noble metals, except for Os, are known to aid in the reduction
of Co oxides.8 Ru, Pd, Re, and Pt are used as commercial cobalt catalyst reduction promoters and
are claimed in patents. Xu et al.42 found that Pt, Pd, and Ru promotors increase the reducibility of
the Co precursor and enhance CO adsorption on the catalyst. Cook et al.21, 40 investigated Pt, Re,
and Ru addition to Co, finding Pt to be the most effective reduction promoter, with the first TPR
peak at 230°C compared to 330-355°C for Re and 300-310°C for Ru. Also, Pt has been used to
promote Co at a level of 0.02 wt% in the Sasol Oryx catalyst.43 Experiments performed by Pirola
et al.44 show that both Pt and Ru promoters triple the yield of C5+ products for FTS. However,
because Pt and other NM are quite expensive, the search continues for cheaper, alternative
promoters. Thus, Cu and Ag have been investigated as promoters for cobalt catalysts.41, 45-48
Specifically, Eschemann et al.49 showed the effectiveness of Ag as a reduction promoter
for Co/TiO2 supported catalysts. Further, Jacobs et al.41, 47 have investigated Cu, Ag, and Au
promoters, which decrease the Co reduction temperature, although only at high loadings of NM
(on order of 1 wt%). Although Cu is an excellent reduction promoter of cobalt oxide, i.e., it
lowers the reduction temperature from 580°C to about 350°C, it poisons the Co surface and
lowers FT activity of the catalyst.41,

47

Further, Cu, Pd, and Au induce higher selectivities

towards lighter gaseous products.41 Jacobs et al.47 studied the effectiveness of the Ag promoter at
different addition levels. They found that higher loadings of Ag led to less active catalysts, most
likely because at higher loadings, the probability of Ag-Ag bond formation increases, which
lessens the likelihood of Ag-Co bonds forming. In a later study, Jermwongratanachai et al.50
performed a direct comparison of Pt and Ag promoted catalysts. Their results show that much
like Pt, Ag forms Ag-Co bonds that enhance reducibility of cobalt oxides. However,
measurements of extent of reduction (EOR) were essentially the same for all concentrations of
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Ag in their study, suggesting that Ag is not an effective reduction promoter.50 In addition, the
optimal loading of Ag was not determined.
Thus, while the previous work indicates that Ag is a potential candidate to replace
expensive noble metals in Co FTS catalysts, these studies have not addressed (1) the
effectiveness of Ag as a reducing agent for alumina based supports, (2) the optimal level of Ag in
supported Co-Ag FTS catalysts, (3) the role of preparation chemistry on Ag promotion, and (4)
the effectiveness of silver in altering the Co metal dispersion and turnover frequency (TOF).
In this dissertation, the effectiveness of Ag as a promoter for Co FTS catalysts was
studied using two different preparation methods: conventional incipient wetness impregnation
(IWI) and a new one-pot solvent deficient precipitation (SDP) method. To optimize the Ag
promotion effects, catalysts with 20 wt% Co and four different Ag loadings were prepared by
each of these two preparation methods and characterized by transmission electron microscopy
(TEM), nitrogen physisorption, X-ray diffraction (XRD), hydrogen temperature programmed
reduction (H2 TPR), and CO chemisorption. The eight catalysts were activated in situ and their
catalytic performances were evaluated in a fixed bed reactor.

2.4

Historical Perspective of Supported Metals Sintering
Sintering of supported metals, defined as growth of metal nanocrystals due to a thermal

or chemical driving force with an attendant loss of metal surface area, is a serious cause of
catalyst deactivation in (1) many high temperature catalytic reactions (e.g. automotive emissions
control, catalytic reforming of petroleum-based hydrocarbons, and methane steam reforming)
and (2) a few relatively low-temperature reactions, such as methanation on Ni and FischerTropsch synthesis (FTS) on Co catalysts. Most of the early work (1970-2000) focused on high-

10

temperature (500-750°C), thermally induced sintering of supported Ni and noble metals in H2,
N2, or O2.51-67 A few sintering studies of Ni during methanation at 250-350°C were carried out
from 1990 to 1995.68-69 Sintering of supported Co catalysts during low temperature FTS at 210230°C has received significant attention during the past 7 to 8 years. Accordingly, this last topic,
sintering of supported Co FT catalysts during reaction70-101 and detailed data supporting a
chemical pathway70, 72, 93, 95-96, 98, 101-108 will be emphasized in this dissertion. The present study
will also put this topic in the broader perspective of principles applicable to either thermal or
chemical sintering of supported metals in general.
Sintering of supported metals is typically a thermal process which occurs at significant rates
at temperatures above about 400-500°C.51, 55, 62, 121, 229-231 Thermal sintering of supported metals is
defined here as the growth of metal crystallites, inside or outside catalyst pores, due to thermally
induced migration of metal atoms, metal clusters, and/or metal crystallites. Chemical sintering occurs
at low temperatures, when a reactant-adatom complex (RAC, such as Co(CO)x) is formed.101 Two
mechanisms for sintering of supported metals include (1) atomic migration or Ostwald ripening (OR)
and (2) crystallite migration and coalescence (CMC).
Although the rate of sintering of a metal increases continuously with temperature,232 two
sudden increases in sintering rate are observed87 before the metal melting point is reached which
relate to atomic mobility at the nanoscale. The first occurs near the Hüttig temperature (0.3Tm, where
Tm is the metal melting temperature), defined as the temperature at which atoms on the surface of
nanocrystals become mobile. The second occurs near the Tamman temperature (0.5Tm), when all
atoms in a crystallite begin to become mobile with respect to each other (i.e., each crystallite has
liquid-like properties).
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Table 1 shows melting point, Tamman, and Hüttig temperatures for important catalytic
metals and their compounds.233 All three transition temperatures for pure metals differ from those of
metal alloys. Therefore, the sintering rate and transition criteria can be adjusted by addition of second
metal or metal oxide as stabilizers.234-235 This method has been specifically used to prepare supports
resistant to thermal sintering. For example, stabilizers including BaO, La2O3, SiO2, CeO2, and ZrO2,
are typically added to Al2O3, SiO2, or TiO2 supports to increase support thermal stability.154, 191, 236-238
By analogy simillar approached can be probably applied to NCs. However, the second metal needs to
be selected in a way to make sure that it does not occupy the active sites.

Table 1. Melting Point, Tamman, and Hüttig Temperatures of Metals and Their Compounds,
Relevant for Heterogeneous Catalysis. Reprinted with Permission
from Ref. 233. Copyright 2001 Elsevier, Inc.
Compound

Tmelting (°C)

TTamman (°C)

THüttig (°C)

Pt

1755

741

335

PtO

550

139

-26

PtO2

450

89

-56

PtCl2

581c

154

-17

PtCl4

370c

49

-80

Pd

1555

641

275

PdO

750c

239

34

Rh

1985

856

404

Rh2O3

1100c

414

139

Ru

2450

1089

544

Fe

1535

631

269

Co

1480

604

253
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Table.1 Continued
Compound

Tmelting (°C)

TTamman (°C)

THüttig (°C)

Ni

1452

590

245

NiO

1955

841

396

NiCl2

1008

368

111

Ni(CO)4

-19

-146

-197

NiS

976

352

102

Ag

960

344

97

Au

1063

395

128

Au

1063

395

128

Cu

1083

405

134

CuO

1326

527

207

Cu2O

1235

481

179

CuCl2

620

174

-5

Cu2Cl2

430

79

-62

Mo

2610

1169

592

MoO3

795

261

47

MoS2

1185

456

164

Zn

420

74

-65

ZnO

1975

851

402

Al2O3

2045

886

422

SiO2a

1713

720

323

SiO2b

1610

669

292

a. Crystobalite.
b. Quartz.
c. Decomposes at this temperature.
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2.4.1

Sintering of Supported Metals: Inherently Complex Nanoscale Chemical and Physical
Process; Keys to Prevention: Mechanistic Understanding and Modeling
Sintering of supported metals involves complex physical and chemical phenomena

including: (1) formation and emission of metal adatoms or metal complexes from crystallites; (2)
diffusion of these atomic or molecular species across support surfaces; and (3) capture of atoms or
metal complexes by growing nanocrystals, a process known as Ostwald ripening (OR).
Alternatively sintering may involve diffusion, collision, and coalescence and/or bridging of metal
nanoparticles, a process known as crystallite migration and coalescence (CMC). The rates and
extents of these different processes are observed to change with reaction conditions, e.g.
temperature and gas composition, time, and catalyst properties and formulation (e.g. support and/or
promoter).62, 65
Prevention of sintering in catalytic processes requires a knowledge of the effects of process
variables, catalyst properties, thermodynamic boundaries, and kinetic forces controlling extents
and rates of nanocrystal growth. In other words, a robust model of nanocrystal growth is needed.
Dozens of models have been proposed and classified into a half dozen categories.63 One of the
most successful approaches to sintering combines the disciplines of surface chemistry and
interfacial phenomena58, 109-123 and includes the domain of metal nanocrystals interacting with a
surface (i.e., a support) and a gas or liquid phase (i.e., the local reaction environment). In this
domain, it is possible to determine or estimate surface energies of nanocrystals and supports,
energetics of metal-metal bonding (cohesion energies) and metal-surface interactions (adhesion
energies), and surface diffusional processes. One of the advantages of this approach is the ability to
readily visualize and model the sintering processes. Ultimately, this approach can be extended to
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estimate how catalytic properties (e.g. crystallite size and size distribution, support type, pore
size, and pore size distribution) influence mechanistic pathways of sintering. In principle, this
information can be used to develop a precise model of the sintering process. In the following
sections, recent advances in this approach are discussed that enable more quantitative treatments
of sintering at both low and high temperatures.

2.4.2

Evidence of Two Consecutive Mechanisms for Sintering of Supported Nanometals
It was mentioned earlier that the two principle mechanisms for sintering are: (1) Ostwald

ripening (OR); and (2) crystallite migration and coalescence (CMC). As will be shown in this
section, these are consecutive and NC size dependent. OR occurs rapidly for NC diameters of
less than 6 to 8 nm in a period of less than about 24 hours, while CMC occurs over a period of
days for NC diameters of greater than 6-8 nm, depending upon reaction conditions, support, and
catalyst design.101
Two approaches can be applied for modeling of sintering: (1) the mechanistic approach: i.e.,
calculation of sintering rate based on theory and the underlying physics and chemistry and (2) the
empirical approach: i.e., calculation of sintering rate based on experimental data using an empirical
model. A mechanistic approach can be applied to simulation of OR extents and rates; but it is
necessary to use an empirical approach to model CMC due to lack of comprehensive mechanistic
understanding.
Hansen et al.123 used in situ methods to determine that sintering via OR has three main
characteristics: (1) OR is the dominant mechanism in initial stages of sintering; (2) sintering via OR
is NC size dependent and when NCs get larger than a certain size, the rate of sintering via this
mechanism becomes negligible; and (3) sintering via OR occurs rapidly (within hours).
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Figure 1. Schematic showing the effects of size and time dependency on sintering mechanism for
steam reforming at about 650°C. The electron micrographs are for Pd/Al2O3.123-124 Reprinted with
permission from Ref. 123 Copyright 2013 American Chemical Society.

In Figure 1, three phases of sintering are shown for Pd/Al2O3 during high temperature steam
reforming: (1) OR that occurs at a high rate during the first 20 h; (2) particle (metal NC) migration
and coalescence (denoted in this dissertation as CMC) occurring over 80 hours; and (3) solid state
transformations/sintering of the Al2O3 support. The first two mechanisms occur in the same order on
all supported metals during similar reactions, but require more time at lower temperatures. The third
transformation, support degradation, typically occurs during reactions at high temperatures and high
partial pressures of steam, but can be mitigated through design of the support, e.g. addition of a
stabilizer such as SiO2 to an Al2O3 support for a Co catalyst used in FTS or the preparation of a
MgAl2O4 spinel support for a Ni catalyst used in methane steam reforming.
16

2.4.3

The Effects of Nanocrystal Chemical Potential on Sintering Rate via OR
The five steps that comprise the OR mechanism for NCs were introduced earlier: (1) adatom

formation on a NC surface; (2) subsequent diffusion of adatoms over the NC surface to the NCsupport interface; (3) diffusion of adatoms from the NC boundary onto the support;110 (4) diffusion of
metal atoms accross the support surface to other larger NCs; and (5) capture of a metal atom by a
larger NC of lower chemical potential. All five steps require energy; however, since self-diffusion of
adatoms on the NC surface has been shown to have a low energy barrier,57, 125-126 the energy for the
2nd step is assumed to be low relative to the energies of the 1st and 3rd steps, i.e., the rate of diffusion
of the adatoms over the metal NC is very fast. The 5th step is assumed to have a low energy barrier
and can be neglected. The favorability of the 4th step energywise depends upon the differences in the
chemical potential (or surface energy (SE)) of nearby NCs. Note that at very high temperatures, OR
may occur via vapor or solid-state transport of metal atoms; however, in this dissertation, the
discussion is focused only on transport by surface diffusion.
The relationship between NC chemical potential and metal adatom formation energy is very
important for determining the sintering rate. Equation (1), adapted from Ouyang et al.,113 equates the
f
energy, Ema
, required for adatom formation from the surface of a bulk crystal onto the support,
f (R))
which is a constant value, to the sum of (1) the energy (∆Ema
required for formation of an

adatom from a NC of radius R and its diffusion onto the support (i.e., the sum of the energies for
steps 1 and 3) plus (2) ∆µNC (R), which is the chemical potential of atoms in a NC of radius R, which

is always a positive value. The superscript f refers to formation.

(1)

f
f (R)
Ema
= ∆Ema
+ ∆µNC (R)

f
Figure 2a is graphical depiction of equation (1). Ema
is a line of constant length which is equal to

f (R).
the sum of the length of the lines for ∆µNC (R) and ∆Ema
As the length of ∆µNC (R) (chemical potential
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f (R)
of the NC) increases, the length of ∆Ema
(corresponding to the energy required for metal adatom

f (R)
leads to a higher
formation onto the support from a NC of radius R) decreases.113, 115 A decrease in ∆Ema

rate of formation of adatoms and therefore a higher sintering rate. In fact, it has been shown experimetally
and theoretically that the sintering rate via OR increases exponentially with increasing chemical potential of
a NC.58, 109-113 Since the chemical potential of a NC increases with increasing SE,113 adatom formation on a
NC with a higher SE is favored, i.e., smaller NCs having lower coordination numbers (Zc) require less
energy for adatom formation.110-111 Therefore, smaller NCs are more susceptible to sintering via OR due to
higher surface energies resulting in higher values of ∆µNC (R) for these NCs. For various supported NC
systems however the range of NC diameter susceptible to sintering via OR varies. Sintering kinetics for the

supported metals have been investigated extensively.51-52, 56-58, 61, 64-66, 82, 87, 97, 111, 113, 127-143 Wynblatt and Gjostein
were the pioneers in deriving a rate equation for sintering via OR using the the concept of chemical potential.58

By considering two different rate limiting steps (i.e., adatom/monomer formation control or
adatom/monomer diffusion control), and work of Wynblatt and Gjostein58, Parker and Campbell110
derived equation (2) for estimation of the net rate of adatom transfer from or to a supported NC of
radius R.
J=

XY
eq
βCNC
X+Y

× �exp �

∆µNC (R∗ )
�−
kT

exp �

∆µNC (R)
��
kT

(2)

In equation (2), the values of Y and X terms determine whether diffusion or adatom

formation is rate controlling. If Y>>X, adatom formation controls, while if X>>Y, adatom diffusion
eq

controls. R* is the equilibrium NC size during sintering via OR, CNC is the equilibrium concentration
of adatoms of a NC of radius R*, and ∆µNC (R∗ ) and ∆µNC (R) are the chemical potentials of NCs of
size R* and R respectively. T is the absolute temperature, k is the Boltzmann’s contant and, β is the

equilibrium constant between adatoms and atoms in NCs. All these terms need to be carefully
calculated for accurate prediction of sintering rate for supported nanocrystals via Ostwald Ripenning.
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Figure 2. Energetic diagram of supported NCs in absence (a) and presence (b) of the reactants.
� 𝐍𝐍𝐍𝐍 (𝐑𝐑) are the chemical potentials of supported NCs in the absence and
Here, ∆𝛍𝛍𝐍𝐍𝐍𝐍 (𝐑𝐑) and ∆𝛍𝛍

𝐟𝐟
presence of reactants respectively. 𝐄𝐄𝐦𝐦𝐦𝐦
is the formation energy of monomers (metal adatoms) on the
𝐟𝐟
𝐟𝐟
(𝐑𝐑) represent the formation
and ∆𝐄𝐄�𝐑𝐑𝐑𝐑𝐑𝐑
support with respect to a bulk crystal of infinite size. ∆𝐄𝐄𝐦𝐦𝐦𝐦

energies of monomers on a support with respect to a finite size NC in the absence and presence of
reactants respectively. ∆𝑮𝑮𝒂𝒂𝒂𝒂𝒂𝒂 is the Gibbs free energy of adsorption of a reactant on the metal
𝐝𝐝
𝐝𝐝
and 𝐄𝐄𝐑𝐑𝐑𝐑𝐑𝐑
are diffusion barriers of monomers (metal adatoms or the metaladatom, and 𝐄𝐄𝐦𝐦𝐦𝐦

reactant complexes) on a support.113 By definition: (a) RAC is reactant adatom complex (b)
∆𝐆𝐆𝐚𝐚𝐚𝐚𝐚𝐚 < 0 and. Reproduced and reprinted with permission from ref. 113

Assuming monomer (adatom) formation to be the rate limiting step (i.e., Y>>X) and the NC
shape on the support to be a spherical segment, equation (2) can be rewritten as equation (3).110, 112
dR
dt

=

K
×
R

exp �

−(Etot + ∆µNC (R))
∆µ (R∗ )
� �exp � NC
�−
kT
kT

exp �

∆µNC (R)
��
kT

(3)

In the above kinetic rate equation for sintering via OR, Etot is the activation energy required

to form an adatom from a NC of radius R onto the support and its subsequent diffusion in the
f
d
absence of reactants. Etot from Figure 2a is defined as: Ema
- ∆µNC (R) + Ema
. Therefore in

exp �

−(Etot + ∆µNC (R))
kT

� , the chemical potential will cancel out. The calculation of Etot will be
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explained later in Chapter 6. K is the is the prefactor for detachment of a metal atom from a large NC
and adatom formation on the support, times a geometric constant. Equation (3) can be used for
prediction of the sintering rate via OR in the absence of reactants. Wynblatt and Gjostein58 made two
simplifying assumptions to change equation (2) to a more tractable rate equation: (1), they assumed
that γNC does not change with variations in NC size (i.e., they used the simple Gibbs-Thomson
relation) and (2) in the Taylor series expansion of exp �

∆µNC (R)
kT

�, all terms but the first order term

were neglected. However, since SEs of NCs increase substantially with decreasing NC size below 68 nm in diameter, assuming a constant γNC , while neglecting the second order or higher order SE

terms in Taylor series expansion, will together result in large inaccuracies110 in the prediction of
chemical potential and therefore sintering rate for small NCs (dNC < 6 nm). By avoiding the
simplified assumptions made by Wynblatt and Gjostein,58 models have been developed to predict the
rate and extent of sintering due to Ostwald ripening.109, 144

Figure 3. Thermal sintering kinetics of Au islands on TiO2(110), as measured by TP-LEIS
compared to Gibbs Thompson (GT) model assuming constant γ and MBA model. Heating rate was
1 K/s. Reprinted with permission from ref. 109 Copyright 2002 AAAS.
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Instead of using the simple Gibbs-Thomson relation, Campbell et al.109-110, 145 developed a
new method (the modified bond additivity model or MBA model) for calculation of size dependent
chemical potential for NCs for which equation (3) was used to calculate sintering rates in the absence
of reactants for Au/TiO2 and Pb/MgO systems. Campbell et al.109-110 were the first to calculate
sintering rates from calorimetric measurements of the enthalpies of metal adsorption on NCs on
various supports and predict changes in dNC versus time and temperature by avoiding the simplified
assumptions of Wynblatt and Gjostein.58 Figure 3 shows that MBA model (blue line) which accounts
for the changes in SE versus NC diameter, predicts the area fraction for Au/TiO2 at different
temperatures more accurately.
However, in the MBA model, the chemical potential of each NC was calculated using
nearest-neighbor bond additivity assuming that the bond energy to be equal to the bulk value (1/6 of
the sublimation energy of bulk solid), neglecting decreases in bond energy (i.e., cohesive energy)
with decrease in NC size below about 10 nm (see Figure 31).146-149 Second, the role of Eadh in
changing the chemical potential was not included in their rate calculations. Hemmingson and
Campbell114 derived a general relation (see equation (19)) between the chemical potential of a
NC and Eadh. Consequently, the MBA model includes two simplifying assumptions which can cause
inaccuracies in predicting the sintering rate. In addition, all previous models58, 109-110, 144 except one113
estimated the extent of sintering in absence of reactants and therefore do not include effects of
reactant adsorption or complex formation on the extent of sintering.

2.4.4

Sintering Rate for Oswald Ripening via Chemical Routes
In sintering by OR involving a chemical route, the initial step is likely to be adsorption of

a reactant on a metal atom in the surface to form a reactant adatom-complex (RAC) that sits atop
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the NC surface. According to equation (1), adsorption of reactants decreases the SE of NCs by
increasing the average coordination number (Zc) of surface atoms. This conclusion is in line with
previous literature.113, 150 A decrease in NC SE via adsorption of reactants results in a decrease in
NC chemical potential ∆µNC (R) (see equation (17)). This decrease in chemical potential in the

presence of reactants is graphically illustrated in Figure 2b as a shorter line for ∆µ�NC (R)

compared to ∆µNC (R) in Figure 2a. This leads to an increase in the adatom formation energy

f (R)
f
( ∆Ema
) (see equation (1)) if Ema
remains constant. However, adsorption of reactants,

depending on the adsorbate type and adsorption energy may weaken the bonds between the
f
equal to ∆Gads (see Figure
atoms located in the NC surface which results in a decrease in Ema

f
�RAC
(R) required for reactant adatom complex (RAC) formation.
2b), which lowers the energy ∆E

This decrease in energy required for mobile species formation is shown as the smaller length for
f
f (R)
�RAC
(R) in Figure 2b compared to the length of ∆Ema
in Figure 2a. The smaller value of
∆E
f
�RAC
(R) causes an increase in sintering rate.69,
∆E

101, 113, 115, 151-152

In extreme cases when

f
�RAC
(R) < 0, NCs will be disintegrated spontaneously in the presence of reactants.115
∆E

Researchers have observed that a strong bond between adsorbate and metal atoms on NC

surfaces can result in weakening of surface atom bonds to the NC, which causes an increase in
sintering rate via OR.113, 115, 151 However, depending on the reactant type, the electronic effects
induced by reactants during strong adsorption may not necessarily result in weakening of the bonds
between the atoms on a NC surface causing greater atomic mobility. For example, adsorbed chlorine
and sulfur have been observed to promote metal atomic mobility; on the other hand, adsorbed
oxygen, calcium, and cesium lower atomic mobility.153 The case in which the strong bond of the
adsorbate with the NC surface can induce sintering is considered next. Ouyang et al.113 postulated
equation (4) to estimate activation energy for RAC formation when species strongly adsorbed on a
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NC surface induce weakening of the surface atom bonds and thereby enhance sintering rate via OR
(see Figure 2b).
𝑓𝑓
𝑓𝑓
∆𝐸𝐸�𝑅𝑅𝑅𝑅𝑅𝑅 (𝑅𝑅) = 𝐸𝐸𝑚𝑚𝑚𝑚 − ∆𝜇𝜇̅𝑁𝑁𝑁𝑁 (𝑅𝑅) + ∆𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎

(4)

In equation (4), ∆Gads is the Gibbs free energy of adsorption of reactants on metal adatoms,

f
�RAC
(R) and ∆µ�NC (R) are defined
which for sufficiently exothermic adsorption is less than zero. ∆E

the same as in equation (1), except the values are calculated in presence of reactants.

Ouyang et al.113 developed a model which considers the effects of reactants on sintering
rate via OR (see equation (5)).
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=

𝑋𝑋𝑌𝑌�
𝑋𝑋+𝑌𝑌�

×

�
𝐾𝐾
𝑅𝑅2

𝑒𝑒𝑒𝑒𝑒𝑒 �

� 𝑁𝑁𝑁𝑁 (𝑅𝑅))
� (𝑅𝑅∗ )
−(𝐸𝐸�𝑡𝑡𝑡𝑡𝑡𝑡 +∆𝜇𝜇
∆𝜇𝜇
� �𝑒𝑒𝑒𝑒𝑒𝑒 � 𝑁𝑁𝑁𝑁
�−
𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘

𝑒𝑒𝑒𝑒𝑒𝑒 �

� 𝑁𝑁𝑁𝑁 (𝑅𝑅)
∆𝜇𝜇
��
𝑘𝑘𝑘𝑘

(5)

All associated terms are defined in Table 2. The energies required for the diffusion of
d
d
isolated metal adatoms and RACs over the support surface are represented by Ema
and ERAC
,

�tot ) is a function of both
respectively.113 Based on Table 2, the total activation energy for sintering (E

RAC formation energy from a NC of radius R onto the support (calculated from equation (4)) and the
d
energy required for the diffusion of RACs over the support surface, i.e., ERAC
.Thus, two rate-limiting

steps can be considered: (i) RAC formation (interface control) which can be estimated by equation (4)
and (ii) kinetics of RAC diffusion over the support surface (diffusion control).113, 120, 154 To decide
which step is rate determining, the activation energy barrier for RAC formation must be compared to
d
the activation energy of RAC diffusion over the support surface. After RAC formation if ERAC
is low

enough, RACs (monomers) can diffuse over long distances to reach larger NCs, causing sintering via
OR.68-69, 95, 113, 115, 117, 151-152, 154-164 However, if interactions between monomers and the support are
d
high (ERAC
is large), RACs are not going to be able to diffuse over a long distance on the support to

23

reach larger NCs. Thus, RACs with low mobility over the support form new NCs that are smaller
than the NC size from whence they came and this, in turn, leads to redispersion or even
disappearance of very small NCs (see Figure 4).113, 115, 155, 165-166
The rate of Ostwald ripening is a function of temperature and concentration of RACs
formed from supported NCs. The concentration of RACs on a NC with radius R can be predicted
using equation (6):110
eq

2γNC Ω
]
kTR

(6)

CRAC = CRAC ∗ exp[

In equation (6), CRAC is the concentration of reactant-adatom complexes on the support
eq

surface. CRAC is the concentration of RACs on the support surface in equilibrium with the bulk
nanometal.

Table 2. Definition of the Terms Used in Equation (5)
dR/dt
X

Rate of change in NC radius in presence
of reactants
2πa 0 R ∗ sin(θ)

a0

Lateral lattice constant of support

R

Radius of NC

θ

Wetting angle

�
Y

L
T

∆µ�NC (R)

L
2πa 0 2 /ln[
]
Rsin(θ)

Diffusion length required for adatom to
diffuse and reach its lowest energy level
Temperature
Chemical potential of NC with radius R
compared to bulk metal in presence
adsorbed of reactants on NC surface

vs Ω/[4πa 0 2 θ1 ]

�
K

Vibrational frequency of RAC on support

θ1

(2 − 3 cos(θ) + cos 3 (θ))/4

νs

�tot
E

f
Ema

∆Gads
d
ERAC

k

∆µ�NC (R*)

RAC: reactant-adatom complex
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d
f
Ema
+ ∆Gads + ERAC
− ∆µ�NC (R)

Energy required to form an adatom from
bulk metal
Change in the Gibbs free energy of reactants
due to adsorption
Energy required for diffusion of RAC over
support
Boltzmann’s constant
Chemical potential of NC with radius R*
compared to bulk metal in presence
adsorbed of reactants on NC surface

Bulk nanometal is defined as a NC of large enough size for which the chemical potential
or NC energy per atom has reached a constant value with a furthur increase in NC size.
Depending on the element, bulk nanometal size can vary significantly. For instance, for the case
of Rh, Ouyang et al.113 calculated bulk metal size to be about 9 nm, while for Co it is calculated
to be about 10 nm (see Figure 42).
It is evident from equation (6) that as NC radius increases (in the denominator of the
exponential) and the numerator containing γNC decreases (see Figure 35) causing an exponential
decrease in RACs concentration on the support surface. Similarly, CRAC decreases exponentially with

increasing temperature.

Figure 4. Scheme of the reactant induced sintering or redispersion.113 RAC = reactant adatom
𝐝𝐝
is the energy required for the diffusion of RACs on the support. Reproduced with
complex, 𝐄𝐄𝐑𝐑𝐑𝐑𝐑𝐑

permission from ref. 113. Copyright 2012 American Chemical Society.

2.4.5

Migration of Co Metal Atoms or Mobile Complexes During Ostwald Ripening (OR)
The sintering rate via OR depends on the chemical potential (∆µNC (R)) of a NC relative to the

bulk and the difference in ∆µNC (R) , for two different radii, e.g. ( µ(R1) − µ(R2)) , and size
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distributions respectively.109, 144 Parker and Campbell110 modeled sintering kinetics of NCs and showed
that smaller NCs having higher ∆µNC (R) (below 6 nm in diameter) are more susceptible to sintering
via OR, albeit at high temperatures. According to studies by Xaba and de Villiers97 and Claeys et

al.,95 thermal sintering of Co during FT reaction is ruled out. Therefore, during FTS, adsorption of
reactants onto the metal NC surface resulting in a decrease in the energy needed to form a mobile RAC
via weakening of metal-metal bonds, is the main reason that sintering via OR occurs.136, 152 During FTS,
CO and/or CO/H2 in feed gases could contribute to a decrease in energy required for mobile reactant
adatom complex (RAC) formation, resulting in sintering via OR.
From XPS experiments, Kistamurthy et al.93 found that under FT reaction conditions (T =
220°C , P = 20 bar), H2 by itself has no influence on sintering, evident by constant dispersion in H2 at
FT conditions relative to the reduced catalyst, as shown by the data in Figure 5.

Figure 5. Comparison of Co/Si XPS peak intensity ratio (at/at) (i.e., representing Co dispersion) on
Co/SiO2/Si(100) before and after exposure to pure H2 or FTS conditions, respectively. Standard
error in ratio values is ±0.002, determined using a standard deviation calculation from six XPS
measurements per treated sample. Reprinted with permission from ref. 93. Copyright 2015
Elsevier, Inc.
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Similar results were observed by other researchers.95, 97 However, introducing CO causes a
decrease in Co NC dispersion. This observation suggests that CO is responsible for RAC formation,
e.g., Co subcarbonyls (Co(CO)x) facilitating OR during FT reaction. In fact, at room temperature, CO
was observed to induce mobility of low-coordinated Co atoms, which could migrate up to 30 nm.102103

Weststrate et al.108 also reported that molecular CO can promote the mobility of Co surface atoms

at low temperatures. Nevertheless, participation of hydrogen in RAC formation in the presence of
CO during FTS cannot be ruled out.
Using DFT calculations, Carvalho167 studied the surface rupturing of a CoCu catalyst during
FT reaction. They predicted that during FT reaction, formation of mobile Co(CO)x species, where
x=1-3, results in Co surface reconstruction. This process, in turn, results in formation of kink sites
and step edges, which furthur facilitate formation of mobile Co(CO)x species (see Figure 6).
Therefore, Co(CO)x species are implicated as the reactants adatom complexes (RACs) that induce
sintering via OR during FTS on Co catalysts. Janse van Rensburg et al.101 also used DFT to simulate
the role of Co(CO)x (Co subcarbonyls) in sintering of an fcc Co/γ-alumina catalyst during FTS.
Note that hcp Co NCs are less stable towards OR due to its higher value of SE compared to
the Co fcc phase when the Co NC diameter is below 110 nm;168 hence, fcc Co is predicted to be and
is in fact the most stable form at dNC below 110 nm. Their calculations showed that in the absence of
CO, Co adatom formation is negligible even at 230°C (503 K). However, in the presence of CO (pCO =
10 bar), the fractional surface coverage of Co carbonyl species in equilibrium with Co NCs of less than
6-8 nm in diameter increases significantly. They concluded that Co-subcarbonyls (Co adatom-CO
complexes) are the species responsible for Ostwald ripening during FT reaction.101 Co(CO)3 was
observed to be the most abundant monomer on the support surface. Based on the above studies,
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CO(Co)x species are RACs formed during FT reaction and the main cause of Co FT catalyst sintering
via the OR mechanism.
This conclusion is also in line with the experimental observations of Kistamurthy et al.,93 who
investigated the sintering mechanism for Co supported on a planar SiO2/Si(100) surface using TEM
and XPS techniques before and after 10 h of exposure to low-conversion FTS conditions (20 bar, dry
H2:CO ratio of 2:1, 230°C) (see Figure 7).

Figure 6. Side views of geminal di- and tricarbonyl formation on (a) Cu/Co(0001) and (b)
Cu/Co(1012), respectively. These structures are predicted to occur at FT reaction temperatures and
pressures. Assuming carbonyl formation, shown in the center of panel (c), at a step defect in the
(111) surface represented by Cu/Co(755), it is concluded that Co can be favorably ruptured from
the surface to create Co subcarbonyls, seen in (c). Reprinted with permission from ref.167.
Copyright 2017 American Chemical Society.

Evidently, during preparation of the crystallites on the model support, crystallites of diameters
of up to 15 nm in diameter were formed. TEM images show disappearance of NCs smaller than 5 nm,
while NCs larger than about 7 nm maintain their initial size. All NCs were immobile during reaction,
which led them to conclude that Ostwald ripening must have been the sole mechanism during FTS.
Apparently, sintering via CMC of 7-15 nm NCs did not occur at the low conversion conditions over
only 10 h in this experiment because (i) insufficient time was allowed, as CMC is a relatively slow
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process occurring over 20-50 days and (ii) the concentration of hydroxyl groups on the support was
probably low at low conversion, and thus a high Eadh (see Figure 39) prevented NC migration via
CMC. In comparing Figure 7a and Figure 7b, it is difficult to see an increase in size of the remaining
larger NCs because NC volume scales as R3 and the TEM experiments are by nature two dimensional.
However, it does appear that several large NCs on the mid and lower left are more dense in Figure 7b
compared to Figure 7a, indicating that the number density of large (7-15 nm) crystallites had increased
during reaction as expected, since during OR, larger crystallites grow at the expense of smaller
crystallites. Kistamurthy et al.93 also used Rutherford backscattering spectrometry (RBS) to measure
the Co loading before and after FTS exposure, finding that no Co was lost during FTS; hence, OR
vapor loss can be excluded. Thus, support surface diffusion of Co(CO)x is the only possible
mechanism for Co monomer transport during sintering via OR during FTS.

Figure 7. Bright-field TEM images of a Co model catalyst reduced-passivated (a) before and (b)
after exposure to FTS conditions (20 bar(abs), dry H2/CO (2:1) at 230°C for 10 h) then passivated.
Red dashed circles indicate NCs which have been lost during FTS treatment. Blue dashed circles
indicate NCs which have significantly decreased in size during treatment. Reprinted with
permission from ref. 93. Copyright 2015 Elsevier, Inc.
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Therefore, based on these observations,70,

74, 93, 101, 167

during early stages of low FTS

conversion (i.e., low hydroxyl group concentration on the support and high Eadh), CO-assisted
Ostwald ripening via support surface diffusion of Co(CO)x species is the only sintering mechanism
for small supported Co NCs ( dCo ≤ 6-8 nm). In the next section the effect of spatial distribution on
the sintering of Co NC via OR will be discussed and the diameter in which sintering via OR is
hindered will be shown to be about 7 nm in diameter.

2.4.6

Effects of Co Nanocrystal Size and Spatial Distribution During Sintering via OR
Janse van Rensburg et al.101 predicted (i) the possibility of Co(CO)x formation as the species

responsible for OR during FTS and (ii) that species coverage is inversely proportional to dCo. Their
results show that as dCo increases from 1 to 6 nm, the fractional coverage of Co(CO)x on alumina
decreases about 6 orders (106) of magnitude (see Figure 8). This observed trend is consistent regardless
of water concentration. In a similar vein, den Breejen et al.106 observed that the fractional coverage of
irreversibly adsorbed CO on Co during reaction, decreases from 0.4 to 0.02 as dCo increases from 2 to 6
nm; thus, a high coverage of irreversibly adsorbed CO could induce higher extents of Co(CO)x-assisted
OR (see equation (16)). Therefore, both studies reveal that for Co NC diameters above 6-8 nm, the rate
of sintering via OR is negligible during FTS. Indeed, the data in Figure 8 indicate that the Co carbonyl
fractional coverage of the support surface during FTS is about 10-12 for a dCo of 7-8 nm, thus
establishing the higher limit for dCO and the lower limit of support surface coverage of Co(CO)x for
Ostwald ripening to occur.
Van de Loosdrecht et al.98 statistically analyzed data for Co NCs (shown previously in
Figure 8) to investigate effects of distance between NCs (i.e., spatial distribution) and NC size
on the results of sintering of Co during FTS via OR (see Figure 9). In Figure 9, the left ordinate
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(data points) depicts the distance of a NC to its nearest neighbor, the right ordinate represents the
crystallite size number distribution, and finally colors are used to illustrate their fate after
reaction for a fresh commercial Co/Al2O3 catalyst. Both ordinates are plotted versus dCo of the
fresh catalyst. It is evident from the data points in Figure 9 that regardless of distance of a NC
from its nearest neighbor, (1) Co NCs smaller than 5 nm in diameter disappear; (2) those with
diameters ranging between 5 to 7 nm in diameter shrink; and (3) the size of those with diameters
larger than 7 nm appear to change (i.e., become more dense over 10 h of reaction).

Figure 8. Equilibrium coverage of mononuclear Co carbonyl species on different alumina surfaces
at 503K and CO partial pressure of 10 bar. Reprinted with permission from ref. 101. Copyright
2017 American Chemical Society.

Accordingly, knowledge of the effects of spatial distribution on sintering rate can be used
as a tool to determine which sintering mechanism is dominant. For example, as illustrated in
Figure 9, during FTS, the Co nanometal spatial distribution does not affect the extent of
sintering via OR during the initial phases of FTS. Within the reaction time frame of 10 h, no
sintering via CMC is observed. In contrast, the extent of sintering via CMC, that occurs over a
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period of weeks, is largely a function of spatial distribution of NCs. Thus, one can distinguish the
dominant sintering mechanism during FTS by observing effects of spatial distribution of Co NCs
on sintering rate. In small pores, the growth of NCs via OR can in principle be inhibited as dNC
approaches dpore, a concept first introduced by Wynblatt et al.56 However, when small NCs remain
inside small pores during reaction, dNC can increase to sizes larger than dpore via growth in the axial
direction.169-171 This indicates that Ostwald ripening has occurred, since migration of atomic species or
RACs can continue even when the particle size exceeds the pore diameter.123 For example, Bezemer et
al.74 observed that Co NCs deposited into 6-7 nm diameter pores of a carbon nanofiber (CNF) support
grew to 8 nm in diameter.

Figure 9. Plot of (i) the affected Co crystallite diameters in the fresh planar model catalyst and the
distance of these NCs to their nearest non-disappearing neighbor (data points referenced to the left
axis) and (ii) the Co crystallite distribution of a fresh industrial alumina-supported Co catalyst,
fitted to a log-normal curve (purple curve referenced to the right axis). Reprinted with permission
from ref. 98. Copyright 2016 American Chemical Society.
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In summary, in operating a Co catalyst during FTS at low conversions for less than 100 h,
typical for laboratory studies, sintering occurs mainly via OR. Moreover, based on the studies discussed
above, apparently independent of the support type, sintering of Co NCs occurring via OR in the FT
reaction environment ceases when dCo reaches about 8 nm in diameter, apparently independent of the
support type. Moreover, sintering of Co catalysts via CMC can be completely hindered if the catalyst is
operated at sufficiently low conversion with correspondingly low water vapor concentration, due to
higher SE and Eadh. In other words, a wetted support corresponding to high CO conversion levels
causes a decrease in alumina SE118 that causes a decrease in Eadh and increasing sintering via CMC.

2.4.7

Experimental Evidence for Co Crystallite CMC in the Later Stages of Sintering During
FTS and Principles for Mitigating Sintering by CMC
The previous literature results show that during FTS, sintering of Co FT catalysts

containing NCs of dCO smaller than 6-8 nm occurs by Ostwald ripening of Co(CO)x (x = 1-3)
species. Since the probability of Co-subcarbonyl formation decreases exponentially with
increasing Co nanocrystal size from 1 to about 6-8 nm, sintering via Ostwald ripening can be
ruled out as an important sintering mechanism for commercial Co FT catalysts, which generally
contain Co NCs of diameter larger than 6-8 nm. This conclusion was also confirmed
experimentally by Kistamurthy et al.93 Consequently during FT reaction, CMC can be considered
to be the principal sintering mechanism for Co catalysts containing nanocrystals with diameters
larger than 6-8 nm. This conclusion was also confirmed by Tsakoumis et al.90 They studied the
deactivation behaviour of a Co-Re/γAl2O3 catalyst with initial Co NC diameters larger than 8 nm
and reported CMC to be the prevailing sintering mechanism. Soled et al.172 also reported data,
including TEM results, showing CMC to be the prevailing sintering mechanism for
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commercially-representative FT catalysts. Additional experimental evidence supporting CMC
for larger NCs was presented in Figure 1 showing data from Hansen et al.123 for Pd/Al2O3 In
general, three factors can contribute to mitigation of sintering due to CMC. The first factor is
optimal choice of support properties. A higher NC-support interaction is synonymous with a
higher Eadh, which in turn impedes NC migration across the support surface. The second factor is
the ability to prepare nanocrystals inside support pores.57, 173 Deposition of nanocrystals inside
the support pores can lower the nanocrystal growth rate via CMC by providing pore
confinement.174 This concept was initially introduced by Wynblatt et al.56 (see Figure 10). It
follows that migration of large NCs (dCo of 8 nm in large mesopores, average dpore =10-15 nm) with
constrictions should cease when the dCo approaches that of the localized dpore (smaller than the
average dpore) (Figure 10). Moreover, the localized interactions of a NC with concave cavities of
higher stability in pores can impede diffusion during CMC.56 At the molecular scale, effects of
changes in potential energy and electric field gradient inside pores can also impede diffusion of NCs
inside pores.

Figure 10. Schematic of medium size NC trapped during sintering by pore constrictions; large
mobile NC outside pore has considerable mobility enabling substantial growth by CMC.
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Bartholomew62 studied thermal sintering kinetics of supported Ni nanocrystals in H2 and
concluded that deposition of nanocrystals into support pores hinders sintering via CMC by
confining the maximum diameter of nanocrystals to the support pore diameter. Methods for
efficient confinment of nanocrystals into support pores are discussed in detail in a review by Zhu
and Xu.174
Xaba and de Villers97 investigated the thermal sintering of model TiO2 supported Co
catalysts in 4% H2 in argon at 365°C. They used three different TiO2 phases with different
anatase/rutile ratios as supports. By TEM analysis, they confirmed CMC as the sintering
mechanism. As Table 4 shows, rates of sintering (shown as sintering rate constants) have an
inverse relation with support pore diameter. These data suggest that NCs in the first catalyst (Co
supported on BASF-TiO2) were deposited outside the pores where CMC growth was unlimited,
consistent with the large sintering rate constant, while NCs in the second and third (P25)
catalysts were largely and completely deposited within the pores for which CMC growth was
largely restricted by pore size.
Although support pore diameter was probably the most important parameter affecting
sintering of Co/TiO2 in this study, variations in support phase could have caused NC-support
interactions of varying extent and thus cannot be ruled out as a factor affecting the extent of
sintering.
Bezemer et al.74 studied sintering behavior of Co supported on carbon nanofibers (CNF)
during FT reaction. Their data (see Figure 11) indicate that when NCs are trapped inside CNFs,
during sintering they grow only to about the average CNF pore diameter of 8 nm. However, NCs
deposited outside the pores grow to very large NCs of about 80 nm diameter. This oservation
illustrates the importance of deposition of NCs inside the support pores.
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Table 3. Effects of Deposition of the Co NCs Inside a TiO2 Support Porous Structure on Extent of
Sintering through Crystallite Migration. Adapted from ref. 97.
dsupp a
(nm)

Initial dCo b
(nm)

443

9.8

25

0.25

Custom made from
Evonik P25 (98% rutile
and 2% anatase)

8

23

22

0.06

Evonik P25 (85%
anatase and 15% rutile)

52

27

22

0.01

wt. % Co
Loading

Support Type

10% Co

BASF 100% Anatase

10% Co

10% Co
a.
b.
c.

SAsupp
(m2/g)

Sintering Rate
Constant (1/h) c

Support pore diameter.
Measured using XRD, assuming Co = 0.75 Co3O4 .
Calculated using generalized power law expression (GPLE).62

Figure 11. (a) TEM image of Co supported on CNF of the spent catalyst, obtained with the HAADF
detector. (b) More detailed image showing small NCs inside the poresof the carbon nanofibers and
very large crystallites outside the pores. Reprinted with permission from ref. 74. Copyright 2010
American Chemical Society.

Table 4 lists results from five studies for which average dpore and average dCo before and
after reaction are compared. In these studies, since initial average Co nanometal size is larger
than 9 nm, sintering via CMC predominates. These data indicate that the average dpore is, except
for the 2nd study, significantly or substantially smaller than the initial, average dCo for the fresh
catalyst. In the second study, NCs were observed by TEM to be outside the pores. Accordingly
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for the five studies, a large fraction of Co nanocrystals were probably deposited outside the pores
and thus probably sintered at high rates to very large NCs. This expectation is met in the first two
studies in which 10 and 5 nm NCs grew to 100-300 and 80 nm, respectively, as measured by
TEM. However, in the last three studies, in which H2 chemisorption was used to estimate initial
and final dCo, NC growth by sintering, after reasonably long times of reaction (480 and 720 h), is
unexpectedly modest, i.e., dCo has increased from 11, 11.2, and 15.9 to 25, 15, and 18.4,
respectively. This unexpected behavior may likely be due to a high calcination temperature,
causing Co/support compound formation (CoAl2O4). These compounds are likely to act as
anchoring sites resulting in higher adhesion energy and a decrease in sintering via CMC.

Table 4. Pore Size Analysis Coupled with dCo Before and After FT Reaction for Studies in which a
Large Fraction of Co NCs Appears to have been Deposited Outside the Support Pores.
SA (m2/g) a
(PV (cm3/g))

Catalyst ID

Support Type

CoD175

SiO2 (Davicat 1404)
d

Co/CNF

graphitic CNF

d

dporea (nm)

Ave. Initial
dCo (nm)

Ave. Final
dCo(nm) b

Ref.

8

10.3, TEM

100-300

88

443 (0.87)
NA

6-7

5c, TEM

80

74

210 (0.60)

6.1

11, H2
chemisorp.

25

80

20 wt%
Co/CNT

multi-wall CNT

20 wt%
Co/CNT

multi-wall CNT

210 (0.60)

6.1

11.2, H2
chemisorp.

15

81

20 wt% Co/
γ-Al2O3

Catalox Bγ-Al2O3

270 (0.64)

4.7

15.9 H2
chemisorp.

18.4

81

a.
b.
c.
d.

SA = support surface area, PV = support pore volume, dpore = support pore diameter.
H2/CO = 2, 220°C, 2 MPa.
NCs outside CNF pores were confirmed using TEM for the fresh the catalyst.74
CNF = carbon nanofiber; CNT = carbon nanotube.

The third factor is uniform spatial distribution between NCs. Its importance in hindering
the sintering process has been emphasized in a number of studies.
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34-35, 38, 59, 262, 266-267

For

example, Munnik et al.88 studied effects of spatial distribution on the stability of Co/SiO2
catalysts, finding that initial spatial distribution of NCs in the pores to be the determining factor
in the extent of sintering due to CMC of Co NCs. Figure 12a illustrates conceptually that an
initial uniform spatial distribution of NCs inside the pores greatly reduces sintering via CMC
with migration of only a few nanocrystals outside the pores followed by subsequent coalesence
and growth to crystallites 4-5 times the original size. By contrast, Figure 12b illustrates how a
nonuniform distribution of NCs facilitates clustering of NCs during preparation of the fresh
catalyst; in the sintered catalyst, a few clusters remain, while a few very large crystallites are
predicted to form on the external surface of the catalyst particle.

Figure 12. Conceptual drawing illustrating effects of (a) uniform and (b) nonuniform, spatial
distributions of Co NCs on their resistances against sintering via CMC during FTS. Reprinted with
permission from ref. 88. Copyright 2014 American Chemical Society.

The effects of spatial distribution modeled in Figure 12 were experimentally studied by
Munnik et al.88 using transmission electron microscopy (TEM) and scanning electron
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microscopy (SEM) (initially dried at different temperatures in a fluidized bed, followed by
calcination, reduction and FT reaction at 220°C and 80% conversion for 240 h). In such a study,
it is important to consider the dNC/dpore ratio, dCo distribution, and pore size distribution. In the
Munnik et al.88 study, the average dpore is 8 nm; the average dCo for the fresh CoD100 (dried at
100°C) and CoD175 (dried at 175°C) are 9.2 and 10.3 nm respectively; therefore, values of dCo
/dpore for these catalysts are 1.15 and 1.3 respectively, which suggest that a fraction of Co NCs
are likely to remain on the external surface of both catalysts, although this fraction would depend
upon dCo and dpore distributions.
TEM data in Figure 13 a and 13 c show a mostly uniform distribution of NCs inside the
pores of the fresh catalyst dried at 100°C, but with some initial clustering and a few slightly
larger particles formed at the exterior during preparation; apparently after sintering, the number
density of NCs has decreased and larger crystallites (average dNC = 9.6 nm) have formed (see
Figure 13 b and 13 d) somewhat consistent with Figure 12a.
For the catalyst initially dried at 175°C, extensive clustering in the pores and a few large
crystallites on the exterior of the catalyst particle during preparation are evident (see Figure 14a
and Figure 14c). After sintering, a significantly lower number of clusters are observed in the
TEM image (see Figure 14b), indicative of abundant migration of NCs to the outer surface
of the catalyst particle (the authors estimated that 75% of deposited Co was located on the
exterior). This is qualitatively consistent with the SEM picture in Figure 14d showing a large
number of NCs on the external surface of support grains.
The authors88 speculate that (1) migration rate of Co NCs out of pores could be increased
due to entrainment in water droplets at high conversions and/or (2) rapid transport of NCs (with
diffusion coefficients orders of magnitude higher than for the random walk model) over catalyst
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particle surfaces due to their entrainment in the hydrocarbon liquid product. Diffusivities of NCs
are probably large enough (see Figure 44 and calculations in the Appendix) to account for
migration over pore surfaces of NCs of diameter smaller than pore diameters to the external
surface of catalyst particles; further diffusion of NCs over the external particle surface and
growth by CMC account for the appearance in Figure 14 of large crystallites of 200-400 nm in
diameter during FTS over 240 h.

Figure 13. TEM image of (a) fresh Co/SiO2 dried at 100°C (b) spent Co/SiO2 dried at 100°C, SEM
image of (c) fresh Co/SiO2 dried at 100°C and (d) spent Co/SiO2 dried at 100°C. Reprinted with
permission from ref. 88. Copyright 2014 American Chemical Society.

NCs adsorbed to the support surface in pores or on the external surfaces of catalyst
particles are unlikely to be entrained by water droplets or hydrocarbon liquid product, assuming
sufficient adhesion energy between NCs and the support. Nevertheless, there are potential causes
for entrainment of Co NCs to occur, of which two are (i) dissolution of alumina and Co in acidic
solution originating during preparation of the catalyst from Co nitrate319 and (ii) steam hydrolysis,
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at a high FT conversion, of γ-alumina to form colloidal alumina containing Co NCs which are
entrained by the liquid product.

Figure 14. TEM image of (a) fresh Co/SiO2 dried at 175°C (b) spent Co/SiO2 dried at 175°C, SEM
image of (c) fresh Co/SiO2 dried at 175°C (d) spent Co/SiO2 dried at 175°C. Reprinted with
permission from ref. 88. Copyright 2014 American Chemical Society.

Tsakoumis et al.90 studied the sintering of a 20 wt% Co-Re/γ-Al2O3 catalyst with an
average pore diameter of 14 nm and an average initial Co NC diameter of 10.6 nm based on BET
and X-ray powder diffraction analysis, respectively. Based on NC size distributions obtained
from XRD and TEM before and after FT reaction, they suggested CMC to be the principal
sintering mechanism. Given the large pore diameter relative to the average dNC, it can be
assumed that initially most Co NCs were deposited inside the support pores. However, from the
TEM image of the fresh (reduced and passivated) catalyst, a nonuniform spatial distribution and
large aggregate formations are evident (see Figure 15a).
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The TEM image of the spent Co catalyst shows much larger crystallites and agglomerates
likely to be found at the exterior surface of the catalyst particle (see Figure 15b), characteristic
of CMC for a nonuniform distribution. These results illustrate the difficulty of preparing a
commercially relevant Co catalyst by incipient wetness impregnation (IWI) to achieve a uniform
spatial dispersion of nanocrystals.
Figure 16 contains data for sintering studies of two 20 wt% Co FT Sasol catalysts
supported on Al2O3 (Figure 16a) and Si stabilized Al2O3 (Figure 16b) tested at the same
temperature (230°C) for about 130 days each.

Figure 15. (a) Fresh reduced and passivated Co catalyst with low spatial distribution between NCs.
(b) Spent Co catalyst including large sintered Co NCs (T = 210-240°C, H2/CO = 2, 30 days).
Reprinted with permission from ref. 90. Copyright 2014 Elsevier, Inc.

Overett et al.72 (Figure 16a) conducted the first test at 230°C, 20 bar, a (H2+CO)
conversion of between 50 to 70%, and H2/CO = 2. They observed two stages of sintering for the
20 wt% Co/Pt/Al2O3 catalyst having initial Co0 diameters ranging between 4-12 nm (average of
8.6 nm). In the first 72 h, the majority of Co NCs smaller than 8 nm disappeared. This relatively
42

rapid sintering can be attributed mainly to OR. Sintering for Co NCs larger than 8 nm was
observed to proceed by CMC over 20 days of reaction, after which dCo leveled off, reaching a
steady-state dCo of about 15 nm. These results involving two-stage sintering (OR followed by
CMC) are qualitatively similar to those reported by Hansen et al.123
The second test (Figure 16b) was conducted by Sasol175 on Co/Pt/Si/Al2O3 at 230°C,
PH2 = 9.4 bar, PCO = 7.5 bar, and PH2 O = 4.2 bar; dCo changed from an initial value of about 7.5

nm to a steady-state value of about 10.6 nm after about 40 days on stream most probably due to
CMC. Comparing Figure 16 (a) and (b) indicates that for the Si stabilized catalyst, (i) the time to

reach steady state is roughly two times longer, indicative of a slower sintering rate, and (ii) the
steady state NC diameter is significantly smaller. Both results indicate that addition of Si to
Al2O3 mitigates sintering via CMC.
The dCo vs TOS data collected over 130 days and presented in Figure 16a and Figure
16b are the only two data sets available in the literature for Co NC sintering via CMC during FT
reaction under commercially representative conditions. Since these data were obtained over
sufficiently long reaction times, they can be fitted to second-order Generalized Power Law
Expression (GPLE) sintering kinetics, yielding rate constants and times for reaching a maximum,
steady-state dCo. If such data were available at 2-3 reaction temperature for each catalyst, it
would be possible to obtain activation energy for Co catalyst sintering during FTS.
Note that it is not possible to obtain kinetic parameters for decreases in FTS activity with
time from these data, since the change in FTS activity is not necessarily directly proportional to
the change in Co surface area for a Co FT catalyst. Methods for determining kinetics parameters
for activity loss with time due to sintering are addressed in a paper by Argyle et al.87 Parameter
estimation is necessary for accurate estimation of sintering rate.
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Figure 16. (a) Average Co crystallite size from TEM and H2 chemisorption for a Co/Pt/Al2O3
catalyst with increasing time on stream.72 (b) Co FT catalyst 30 g Co/0.075 g Pt supported on 1.5 g
Si/100 g PURALOX SCCa2/150 alumina versus time on stream (days).175

2.5

2.5.1

Sintering of Co Catalysts During Fischer-Tropsch Synthesis (FTS)

Importance of Low Temperature Sintering of Co Catalysts During FTS Reaction
Fischer-Tropsch synthesis (FTS) is a commercially-viable, catalytic process used to convert

low-value synthesis gas into high-value hydrocarbon liquid fuels and chemicals.8, 176-178 Cobalt
catalysts containing noble metal (NM) promoters are almost always employed in low-temperature
(210-230°C), commercial FTS units because of their their substantially higher liquid/wax paraffin
productivities compared to Fe catalysts. Economic operation of an FTS unit utilizing a Co catalyst
requires that it retain high activity and selectivity and mechanical stability for a period of 1-2 years.
Sustaining high activity and selectivity over this period may require periodic rejuventation and
regeneration treatments.76,

92, 107, 178

Co catalysts can be deactivated by poisoning, oxidation,

support-compound formation, carbon/coke deposition, and sintering.107 Poisoning by sulfur and

44

nitrogen compounds can be prevented by using well-developed methods for cleaning of the syngas.
Oxidation of Co and formation of Co-support compounds can be avoided and/or minimized by
maintaining the product water concentration within reasonable limits, attainable at typical
commercial reaction conditions and by designing a catalyst containing crystallites larger than 4-5
nm.157,

179-182

Thus, carbon/coke deposition and sintering remain the principal deactivation

concerns. Indeed, previous work shows that deactivation of Co catalysts by these two mechanisms
typically accounts for 95-98% of the total loss of activity76 (with the remaining 2 to 5% of
deactivation loss likely due to Co- support compound formation). While significant research has
been published on both topics, more definitive information is available for deactivation by carbon
and coke than for sintering. Much of the previous work on deactivation by carbon/coke has been
summarized and discussed in a recent, excellent review.183 On the other hand, no previous
comprehensive study of sintering of Co catalysts during FTS has been published.
How significant is deactivation of Co FT catalysts by sintering relative to that by
carbon/coke deposition? Experimental data show that sintering of a moderately dispersed 20 wt%
Co/Al2O3 catalyst with an initial average nanocrystal diameter (dNC) of 6 nm occurs under
commercial reaction conditions relatively rapidly, reaching a final normalized activity of 0.89 for
sintering alone and a constant nanocrystal diameter (dNC, inf) of 12-14 nm in about 20 days.72, 87
However, slow deactivation by carbon and coke continues for several weeks or months,
depending upon company policy constraints on the final normalized activity prior to regeneration.
A recently developed method87 enables the rates of deactivation and therewith normalized
activities for sintering and carbon/coke to be separated if the run is sufficiently extended. For this
example, after 50 days, the total normalized activity reaches 50% (a logical cutoff for
regeneration), while the % activity loss due to sintering and carbon/coke deposition are 24 and

45

76% respectively. Accordingly, the contribution of sintering to loss of activity, although
generally smaller relative to that of carbon deposition, is nevertheless substantial. A knowledge
of the sintering mechanism and sintering-catalyst property relationships can be combined to
substantially reduce sintering rate and therewith substantially improve process economics. Thus,
the importance of studying sintering of supported Co during FTS is emphasized.

2.5.2

Sintering of Co Catalysts During FTS, a Recently-Studied Research Subject with Many
Unresolved Issues
While a significant number of recent papers have addressed deactivation of Co FT catalysts

by sintering,70-74, 76-101, 107 many issues and questions remain unresolved. Areas that require greater
development and understanding include (i) sintering kinetics and mechanisms and (ii) effects on
sintering rate of catalyst preparation, composition and properties, nanocrystal diameter, support
properties, and reaction conditions. Key questions need to be addressed, including the following: (i)
What is the evidence for the chemical sintering of Co catalyst during FTS? (ii) How can the
principal sintering mechanism for a given catalyst at specific reaction conditions be recognized, i.e.,
does sintering occur by atomic or nanocrystal migration or both? (iii) What kinds of models fit
available sintering data well? (iv) Are there conditions and catalyst properties for which sintering is
beneficial? and (v) Given the substantial data available in the literature, why do contradictory
explanations and conclusions regarding these questions abound? Some of these issues appear to be
due to questionable selection of supports, catalyst preparation and design, and methods of data
collection and analysis.
In this dissertation, for the first time, recent advances in nanoscale surface chemistry are
combined into comprehensive sintering models and perspectives that enable qualitative and
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quantitative estimates of the extent and rate of sintering as a function nanocrystal size at both low
and high temperatures and in different atmospheres. In addition, such knowledge and principles
are used in the design of supported catalysts with much lower sintering rates. Recommendations
for improving the design of sintering experiments are also provided. This approach to the study
of sintering of Co FT catalysts is unique, as not only are the important, useful data summarized
from other studies, but in addition, (1) the field is advanced through addition of improved or new
models, (2) new data summarized in original tables and figures are added, which (3) provide new
fundamental perspectives into sintering of supported metals and especially supported Co during
the FTS reaction. Finally, priorities for new research are addressed.
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3

3.1

EXPERIMENTS AND METHODS

Catalyst Preparation
A series of four catalysts were prepared with four different alumina supports: 5 wt%

silica-stabilized alumina (Al-Si), Alfa Aesar (Al-AA), St. Gobain (Al-SG), and Sasol (Al-Sa).
The Al-Si support was synthesized by a one-pot, solvent deficient method that includes
combining a 5:1 ratio of water to aluminum isopropoxide (AIP, Alfa-Aesar, 98+%) followed by
a 2:1 ratio of water to tetraethyl orthosilicate (TEOS, Sigma-Aldrich, 99%) (equivalent to 5 wt%
silica), as described in detail elsewhere.35, 39, 184-185 These precursors were mixed for 30 min with
a Bosch Universal Mixer (model: MUM6N10UC) and followed by calcination in flowing air in a
muffle oven at 1100°C with a ramp rate of 4°C/min prior to impregnation. The other three
alumina supports were obtained commercially from their respective manufacturer and calcined at
700°C for 2 h prior to impregnation.
The 20 wt% cobalt, 0.15 wt %Ru catalysts were prepared in two steps by incipient
wetness co-impregnation of the supports using an aqueous solution containing the desired
amount of cobalt nitrate hexahydrate (Alfa Aesar, 98+%) and ruthenium nitrosyl nitrate solution
(Sigma-Aldrich, 99%). In each step, 10 wt% Co was dissolved in 20% excess water
corresponding to the support mesopore volume obtained from nitrogen physisorption (BET)
measurements. The excess water was added to compensate for the micro-pores not detected by
the BET experiment. Then, the solution was added dropwise to the powdered support, with
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continuous stirring to achieve uniform Co dispersion. The catalysts were dried at room
temperature for 4 hours, followed by drying for 16 hours at 110°C to remove excess water, and
then calcined in a direct air flow quartz reactor to a final temperature of 300°C for 10 hours. This
process was repeated in order to add the remaining 10 wt% Co and 0.075 wt% Ru promoter.
After the second calcination, the catalysts were reduced in 10% H2/He to a maximum
temperature of 415°C and further reduced for 4 hours in 100% H2 at 415°C. Reduced catalyst
samples were passivated by slowly exposing them to less than 1% O2/He, while monitoring the
temperature to ensure that the catalysts were not exposed to temperatures in excess of 60°C or
over-oxidized. The catalysts are named according to their corresponding support with a Co prefix,
e.g., the Co catalyst supported on Al-Si is named Co-Al-Si.
In another study, silica-alumina support (referred to as Al-Si and containing 5 wt% silica)
was used for the catalyst preparation. This support was prepared by a method reported by Huang
et al.186 and Mardkhe et al.39 and calcined at 1100°C. Prior to catalyst synthesis, the Al-Si
support was calcined again in flowing dry air (Airgas Grade D, at 2000 GHSV) for 10 hours at
800°C with a ramp rate of 2°C/min to ensure dehydration and surface dehydroxylation.
Two methods were then used to prepare the catalysts in this chapter. The first was
traditional aqueous incipient wetness impregnation (IWI) using a Co(NO3)2 precursor, with
loadings of 0.3, 0.6, 1.2, and 2.5 wt% Ag, obtained from AgNO3 (Allied Chemical, 99.9 wt%), to
produce four IWI 20 wt% Co/Al-Si Ag promoted catalysts. The second was solvent deficient
precipitation (SDP)187 to produce four additional catalysts with the same loadings of Co and Ag
as the IWI catalysts. In previously reported SDP preparations of non-supported iron FT
catalysts,188 no water was added because the iron catalyst precursor (Fe(NO3)3.9H2O) released
sufficient waters of hydration to produce the required solvent. However, during the SDP
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preparation in this chapter, the cobalt precursor (Co(NO3)2.6H2O) has fewer waters of hydration
and the dry mixing of the cobalt precursor with the support and ammonium bicarbonate (ABC)
does not result in the release of water. Consequently, a small amount of water (1.6 times of the
pore volume of the Al-Si support) was added to dissolve stoichiometric amounts of cobalt (II)
nitrate hexahydrate (Sigma Aldrich 98%) and silver nitrate (Allied Chemical, 99.9%) promoter.
The Co and Ag solution was then mixed with and absorbed by the porous Al-Si support.
Subsequently, ABC (Baker Analyzed, 21.30-21.73% as NH3) was added to this mixture to
facilitate the formation of the active phase. Upon addition of the ABC, CO2 was released
according to the reaction:
Co(NO3)2.6H2O + 2NH4HCO3  Co(OH)2 + 2NH4NO3 + 2CO2 + 6H2O

(R3)

The mixture was stirred until all of the ABC reacted (until bubbles stopped forming) and
became less viscous with more stirring.
After impregnation or SDP, each of the catalysts was calcined in a flow reactor in dry air
(Grade D, a rate of 2000 GHSV). For careful and slow removal of nitrate precursors, the
temperature was raised at a heating rate of 1°C/min from 25°C to an intermediate hold position
(about 170°C). This hold temperature was determined from prior temperature programmed
oxidation (TPO) profiles obtained by thermal gravimetric analysis (TGA) (Mettler-Toledo
TGA/DSC 1) and was about 10°C below the temperature at which significant weight loss from
intermediate decomposition was detected. Following this 2 h hold, the temperature was ramped
to 300°C at 0.5°C/min to slowly decompose the remnant nitrates and then held at 300°C for 10 h
to ensure complete nitrate removal. The obtained catalysts were named according to the Ag
content in wt% and the preparation method. For example, 0.3Ag-IWI represents the catalyst
prepared using IWI with an Ag loading of 0.3 wt%.
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3.2
3.2.1

Catalyst Characterization
Nitrogen Physisorption
Nitrogen (Airgas 99.998%) physisorption at -196°C (Micromeritics TriStar 3020) was

used to obtain surface area, pore volume, and average pore size for each catalyst. The samples
(0.15–0.25 g) were degassed overnight under vacuum at 120°C and measurements were taken
immediately after degassing. Surface areas were calculated using the Brunauer-Emmett-Teller
(BET) method.
The total pore volume was calculated from the amount of vapor adsorbed at a relative
pressure close to unity with the assumption that the pores were filled with the condensate in the
liquid state. The pore size distribution curves were calculated from the desorption branches of
the isotherms using the Slit Pore Geometry (SPG) model.189

3.2.2

X-Ray Diffraction (XRD)
Powder X-ray diffraction (XRD) data were collected for both calcined and reduced

catalysts using a PANalytical X’Pert Pro diffractometer with a Cu source and a Ge
monochromator tuned to the Cu Kα1 wavelength (k = 1.54 Å) in order to determine average
crystallite size. These samples were scanned at ranges of 2θ from 10° to 90° using a step time of
350 s and a step size of 0.016. The measured diffraction patterns were compared with standards
from the International Centre for Diffraction Data (ICDD) database. The reduced samples were
passivated prior to XRD measurements by cooling to 25°C after reduction and slowly
introducing a small amount of air (Airgas Grade D) for 90 min, while monitoring the temperature
to avoid exotherms, to form an oxide layer on the catalyst surface.
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3.2.3

Transmission Electron Microscopy
Transmission electron microscopy (TEM) images were taken of the passivated, reduced

catalysts in a FEI Tecnai F20 TEM operating at 200 kV. The samples were prepared by crushing
them into a fine powder and placing them on a copper supported carbon mesh. The location of
Co, Ag, Ru and support phases were determined using energy dispersive X-ray spectroscopy
(EDS) obtained using an EDAM3 X-ray analyzer with a probe diameter of 3 nm. EDS was used
to distinguish specifically between Co NCs and the alumina support.

3.2.4

Temperature Programmed Reduction (TPR)
Temperature programmed reduction (TPR) experiments were performed in a Mettler

Toledo TGA/DSC 1 connected to an automatic GC 200 gas controller. Samples ranging from 1025 mg were exposed to a flowing 10% H2 (Airgas 99.95%) and He (Airgas 99.995%) mixture
while raising the temperature from 25°C to 800°C at a ramp rate of 3°C/min.

3.2.5

Oxygen Titration to Measure Extent of Reduction (EOR)
Following reduction, oxygen titration experiments were performed using the TGA

equipment described in Section 3.2.4 to quantify the extent of reduction (EOR) achieved.
Samples of 10 to 25 mg were reduced under flowing 10% hydrogen in ultra-high purity He
(Airgas 99.999%) while raising the temperature from 25°C to 420°C at 3°C/min. Samples were
then flushed with UHP He at 410°C for 1 hour to remove any remaining hydrogen from the
sample and the TGA chamber. Finally, flowing dry air was introduced to the sample and the
amount of mass gain was measured after an asymptote was reached. Extent of reduction was
calculated assuming all metallic Co was re-oxidized to Co3O4.
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3.2.6

H2 Chemisorption
H2 chemisorption capacity of each catalyst was measured using a Quantachrome

ChemBET TPR/TPD chemisorption flow analyzer instrument. Prior to measurements, samples
were reduced with the same procedure used to reduce them prior to kinetic measurements for 8
hours at 420°C under H2. This reduction temperature was selected based on the temperature
programmed reduction (TPR) experiments. Following reduction, the temperature was decreased
to 410°C and the catalyst bed was flushed with UHP Ar (Airgas). Then, temperature was ramped
down to 100°C and hydrogen was introduced (45 cm3/min) over the sample for 1 h. After this
chemisorption step, the bed temperature was reduced in an acetone bath to dry ice temperature (78.5°C) in flowing H2 to ensure no chemisorbed H2 was desorbed prior to data collection.190
When the sample had cooled to dry ice temperature, the flow was switched to UHP argon with
60 cm3/min for 30 minutes to remove physically adsorbed H2 from the surface. Desorption and
data collection were performed in a flow of 15 cm3/min UHP Ar, while ramping up the
temperature to 400°C at 10°C/min.

3.2.7

Kinetic Testing
Fischer-Tropsch synthesis was conducted in a fixed-bed reactor (stainless steel, 9.5 mm

OD) described previously.7 Each catalyst (0.20 g, 125–180 µm) was diluted with 2 g quartz sand
or silicon carbide to provide an isothermal catalytic zone. The catalyst bed length was
approximately 38 mm, with the thermocouple tip placed in the middle.
Before FTS, the samples were reduced in situ. A mixture of 10% H2 and 90% He was
passed through the reactor as the temperature was ramped to 420°C at 0.5°C/min with two holds
at intermediate temperatures at the phase changes from Co3O4 to CoO and from CoO to Co. The
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hold temperatures were obtained from the TPR profiles. At 420°C, the catalyst was reduced for 4
hours in 10% H2 and 90% He, after which the gas flow was switched to 100% H2 for another 4
hours and then the reactor was cooled to 180°C. The catalysts were activated at 230-240°C for
10-15 h with a target CO conversion of 50%. Activity and selectivity data were then obtained
over the next 210 h at a reaction temperature of 220°C and conversion level of 20%. In the
present dissertation activity measurements are based on the mmol of CO converted in an hour
per mass of catalyst expressed in mmol/g.h and values of selectivity are moles of specific
product produced per mole of CO converted which is expressed in percent. The reactor pressure
was maintained at 20 atm absolute with an inlet H2/CO molar ratio of 2:1 and flow between 100120 cm3/min. The CO (Airgas UHP 99.9%) contained 12 mol% argon (Airgas 99.999%) as an
internal standard.
After leaving the reactor, the exit gas and liquid effluent passed through a hot trap (90°C)
and a cold trap (0°C) to collect waxes and lighter liquid hydrocarbon products, respectively. The
effluent gaseous product was analyzed using an HP5890 gas chromatograph equipped with a
thermal conductivity detector and a 60/80 Carboxen-1000 column. CO conversion and
selectivities were calculated based on the internal Ar standard.

3.2.8

CO Chemisorption
Carbon monoxide chemisorption was measured using gravimetric analysis. The catalysts

were reduced in the TGA described in Section 3.2.4 by ramping the temperature from 25°C to
420°C at 1°C/min in flowing 10% H2/He, holding for 3 hours, and then reducing the temperature
to 400°C for a final hour. The hydrogen was driven out of the system with a stream of pure He at
400°C and then the system was cooled to 100°C. CO chemisorption was measured by flowing 10%
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CO (Airgas UHP 99.9%)/He (Airgas 99.995%) until the weight equilibrated (about 3 hours).
Combining the CO chemisorption and EOR data, Co crystallite size, dispersion (Disp.), and site
density were calculated. Equation (7) was used to calculate dispersion and equation (8) was used
to calculate average Co crystallite diameter.14
%𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷. = 𝐶𝐶𝐶𝐶 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 �

𝑑𝑑𝑁𝑁𝑁𝑁 =

94 𝑛𝑛𝑛𝑛
%𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷.

𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇

𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

� ∗ 0.042

where dc is the crystallite diameter
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(7)
(8)

4

EFFECT OF DIFFERENT ALUMINA SUPPORTS ON PERFORMANCE OF
COBALT FT CATALYSTS

4.1

Introduction
Alumina and silica have been thoroughly studied and used as supports for FT cobalt

catalysts. Although various alumina-silica supports are being used in different industrial
applications,15,

25, 33-37

alumina-silica supports with high thermal stability have not been

thoroughly studied thus far for cobalt FT catalysts. Recently, a newly developed alumina-silica
support has successfully been used to prepare iron FT catalysts.35, 38 Mixing alumina with small
amounts of silica (up to 6 wt%) can result in a support that has a higher surface area, a bimodal
pore size distribution, improved porosity, higher thermal stability, and optimal acid site
concentration.35, 39
In this chapter, this newly developed alumina-silica (Al-Si) support is compared with
commercial supports for cobalt FT catalyst preparation. Other than the support material, each
catalyst was prepared identically, with 20 wt% Co metal and 0.15 wt% Ru added to decrease
reduction temperatures and to prevent cobalt crystals from sintering during reduction. The
commercial supports used for comparison in this chapter are Puralox from Sasol (Sa) and
aluminum oxides from Alfa Aesar (AA) and Saint Gobain (SG). The prepared materials and
catalysts were characterized by a variety of techniques, including X-ray diffractions (XRD),
nitrogen physisorption, transmission electron microscopy (TEM), temperature programmed
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reduction (TPR), temperature programmed oxidation (TPO), extent of reduction (EOR),
hydroxyl group measurement, and H2 chemisorption. Catalytic performance, including FTS rate
and selectivity, was evaluated in the fixed bed reactor for each type of supported catalyst. Both
characterization and kinetic results are discussed in detail in this chapter.

4.2

4.2.1

Results

Nitrogen Adsorption/Desorption
Specific surface areas, pore size distributions, and average pore diameters of the four

supports and the four catalysts, in both calcined and reduced/passivated states, were calculated
from nitrogen physisorption data using the BET method and a newly developed slit pore
geometry (SPG) model proposed by Huang et al.189 As shown in Table 5, the support surface
areas range from 103 to 177 m2/g, with average pore diameters ranging between 8.8-23.3 nm and
pore volumes of 0.43-1.15 cm3/g. The Al-Si support has the largest surface area and pore volume
compared to the other three alumina supports. As shown in Figure 17, which displays the pore
size distribution of the supports, both Al-AA and Al-SG possess monomodal pore size
distributions. Al-Sa has a small fraction of pores centered around 9 nm, while the majority are
~20 nm on average. Al-Si displays a clear bimodal pore size distribution, with the first peak
centered around 19 nm and the second at 54 nm. According to the BET data, after impregnation
of the supports with 20 wt% Co and subsequent drying and calcination, the surface areas and
pore volumes for all catalysts decreased on average by 20% and 30%, respectively. Nevertheless,
the pore volume and surface area of the calcined and the reduced Co-Al-Si catalyst remained
around 0.8 cm3/g and 120 m2/g, which are higher than for the other three catalysts. Higher

57

surface area and pore volume probably can contribute in increase in dispersion i.e., increase in
number of active sites in access of reactants which results in increase in activity.
Table 5. Surface Area, Pore Volume and Pore Diameter of Different Supports, Calcined and
Reduced Catalysts

Sample

Surface Area (m2/g)

Pore Volume (cm3/g)

Mean Pore Width (nm)

Al-Si

support

177

1.15

19 & 54

Co-Al-Si

calcined

113

0.81

19 & 54

Co-Al-Si

reduced

124

0.77

19 & 54

Al-AA

support

103

0.43

8.8

Co-Al-AA

calcined

92

0.36

8.8

Co-Al-AA

reduced

81

0.32

8.8

Al-Sa

support

138

0.69

23.3

Co-Al-Sa

calcined

104

0.48

20.2

Co-Al-Sa

reduced

107

0.51

20.1

Al-SG

support

143

0.62

12.2

Co-Al-SG

calcined

107

0.42

12.2

Co-Al-SG

reduced

114

0.46

12.2

Figure 17. Pore size distribution of supports from BET data using a slit pore geometry (SPG)
model.37
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4.2.2

X-ray Diffraction (XRD)
XRD data were obtained for the calcined and the reduced/passivated samples. Figure 18

shows these data compared to corresponding standards. All scans of the calcined samples (Figure
18a) show the presence of Co3O4 particles as the major phase for the calcined cobalt catalysts.
Peaks at approximately 32°, 38°, 44°, 59°, and 66° can be indexed to the (220), (311), (400),
(511) and (440) reflections, respectively (JCPDS Card 00-42-1467). Major peaks at 47° and 68°
for γ-alumina are also observed for all of the calcined and reduced samples, which indicates that
of all supports maintain the same alumina phase after calcination (Figure 18a) and reduction
(Figure 18b). In the case of reduced/passivated catalysts (Figure 18b)), there is a pronounced
metallic cobalt peak at 2θ=44° corresponding to the (111) reflection (Co-fcc, JCPDS card 00015-0806), which indicates that all catalysts are well-reduced.

Table 6. Crystallite Size for Calcined and Reduced Catalysts from XRD
Sample

Calcined (Co3O4, nm)

Reduced (Co0, nm)

dCo0/dpore

Co-Al-Si

9.3

5.9

0.31

Co-Al-AA

8.5

6.1

0.69

Co-Al-Sa

15.3

12.7

0.63

Co-Al-SG

16.4

12.9

1.06

The average crystallite size calculated from the peaks located at 38° for Co3O4 and 44°
for Co0 are given in Table 6. The crystallite size of Co0 in the reduced catalysts increases in the
following sequence: Co-Al-Si, Co-Al-AA, Co-Al-Sa, and Co-Al-SG. The average crystallite
size of Co-Al-Si, Co-Al-AA, and Co-Al-Sa catalysts are all smaller than the pore diameters of
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the corresponding supports (see Table 6), suggesting that most of the crystallites are located
inside the pores. However, in the case of Co-Al-SG, the metallic cobalt crystallite size is almost
the same as the average pore diameter of its corresponding support, suggesting that Co
crystallites may completely fill the pores or even reside outside.

Figure 18. XRD patterns of (a) calcined and (b) reduced catalysts prepared with different supports.
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4.2.3

TEM
The TEM images provide a visual reference for the size and distribution of the cobalt

metal on the catalysts. As shown in Figure 19a, uniform Co crystallites with a size around 5 nm
are evenly distributed in the Co-Al-Si catalyst. For the Co-Al-AA and Co-Al-Sa (Figure 19b &
(19c)) catalysts, large crystals or agglomerates are present, although small crystallites are also
observed. For Co-Al-SG, crystallites with sizes of about 20-30 nm are clearly observed.

Figure 19. Dark field TEM images for (a) Co-Al-Si, (b) Co-Al-AA, (c) Co-Al-Sa, and (d) Co-Al-SG
catalysts.

4.2.4

H2 Temperature Programmed Reduction (TPR)
H2-TPR was performed to investigate the effect of the different supports on the reduction

behavior of the catalysts. As shown in Figure 20, which contains the reduction profiles for each
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of the catalysts, reduction of cobalt oxide occurs in three steps. The first peak represents the
reduction of Co3O4 to CoO and the second peak is attributed to reduction from CoO to metallic
Co.192-193 The third, high temperature peak is attributed to the reduction of a small amount of
cobalt aluminate spinel.
The reduction profile indicates that the maximum rate of reduction from Co3O4 to CoO is
in the temperature range of 214°C to 240°C. The first peak for Co-Al-Si occurs at a higher
temperature, with a maximum around 240°C, compared to Co-Al-AA at 219°C, Co-Al-SG at
214°C, and Co-Al-Sa at 216°C. This higher reduction temperature for the Al-Si catalyst may be
caused by better dispersion of the cobalt, which induces the formation of smaller Co3O4
crystallites that are more difficult to reduce.194-195 The second peak maxima for the Co-Al-Si, CoAl-AA, and Co-Al-SG catalysts are all centered near 380°C, while the peak maximum for CoAl-Sa appears at a lower temperature of 360°C. For the Co-Al-AA, Co-Al-SG, and Co-Al-Sa
catalysts, the maximum rate of the reduction (peak height) is essentially the same for the first
two reduction steps within their respective TPR profiles. For Co-Al-Si, the maximum reduction
rate for reduction of CoO to Co (the second peak) was 20% higher than the reduction of Co3O4 to
CoO (the first peak). All of the catalysts appear to have a low-temperature shoulder on the
second peak, which is most pronounced for Co-Al-Si (centered at ~330°C), which suggests the
reduction from CoO to Co may proceed through a sub-oxide intermediate. However, in all cases,
the overall ratio of first to second peak areas are approximately 1:3, consistent with the
stoichiometry of oxygen removed in the transition from Co3O4 to CoO compared to CoO to Co.
Further comparing the relative peak areas, approximately 3 wt% of total cobalt in each
catalyst exists as cobalt aluminate, which does not appear to be significant in the performance of
the catalysts. The areas beneath the curves were quantified to calculate the extent of reduction
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(EOR) of the catalysts. The EORs, assuming reduction from Co3O4 to Co0 have the following
trend: Co-Al-Sa (81.1%) > Co-Al-Si (77.6%) > Co-Al-AA (62.7%) > Co-Al-SG (57.7%), as
shown in the first data column of Table 7. Higher EORs are observed for Co-Al-Sa and Co-Al-Si,
while low values are observed from Co-Al-AA and Co-Al-SG.

Figure 20. TPR profiles of catalysts prepared with different supports. (Data are offset vertically for
clarity.)

4.2.5

Oxygen Titration
Table 7 also contains the extent of reduction (EOR) results from oxygen titrations that

followed hydrogen reduction at 420°C. The catalyst’s EOR measured by this method ranged
from 46% to 95% with Co-Al-Sa and Co-Al-Si showing the two highest values and Co-Al-AA
and Co-Al-SG possessing the lowest values, consistent with the trend observed from EOR
determined directly by H2 TPR. This calculation also assumes that the catalysts can be fully
reoxidized to Co3O4, which may not be the case (and would explain the lower values observed
for Co-Al-AA and Co-Al-SG).
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Table 7. Extents of Reduction Determined from H2 TPR and Oxygen Titration, Dispersion, and
Crystallite Size of Calcined Catalyst Determined from H2 Chemisorption.
EOR from
H2 TPR
(%)

EOR from
O2 titration
(%)

H2
chemisorption
uptakeb
(μmols/gcat)

Co-Al-Si

77.6

85

256

17.8%

5.3

Co-Al-AA

62.7

51

111

12.4%

7.6

Co-Al-Sa

81.1

95

102

6.3%

14.8

Co-Al-SG

57.7

46

47.9

6.1%

15.3

Catalysts

a.
b.

c.

4.2.6

Dispersiona

Average Co
Particle
Diameter
(nm)

Dispersion values are corrected based on the extents of reductions from O2 titration.
Expected relative error obtained from pre based in calculation of H2 uptake is 10% (reported error is
relative standard error for reproducibility of the results which was calculated for instrument using 6 random
samples).
Expected relative error in calculation of O2 uptake is 6% (reported error is relative standard error for
reproducibility of the results which was calculated for instrument using 6 random samples).

H2 Chemisorption and Dispersion
H2 chemisorption data were obtained for each catalyst as an indication of the densities of

active sites. The results are included in Table 7. Co-Al-SG has the lowest H2 uptake (48
µmol/gcat), followed by Co-Al-Sa (102 µmol/gcat) and Co-Al-AA (111 µmol/gcat). Co-Al-Si has
the highest value (256 µmol/gcat), which is 4 times higher than that of Co-Al-SG and twice those
of Co-Al-Sa and Co-Al-AA.
Cobalt dispersion values and average crystallite diameters calculated from the
chemisorption data necessarily follow consistent trends: Co-Al-Si shows the highest dispersion,
17.8%, while Co-Al-Sa and Co-Al-SG have the lowest, at about 6.3% and 6.1%, respectively;
while Co-Al-Si displays the smallest crystallite size (5.3 nm), followed by Co-Al-AA (7.6 nm),
and Co-Al-Sa and Co-Al-SG possess much larger crystallite sizes (14.8 and 15.3 nm,
respectively). The trend of this latter observation is in excellent agreement with the crystallite
sizes for the reduced catalysts calculated from the XRD results, reported in Table 6, although
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these values are consistently about 10% larger. Details of the calculations have been previously
reported.2

4.2.7

Hydroxyl Group Measurement
TGA was used to determine the hydroxyl group content of the four alumina supports.

According to Ek et al.196 during temperature-programmed thermal treatment of a high surface
area oxides (e.g. alumina or silica) in an inert atmosphere, two mass loss events occur: (1)
removal of physically adsorbed water at low temperatures and (2) removal of surface hydroxyl
groups in the form of water at high temperatures.
As shown in Figure 21, the first step (removal of physisorbed water) is abrupt in the
range of 25–130°C. The second step, due to slow dehydration of alumina hydroxide, is observed
by a weight loss in the range of 130–1100°C.
In this study, pre-calcined alumina samples (Al-SG, Al-AA, Al-Sa at 700°C, and Al-Si at
1100°C) were heated from room temperature to 1100°C in He flow and held for 2 h (Figure 21).
Among the samples, Al-SG had the highest rate of dehydration and dehydroxylation. In order to
deconvolute the peaks and distinguish between dehydration and dehydroxylation, another TGA
experiment was performed in which the temperature was held at 130°C for 2 h to desorb
physically adsorbed water from the alumina surface.
The selection of 130°C for dehydration is in agreement with the literature,196 in which the
desorption of water is claimed to be complete between 100 and 130°C. The physically adsorbed
water contents were determined using a previously reported formula

197

and are presented in

Table 8. According to this table number of hydroxyl groups on the alumina supports is higher
than that of AlSi support which can be attributed to higher calcination temperature.
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Table 8. Concentrations of Physically Adsorbed Water and OH Groups for Alumina Samples.
Supports

First mass
lossa (%)

Second mass
lossb (%)

Physically
adsorbed water
(mmol/gAl2O3)

OH group
content
(mmol/gAl2O3)

Surface OH
concentration
(OH/nm2)

Al-Si

2.0

2.5

1.1

2.8

9.5

Al-AA

2.0

3.1

1.1

3.4

20

Al-Sa

2.6

3.4

1.4

3.8

17

Al-SG

3.8

6.2

2.1

6.9

29

a.
b.
c.

Removal of physisorbed water in the temperature range from 25 to 130°C
Removal of surface hydroxyl groups of alumina in the temperature range from 130 to 1100°C
Expect relative error is 5% (reported error is relative standard for reproducibility of the results which was
calculated for instrument using 6 random samples).

The final results show that Al-Si has the lowest OH group content, while Al-SG has the
highest. Normalized per surface area, the Al-Si support (at 9.5 OH/nm2) has ~1/2 to 1/3 of the
OH content of the other supports (which range from 17 to 29 OH/nm2), as shown in the final
column of Table 8. Higher OH group content also correlates with higher amounts of physically
adsorbed water in the samples. This result is consistent with the hydrophilic nature of alumina
because of the presence of the hydroxyl groups on the surface.198

Figure 21. TGA profiles for dehydration and dehydroxylation of alumina samples. The samples
were heated from room temperature to 1100°C in He flow and held for 2 h.
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4.2.8

FTS Performance
Table 9 compares FTS performance, including CO activity (reaction rate) and selectivity

to methane, for the four catalysts. All data were obtained at approximately the same CO
conversion (20%) at 220°C. The support material clearly plays an important role in determining
the cobalt FT catalytic rate. The rate of reaction varies by nearly a factor of two (26–49
mmol/gcat/h). The catalysts supported on Co-Al-Si and Co-Al-AA aluminas are the most active,
whereas those on Co-Al-Sa and Co-Al-SG are the least active. Steady-state methane selectivity is
slightly lower on Co-Al-AA: 10.5% compared to 12.5–13.5% for the other catalysts.
Table 9. Catalyst Fischer-Tropsch Synthesis Rates and Methane Selectivity
CO Ratea
(mmol/gcat/h)

CH4 selectivityb
(%)

TOFc (10-3/s)

Co-Al-Si

49

13.5

27

Co-Al-AA

39

10.5

49

Co-Al-Sa

29

12.5

40

Co-Al-SG

26

12.5
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Catalysts

a.
b.
c.

4.3

Expected relative error in CO rate data is 12.5% (reported error is relative standard error for reproducibility
of the results which was calculated for instrument using 3 random samples).
Expected relative error in CH4 selectivity is 6.5% (reported error is relative standard error for reproducibility
of the results which was calculated for instrument using 3 random samples).
Turn over frequency.

Discussion
The results in this chapter demonstrate that the selection of catalyst support is critical for

successful Co FTS catalysts. The catalyst with the highest activity in the present study, Co-Al-Si,
is supported on a silica-stabilized alumina. This catalyst produces the highest FTS rate because
(1) it has high surface area, large pore volume, large pore size, and a bimodal pore size
distribution, all of which appropriately accommodate and stabilize the deposited Co and improve
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mass transfer and (2) its excellent thermal stability allows the removal of surface hydroxyl
groups at a very high temperature (1100°C), which results in less interaction between Co and
support and provides better active phase dispersion. In addition, proper Co crystallite size also
has significant impact on catalyst performance.

4.3.1

Effects of Support characteristics and H2 Uptake
Larger support surface area leading to high dispersion, exemplified by Co-Al-Si, is in line

with previous studies.14, 199-200 In addition, large pore volume and pore diameters in the Al-Si
support facilitate a spatially uniform Co loading without pore blocking or a substantial reduction
in pore size, which is evidenced by the data presented in Table 5 and Table 6 and in the TEM
images (Fig. A1). Fig. A1 in the appendix shows that only the Al-Si support consists of both
large (about 50 nm) and small (about 20 nm) particles.
The bimodal pore size distribution can be attributed to the voids between the particles
with these two different sizes. Previous literature studies on applying bimodal pore size supports
for cobalt FT catalyst preparation have used supports with small pore diameters ranging between
(2.5 nm-6 nm) and large pores ranging between (3.3 nm-50 nm). However, the crystallite size
analysis in these studies indicates that cobalt nanocrystals were not deposited in the smaller
pores.200-204 In the present study, as shown in Figure 19, the observed crystallite sizes from TEM
are in excellent agreement with the quantitative values obtained from both XRD and H2
chemisorption.
The Co crystallite size in the Co-Al-Si catalyst, coupled with pore size distribution results,
suggest that cobalt nanocrystals have been deposited into both small and large pores, which is
necessary to understand the effect of the bimodal size distribution on cobalt FT catalyst
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performance. On the support with bimodal size distribution, the larger pore sizes also provide
larger effective diffusivities;25, 203-205 thus, the second average pore peak size around 55 nm for
Al-Si also contributes to better mass transfer during FTS reaction.38, 197 Consequently, an inverse
correlation between CO reaction rate and Co crystallite size to support pore width ratio (dCo/dpore)
is clearly displayed in Figure 22. Similar results were reported by Saib et al.206 and Khodakov et
al.207 for Co FTS catalysts supported on silica.

Figure 22. CO reaction rate as a function of Co crystallite size and support pore diameter ratio
(dCo/dpore).

STEM images coupled with energy dispersive X-ray spectroscopy (EDS) of 20 particles
for each catalyst (Fig. A2 in Appendix) confirmed that the Ru promoter is only present in the
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vicinity of cobalt, indicating that support characteristics, such as surface acidity/hydroxyl group
concentration, do not appear to affect the promoter location in these cobalt FT catalysts.
However, the hetero-atom structure in the Al-Si support may contribute to the high activity of the
corresponding catalyst. According to Zhang et al.,25,
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CO adsorbed on their alumina-silica

bimodal pore catalyst had a higher turnover frequency compared to silica-silica bimodal pore
catalyst with a similar pore size distribution and Co dispersion.

4.3.2

Effects of Hydroxyl Group Concentration
Dehydroxylation of the alumina support to remove acidic sites and hydroxyl groups is

very important in FT catalysis.35 The results in this chapter provide evidence of correlation
between alumina surface hydroxyl groups, H2 uptake, and FTS rate. Figure 23a shows the
correlation of decreasing H2 uptake with increasing surface hydroxyl group concentration, while
Figure 23b shows the correlation of increasing catalytic rate with increasing H2 uptake.
These results indicate that a lower OH group content is associated with a higher H2
uptake, which in turn translates into higher FTS rate. Low surface hydroxyl concentration is
achieved by a high calcination temperature, e.g., 1100°C for the Al-Si support, which is possible
due to its excellent thermal stability. Such high temperatures are normally not employed for the
calcination of alumina, since the γ-Al2O3 to α-Al2O3 transition usually occurs above 900°C.208
As shown in Figure 21, a dehydroxylation temperature of 1100°C is very effective in removing
most of the OH groups on Al-Si.
In addition to the large surface area of Al-Si, its low surface hydroxyl group
concentration also contributes to higher Co dispersion on the Co-Al-Si catalyst because OH
groups can act as anchoring sites to form cobalt-aluminate spinel crystallites at the nanometal70

support interface.209 In contrast, Al-SG has the highest OH group concentration (>~1.5 times
higher than any of the other three catalysts) and shows the lowest extent of reduction, dispersion,
H2 uptake, and FTS rate.

4.3.3

Effect of Co Crystallite Size
The effect of Co crystallite size in supported Co FTS catalysts has been thoroughly

studied.

210-214

The turnover frequency (TOF) of Co FTS catalysts is essentially constant for Co

crystallites larger than 6 nm.105 In this chapter, Co crystallite sizes for all of the catalysts are
close to or above 6 nm; therefore, as TOF is expected to be constant for these catalysts, the
number of active sites available for turnovers is the key for activity. Co-Al-Sa has the second
lowest CO reaction rate, despite having the highest extent of reduction as measured by both H2
TPR and O2 titration (shown in Table 7).
The lower FT reaction rate for the Co-Al-Sa catalyst can be related to the larger Co
crystallites formed over this support with the associated lower dispersion, along with possible
pore blockage. Compared to Co-Al-Sa, Co-Al-AA has much lower EOR (63% from H2 TPR and
51% from O2 titration), but still has slightly higher H2 uptake and FTS reaction rate. This is
explained by the difference between the crystallite sizes of the two. The former has much larger
crystallite size and proportionally many fewer surface Co atoms than the latter. Although their
extents of reduction are quite different, they have very similar H2 uptakes.
In the case of Co-Al-SG, which has the largest Co crystallite size and lowest EOR, poor
CO reaction rate is observed. In contrast, Co-Al-Si, which has the smallest Co crystallite size and
high EOR, combined with its unique bimodal pore structure and low OH group concentration,
make it the most active catalyst in the present study.

71

Figure 23. Correlation between (a) H2 uptake and OH group concentration and (b) CO
consumption rate and H2 uptake.

4.4

Conclusion
In this chapter, a series of Co Fischer-Tropsch synthesis catalysts with the same

composition and preparation procedures, but supported on four different aluminas, were
synthesized, characterized, and kinetically tested to investigate the effect of the supports on their
performance. The results demonstrate that the most active catalyst, with a rate of 49 mmol CO
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gcat-1h-1 at 220°C and 20 atm, is obtained by using the Al-Si support, which has the following
properties:
(1) high surface area, large pore volume, large pore size, and unique bimodal pore size
distribution to accommodate Co crystallites without blocking pores, while enhancing mass
transfer during FTS reaction. (2) high thermal stability that enables the removal of most surface
hydroxyl groups on the support by calcination at very high temperatures (i.e., 1100°C), which
decreases the metal-support interaction and in turn results in higher H2 uptake and CO reaction
rate.
In addition, cobalt crystallite size plays a key role in determining the number of available
active sites and the final catalyst performance. This study did not focus on selectivity or
selectivity correlations. Further, the catalysts studied in this work have not been optimized to
reduce methane selectivity, which is the subject of future research.
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5

EFFECTS OF SILVER PROMOTION AND PREPARATION METHOD ON
COBALT FISCHER-TROPSCH CATALYSTS SUPPORTED ON SILICAMODIFIED ALUMINA

5.1

Introduction
For Co catalysts, promoters are widely used to improve the structure, active phase

dispersion and reducibility, and catalytic activity and selectivity. Traditionally, Pt and Ru are
used because they have been shown to aid in catalyst reduction and dispersion of the active
cobalt phase;42, 44, 215 however, these metals are quite expensive and there is a search for cheaper,
alternative metals. In this chapter, the effectiveness of Ag as a promoter for Co FTS catalysts
was studied using two different preparation methods: conventional incipient wetness
impregnation (IWI) and a new one-pot solvent deficient precipitation (SDP) method. To
optimize the Ag promotion effects, catalysts with 20 wt% Co and four different Ag loadings
were prepared by each of the two preparation methods and characterized by transmission
electron microscopy (TEM), nitrogen physisorption, X-ray diffraction (XRD), hydrogen
temperature programmed reduction (H2 TPR), and CO chemisorption. The eight catalysts were
activated in situ and their catalytic performances were evaluated in a fixed bed reactor.

5.2

Nitrogen Physisorption
BET surface areas measured by nitrogen physisorption (Table 10) for the series of 20%
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Co catalysts range from ~120 to 140 m2/g, compared to 177 m2/g for the support. If the Al-Si
support were the only contributor to the surface area, the area of each Co/Al2O3 catalyst should
be 177 × 0.8 = 142 m2/g, which is consistent with the measured surface area range of the
catalysts. However, a general trend of decreasing surface area with increasing Ag content is
observed, with the exception of the 1.2 wt% Ag catalysts. In terms of pore volume, a maximum
at the 1.2 wt% Ag loading is observed, with equal or smaller pore volumes for the catalysts with
other Ag loadings, suggesting that other loadings of the promoter induced slight blockage of a
fraction of the pores. The average pore diameters for all catalysts are essentially the same as the
bimodal values obtained for the Al-Si support, indicating that the pore structure was maintained
during the metal and promoter loading process.
Table 10. Surface Area, Pore Volume, and Pore Diameter

5.3

Surface Area
(m2/g)

Pore Volume
(cm3/g)

Average Pore
Diameters (nm)

Al-Si

177

1.15

19 & 50

0.3Ag-IWI

142

0.83

19 & 50

0.6Ag-IWI

112

0.58

17 & 50

1.2Ag-IWI

137

0.83

19 & 50

2.5Ag-IWI

119

0.70

19 & 50

0.3Ag-SDP

136

0.69

17 & 50

0.6Ag-SDP

112

0.55

17 & 50

1.2Ag-SDP

127

0.77

19 & 50

2.5Ag-SDP

121

0.70

19 & 50

X-ray Diffraction Data
Figure 24 shows the powder X-ray diffraction patterns for all calcined and reduced

catalysts. As shown in Figure (24a), characteristic peaks of γ-Al2O3 and Co3O4 are observed for
the Al-Si support and calcined catalysts, respectively. No SiO2 or other silica peaks were
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detected, suggesting that the 5 wt% silica in the support is well-dispersed or at least amorphous if
it is aggregated. Peaks at 19°, 32°, 37°, 40°, 46°, 62° and 67° can be indexed to the (111), (220),
(311), (222), (400), (511), (440) reflections of γ-Al2O3 (JCPDS card 00-029-0063).186 Although
some of the Co3O4 peaks overlap with the γ-Al2O3 peaks, prominent peaks at 56°, 60°, and 66°
from the (422), (511) and (440) reflections of Co3O4, (JCPDS card 00-042-1467) are clearly
displayed, confirming the formation of Co3O4 in the calcined catalysts.216
XRD patterns for the reduced catalysts are shown in Figure 24b (IWI preparation) and
(24c) (SDP preparation). For the IWI catalysts, characteristic peaks for face-centered cubic (fcc)
Co metal are observed at 44°, 51°, 76° and 92°, which can be assigned to reflections from (111),
(200), (220), and (311) planes (Co-fcc, JCPDS card 00-015-0806). No hexagonal close packed
(hcp) Co (Co-hcp, JCPDS card 00-005-0727) is observed from the XRD patterns, which is
probably due to the high reduction temperature (400-420°C) used in the present study, since hcp
Co often forms at lower reduction temperatures (~250°C) and transforms into fcc Co at higher
reduction temperatures.216 In addition, the diffraction peak at 44° is the broadest for the 1.2AgIWI catalyst, indicating that 1.2Ag-IWI has the smallest Co crystallite size, while the other three
IWI catalysts have sharper peaks, indicating diffraction from larger crystallites. Moreover, peaks
for CoO are also observed at 36° and 42°, corresponding to reflections from (111) and (200)
planes (CoO, JCPDS card 00-043-1004), which are likely from the oxide layer of the passivation
performed prior to XRD measurements. Similar to the reduced IWI catalysts, peaks for fcc Co
are also observed for the reduced SDP catalysts, although the peaks are not as sharp. Once again,
1.2Ag-SDP has the broadest Co peaks and therefore the smallest crystallite size. The Scherrer
equation was used to calculate Co crystallite size (shown in Table 11) of the calcined catalysts,
assuming that dCo = 0.75dCo3 O4 .
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a) Calcined

b) Reduced IWI
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c) Reduced SDP
Figure 24. XRD patterns of (a) calcined catalysts, (b) reduced catalysts prepared by the IWI
method, and (c) reduced catalysts prepared by the SDP method. Triangles represent CoO peaks
and circles represent Co-fcc peaks.

5.4

Temperature Programmed Reduction (TPR) Profiles and Extents of Reduction
(EOR)
TPR profiles for the catalysts are summarized in Figure 26a (IWI preparation) and Figure

26b (SDP preparation). Both IWI and SDP catalysts exhibit similar reduction profiles, in which
the first peak occurs at 180-250°C and the second peak occurs at 250-370°C. The first peak can
be attributed to the reduction from Co3O4 to CoO, while the second peak represents the
conversion from CoO to Co.47 The first peak is sharper, since the reduction from Co3O4 to CoO
is probably less influenced by metal-support interaction and/or cluster size, while the second
peak is broader due to the more difficult reduction of CoO clusters spread on the surface, which
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are

more

sensitive

to

support

interactions,

consistent

with

the

observation

by

Jermwongratanachai et al.50 Besides these two notable peaks, a small high temperature
peak >550°C is also observed, which is attributed to the reduction of transitional surface cobalt
aluminate species.47 Several of the catalysts also show a small low temperature peak, centered in
the 100-150°C range, which generally increases in size with increasing silver content. This
reduction peak has not been positively identified, but is likely associated with Ag2O to Ag
reduction due to the correlation with silver content.217

Figure 25a. TPR profiles of IWI prepared catalysts Data are offset vertically for clarity.

There is a strong trend of decreasing reduction temperature for both cobalt oxide peaks
with increasing Ag loading. For both IWI and SDP catalysts, 2.5 wt% Ag causes the position of
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the first peak in Figure 26 a & b to decrease to ~180°C (a 70°C shift) and the second peak to
decrease to ~280°C (a 30°C shift) relative to the 0.3 wt% Ag catalysts.
Furthermore, the reduction temperature for both peaks are significantly lower than those
observed for Ag promoted Co FT catalysts reported in the literature (~250°C for the first peak
and >400°C for the second peak).47,

50

In addition, the areas of both peaks increase with

increasing Ag loading, further confirming the enhanced reducibility with higher Ag loading.
Consequently, the extents of reduction of the catalysts shown in Table 11 increase by about 20%
with increased Ag content, consistent with the EOR results for Ag-promoted 15 wt% Co/Al2O3
catalysts reported by Jacobs et al.47

Figure 26b. TPR profiles of SDP prepared catalyst. Data are offset vertically for clarity.
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However, in the study by Jermwongratanachai et al.50 on 25 wt% Co/Al2O3 (Ag ranging
from 0.27 to 2.76 wt%), an almost negligible increase in EOR is observed, i.e., 59.7 to 61.1,
which suggests that Ag does not act as a reduction promoter in these catalysts, contrary to the
results presented in this chapter, the report of Jacobs et al.47, and the study by Eschemann et al.45
on Co/TiO2. The remarkable decrease in reduction temperatures and increase in EOR for the
catalysts in this chapter clearly show the positive influence of silver as a reduction promoter for
Co FTS catalysts.

5.5

CO Chemisorption and TEM
Although the TPR and EOR data demonstrate that the addition of Ag improves the

reducibility of all catalysts, these characterizations do not indicate whether the enhanced
reducibility leads to higher Co dispersion. Normally, H2 chemisorption is used to measure
dispersion. However, CO was used here instead of H2, since CO is a primary reactant in FTS and
because CO adsorbs weakly and endothermically on Ag.218 To calculate the CO/Cosurf ratio, CO
chemisorption was performed on a catalyst with a calibrated H2 chemisorption uptake. The ratio
of adsorbed CO to active sites from H2 was then calculated to be 0.703. This ratio was used to
estimate the number of exposed Co atoms on other catalysts. To verify this ratio, CO
chemisorption coupled with TEM analysis was used to calculate the crystallite size for the
1.2Ag-SDP catalyst. The calculated average crystallite diameter of 7.6 nm is in excellent
agreement with that of 7.3 nm obtained from CO chemisorption. Therefore, the CO
chemisorption measurements of this chapter provide a reliable assessment of Co metal active
sites, which are summarized in the active site density column in Table 11. To estimate the error
in CO chemisorption calculations, 20 measurements were performed on one catalyst (1.2AgSDP), and the standard error was 2.1%.
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Considering the reduction data, catalysts with a higher Ag concentrations would be
expected to adsorb more CO due to higher extents of reduction. This is true for Ag
concentrations up to 1.2 wt%, and is consistent with previous reports in the literature that the
addition of Ag not only improves the Co reducibility, but also augments the Co metal site
density.47, 50 However, CO chemisorption quantity and active site density decrease with further
increases in the Ag content to 2.5 wt%, which is likely due to the blockage of surface cobalt sites
by excess Ag.50 Based on the data in Table 11, both 1.2Ag-IWI and 1.2Ag-SDP show the highest
dispersion and smallest Co crystallite size, which is consistent with the observation from the
XRD results (Figure 24).

Table 11. Extent of Reduction, CO Uptake, Dispersion, and Crystallite Size of Reduced Catalysts
Reduced
Catalysts

Extent of Co
Reductiona (%)

CO uptake
(μmol/gcat)

Active site
Density
(μmol/gcat)b

Co
Dispersion
(%)

Average Co
Crystallite
Diameter (nm)c

Average Co
Crystallite
Diameter
(nm)d

0.3Ag-IWI

72.0

221

315

9.3

10

19

0.6Ag-IWI

78.0

259

369

11

8.6

12

1.2Ag-IWI

83.0

307

437

13

7.3

7.5

2.5Ag-IWI

94.

244

347

10

9.2

12

0.3Ag-SDP

74.0

217

309

9.0

10

13

0.6Ag-SDP

80.0

230

327

10

9.7

12

1.2Ag-SDP

85.0

290±6

412

12

7.7

9.5

2.5Ag-SDP

93.0

270

385

11

8.3

11

a.
b.
c.
d.

EOR values are calculated based on oxygen uptake
By calibration relative to H2 chemisorption, if each mole CO binds to 1.4 moles of exposed Co
Particle size based on CO chemisorption data
Particle size based on XRD using Scherrer equation

Thus, Ag evidently assists in the reduction of Co to the active metal phase; however, too
much Ag inhibits the ability to adsorb CO. For Ag to be an effective reduction agent, it must be
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in close proximity to the Co particles. This is confirmed by the TEM/EDX results shown in
Figure 27 and Figure 28. Figure 27a shows a high resolution TEM image of the 1.2Ag-IWI
catalyst. Thin, slab-like particles with a length of about 15 nm and a width of about 8 nm
correspond to the Al-Si support, consistent with the morphology observed by Huang et al.186 and
Mardkhe et al.39 The dark, spherical particles with a diameter of about 7 nm are the Co
crystallites, in excellent agreement with the particle size calculated from CO chemisorption.
Figure 27b and Figure 27c respectively show bright field and dark field images of the overall
morphology of the 1.2Ag-IWI catalyst. The small dark dots in Figure 27b and the bright dots in
Figure 27c are Co crystallites that are well dispersed over the Al-Si support. Figure 27d shows
the EDX spectra for three selected areas highlighted in Figure 27c. Area 1 corresponds to a Co
crystallite, and a prominent peak for Ag is observed in the EDX spectrum. Areas 2 and 3
correspond predominantly to the Al-Si support, where no significant Ag peak is observed in the
EDX spectra. This observation provides direct evidence for location of Ag near Co, which likely
allows it to play the critical role in enhancing cobalt oxide reduction, as previously proposed by
Jermwongratanachai et al.50 Figure 28 shows the equivalent TEM/EDX images and data for the
1.2Ag-SDP catalyst, from which similar observations can be made.

5.6

FTS Performance
The effect of Ag loading on FTS performance of all catalysts is summarized in Table 12.

A comparison of the CO consumption rate for the IWI catalysts with different Ag loadings
shows direct correlation between CO chemisorption and CO rate. Both initially increase with
increasing Ag loading, with the highest rate of 66 mmol/gcat/h observed for the 1.2Ag-IWI
catalyst. However, with further increase in Ag content, the rate decreases to 48 mmol/gcat/h for
the 2.5 Ag-IWI catalyst. Turnover frequency (TOF) versus Ag content follows the same trend.
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For both preparation methods, the maximum TOF occurs for the catalyst with 1.2 wt% Ag
loading and this TOF is statistically significantly higher than for all of the other catalysts.
Observed catalytic rates versus time on stream (100 to 220 h) are shown in Figure A3 in the
Appendix. For all Ag promoted Co catalysts, only slight deactivation is observed during this time.
The observed stability is attributed to previously reported support characteristics.219

Figure 27. TEM images and EDX data for the 1.2Ag-IWI catalyst. (a) High magnification TEM
image. (b) Lower magnification bright field image. (c) Lower magnification dark field image. (d)
EDX spectra for the three areas identified in Figure 26(c); Area 1 is predominantly a cobalt
particle, while Areas 2 and 3 are predominantly the support.

84

A

Figure 28. TEM images and EDX data for the 1.2Ag-SDP catalyst. (a) High magnification TEM
image. (b) Lower magnification bright field image. (c) Lower magnification dark field image. (d)
EDX spectra for the three areas identified in Figure 27(c); Area 1 is predominantly a cobalt
particle, while Areas 2 and 3 are predominantly the support.

However, since this was not a deactivation study, the data were not collected for
sufficient time to make definitive conclusions regarding catalyst stability. Table 12 includes
selectivity data. In terms of CH4 selectivity, the lowest (13%) occurs for 1.2Ag-IWI; increasing
Ag content leads to much higher values of CH4 selectivity (i.e., up to 21%).
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Table 12. Fischer-Tropsch Synthesis Rate, Turnover Frequency (TOF) per Exposed Co Atom,
and Selectivity (H2/CO = 2, 220°C, TOS = 220 h)
CO rate
(mmol/gcat/h)a

TOF
(10-3/s)b

0.3Ag-IWI
0.6Ag-IWI
1.2Ag-IWI

29
38
66

36
37
51

2.5Ag-IWI

48

41

0.3Ag-SDP
0.6Ag-SDP
1.2Ag-SDP
2.5Ag-SDP

34
37
60
42

41
40
48±1c
33

Catalysts

a.
b.
c.
d.

S𝐶𝐶𝐶𝐶2
(%)

S𝐶𝐶2 𝐻𝐻6
(%)

Olefin/Paraffin
(C2H4/C2H6)

21

0.6
0.5
0.4
0.8

S𝐶𝐶2 𝐻𝐻4
(%)

1.7
1.3
1.5
3.5

0.4
1.5
2.0
0.5

16
14
14
15

0.5
0.4
0.5
0.5

0.6
2.1
2.9
2.7

1.2
1.3
1.3
1.4

0.5
1.6
2.2
1.9

S𝐶𝐶𝐶𝐶4
(%)d
15
16
13

0.6
1.9
3.0
1.8

S𝐶𝐶3+
(%)

82.1
78.8
82.1
72.9
81.7
82.2
81.3
80.4

The uncertainty associated with the reported rates is ±10%.
The standard deviation is ±2.9% of the reported values for TOF.
The standard deviation for this sample is ±2.1% of the reported value for TOF because a larger number (20)
of replicates of CO uptake were obtained for this sample.
The relative uncertainty associated with the reported selectivities is ±6.5% of the reported values.

The same trends in CO consumption rate and CO chemisorption amounts are observed
for the SDP catalysts. However, CH4 selectivity only differs slightly among catalysts prepared by
the SDP method. Similar selectivity trends were observed for ethene and for the C2
olefin/paraffin (O/P) ratios, calculated as described by Brunner.7 Regardless of preparation
method, the O/P ratio increases with increasing Ag content up to 1.2 wt%, after which, further
increase in Ag content results in a decrease in O/P.

5.7

Discussion
The results in this chapter provide new insight into the performance of Ag as a reduction

promoter for Co Fischer-Tropsch synthesis catalysts. The data indicate the following.
1. Silver is an efficient reduction promoter for cobalt FT catalysts.
2. Silver causes structural modification of the average Co crystallite size.
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3. SDP catalyst preparation is an efficient, one-pot synthesis method that is an excellent
substitute for IWI synthesis.
4. The FTS rate and selectivity of silver promoted Co catalysts reach optimal values near
1.2 wt% Ag content.
5. An optimal loading of Ag increases the intrinsic activity (TOF) of cobalt FT catalysts.

5.7.1

Performance of Silver as a Reduction Promoter
The TPR data in Figure 26 show that as the amount of Ag increases from 0.3 wt% to 2.5

wt%, the peak temperatures for the Co3O4 to CoO transition (Peak 1) and for CoO to Co (Peak 2)
shift towards a lower temperature, while peak areas of both Peaks 1 and 2 increase for both IWI
and SDP catalyst preparation methods. The trends of decreasing reduction temperature and
increasing extent of reduction as Ag concentration increases demonstrate the efficacy of silver as
a reduction promoter.
Extents of reduction were verified by oxygen titration (Table 11). Consistent with the
TPR results, EOR increases with increasing silver concentration. Both trends and values in
extent of reduction are in excellent agreement between catalysts prepared via both the IWI and
the SDP methods. This observation confirms that the Ag reduction promotion process for
CoAg/Al2O3-SiO2 FT catalysts is the same, regardless of preparation method.
The trend of increasing extent of reduction with increasing Ag promoter concentration
was previously observed by Jacobs et al.11 However, in a later study by the same group,50 no
increase in reducibility of CoAg FT catalysts with increasing Ag concentration was reported.
Nevertheless, the data of this chapter confirms clearly the effectiveness of Ag as a reduction
promoter. Moreover, the catalysts containing 1.2 and 2.5 wt% Ag have acceptably high
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fractional extents of reduction (0.83-0.94), which have been associated with higher specific
activity.220
Another measure of noble metal (NM) promoter effectiveness is the cost per mass of
catalyst, which should logically be based on the optimal concentration of each NM. For the
typical NMs used commercially (Pt, Re, and Ru), the optimal content associated with maximum
effect of reduction and/or maximum
FTS rate were obtained from the literature referenced in Table 13. As reported in Table
13, these costs (in terms of US$/kg catalyst) decrease from 33, 13, 7.2, to 4.4 for Pt, Re, Ag, and
Ru, respectively. Although the cost/kg for Ag is second lowest, with Ru being the most costeffective, this total cost/kg for a catalyst varies with the price of the NM, which fluctuates with
economic conditions.

Table 13. Promoter Price Estimates Based on Optimal Addition Levels Reported in the
literature.
Promoter Metal

Noble Metal Cost (US
$/Troy ounce)a

Optimal Promoter Content
(wt%)

Promoter Cost (US
$/kg catalyst)

Pt

941.00

0.1221

33

Re

88.46

0.412

13

Ag

17.05

1.2

7.2

Ru
a.

5.7.2

125.00

Spot market prices as of 11/10/2017

0.1

222

4.4

223

Ag Causes Structural Modification of Co Crystallite Size
Figure 29 contains a comparison of the average Co crystallite sizes among the eight

catalysts. Analysis of the data from Figure 29 and Table 11 shows that the average Co crystallite

88

diameter decreases by 27% and the number of Co active sites increases by ~35% with increasing
addition of Ag up to 1.2 wt%. With further addition of Ag from 1.2 to 2.5 wt% Co crystallite
diameter increases significantly (21%). Similar trends are observed in Co crystallites size
estimated from XRD and the same trends are evident for both preparation methods. In contrast,
the previous studies of Ag promotion of supported cobalt FTS catalysts reported that average Co
crystallite diameter was essentially constant with Ag concentration.11,12 As these studies were on
pure Al2O3 supports, it is possible that the support interaction was synergistic to produce this
effect. Nevertheless, the results of this chapter provide strong evidence that Ag addition modifies
Co crystallite size on the Al-Si support, and the crystallite size depends on the Ag concentration.
This observation may be explained in terms of changes in the ratio of Ag-Ag to Ag-Co bonds.50
From previously published extended X-ray absorption fine structure (EXAFS) results, the ratio
of Ag-Ag bonds to Ag-Co bonds increases with increasing Ag concentration; moreover, the
relative concentration of Ag-Co bonds is relatively small and decreases slightly as Ag
concentration increases.50 This result suggests that the silver tends to increasingly segregate to
silver domains with increasing concentrations, but the present study indicates that the silver is
simultaneously able to increase cobalt dispersion as the concentration nears an optimal amount,
which is approximately 1.2 wt%.

5.7.3

Effect of Ag Content on TOF of Cobalt FT Catalysts
This chapter provides evidence that Ag increases the intrinsic activity of Co (see the TOF

column of Table 12). The observed trends in TOF are apparently related to changes in Co
crystallite size as well as Ag content for both preparation methods. In general for these catalysts,
changes in TOF may be affected by four factors: (1) pore diffusional resistance, (2) heat transfer
effects, (3) Co crystallite size, and (4) electronic effects due to Co-Ag and Ag-Ag coordination.
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Two criteria were used to determine the extent of pore diffusional resistance, i.e.,
quantification of the effectiveness factor, which should be near 1, and the Weisz-Prater modulus
(WPM), which should be much less than 1, if diffusional resistances can be neglected.224 The
WPM calculation was made assuming a diffusivity of 1.6 x 10-8 m2/s for CO in the FT liquid
phase.225 Based on this diffusivity and the highest rate in this chapter (for 1.2Ag IWI), the WPM
was 0.03 and the effectiveness factor was 1.00; therefore, pore diffusional resistance is negligible.

Figure 29. Average Co crystal size calculated based on CO chemisorption for (a) catalysts prepared
by incipient wetness impregnation (IWI) and (b) catalysts prepared by the solvent deficient
precipitation (SDP) method.

Activity tests in this chapter were conducted under isothermal conditions in the absence
of film or particle heat transfer effects because of the choice of a small amount of catalyst
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consisting of sufficiently small diameter catalyst particles in a solid diluent with operation at low
conversions and high space velocities (see Chapter 3).
As discussed previously, Bezemer et al.226 observed that TOF increases with increasing
crystallite diameter from 2.6 to 6-8 nm (depending on pressure) while TOF was constant for
crystallites larger than 6-8 nm. Since the crystallites sizes in this study are larger than 7.3 nm,
there should be no direct effect of crystallite size on TOF.
However, the data of this chapter show (Table 11 and Table 12) a statistically significant
variation in TOF, with the highest TOF for the catalysts with 1.2 wt% Ag for both preparation
methods. These differences in TOF are hypothesized to be due to electronic effects caused by
electronic interaction of silver atoms or clusters with surface Co atoms. This hypothesis is
consistent with previous EXAFS data50 showing an increase of 2.7 times in Ag-Ag coordination
relative to Co-Ag coordination when silver content is increased from 0.27 to 2.76 wt%. From
these EXAFS data, the Ag-Ag coordination relative to the Co-Ag increased only by a factor of
1.4 as Ag concentration increased from 0.27% to 1.1%. Therefore, the highest TOF, observed
for catalysts with 1.2 wt% Ag, likely can be explained by an optimal ratio of Ag-Ag and Co-Ag
coordination. In fact, an increase in TOF with increasing addition of NM promoters has been
reported previously.16, 227-228

5.8

Conclusions
The roles of silver as a reduction and activity promoter for cobalt Fischer Tropsch

synthesis catalysts are confirmed in this chapter. Key conclusions for these 20 wt% Co catalysts,
supported on a new Al-Si support with four different Ag concentrations prepared using
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traditional incipient wetness impregnation (IWI) and a new solvent deficient precipitation (SDP),
include the following:
(1) Co and Ag atoms are in close proximity. Ag facilitates the reduction of cobalt oxide
by lowering the reduction temperature and enhancing the extent of reduction, increases Co metal
dispersion, active site density, and intrinsic activity (TOF). This makes Ag an attractive
candidate to replace more expensive noble metal promoters, such as Pt and Re.
(2) The effective promotion of Co by Ag requires optimization of Ag content. Increasing
the Ag content from 0.3% to 2.5% increases the extent of Co reduction from 72% to 94%.
However, the optimal activity, crystallite size, and turnover frequency are observed at an
intermediate Ag concentration of 1.2 wt%. A further increase in Ag loading to 2.5 wt% results in
lower FTS rates and an undesirable increase in CH4 selectivity, possibly due to active site
blockage by excess Ag.
(3) Catalysts with the same Ag loading prepared by IWI and SDP are almost identical in
terms of properties and FTS performance. Given its simplicity, the SDP preparation method
offers a potential route to more economical catalyst synthesis and manufacture.
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6

CHEMICAL SINTERING OF SUPPORTED METALS WITH EMPHASIS ON
COBALT CATALYSTS DURING FISCHER-TROPSCH SYNTHESIS

6.1

Introduction
Supported metals find broad application as catalysts in economically-critical industries,

i.e., automotive, chemical, natural gas, petroleum, and environmental. The high surface area
support (carrier or substrate) in these catalysts generally serves three functions: (1) to maximize
(or optimize) metal dispersion (metal dispersion is the fraction of the metal exposed to the
surface) during catalyst preparation and thereby its catalytic efficiency; (2) to provide a porous
surface, which during preparation serves to physically separate metal crystallites and bind them
to its surface, thereby enhancing their stability against growth and agglomeration; and (3) in
some cases to modify the catalytic properties of the metal and/or provide separate catalytic
functions. The first two functions are key to the prevention or inhibition of sintering of a
catalytically active metal phase.
FTS is a commercially-viable, catalytic process used to convert syngas made from lowvalue carbon sources into high-value hydrocarbon liquid fuels and chemicals. Co catalysts
containing noble metal (NM) promoters are almost always employed in low-temperature (210230°C), commercial FTS units because of their substantially higher liquid/wax paraffin
productivities compared to Fe catalysts. Economic operation of an FTS unit utilizing a Co
catalyst requires that it retain high activity and selectivity and mechanical stability for a period of
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1-2 years. Carbon/coke deposition and sintering are the principal deactivation routes. Indeed,
previous work shows that deactivation of Co catalysts by these two mechanisms typically
accounts for 95-98% of the total loss of activity. Sintering of supported Co catalysts during FTS
is a unique chemically-driven, low temperature process and a model system for study of sintering
during reaction.
A significant number of recent, high-quality papers have addressed various aspects of Co
FT catalyst sintering.82-83, 93, 101, 170 The previous work is characterized by significant differences
in catalyst properties, reaction conditions, and time scales of the experiments. These differences
make it difficult for comparison of results. Indeed, there were very few comparisons made in
previous studies and these were qualitative. Nevertheless, by calculating sintering rates at
common conditions, some quantitative and qualitative comparisons to identify important trends
can be made. In addition, it is possible to link sintering mechanisms and surface chemistry to
catalyst properties and reaction conditions. As a result of this approach, several key questions
can be addressed, e.g., (1) Is sintering of Co during FTS a chemically driven process? (2) Does it
occur by atomic or crystallite migration or both? (3) What kinds of models fit available sintering
data well? (4) Given the substantial data available in the literature, why do contradictory
explanations and conclusions regarding these phenomena abound? Some of these issues appear
to be due to questionable choices of supports, catalyst preparation and design, methods of data
collection and analysis. This dissertation will address these issues and questions. These topics
will be simultaneously addressed in a broader perspective of nanoscale surface chemistry
principles applicable to either thermal or chemical sintering.
Sintering of supported metals is typically a thermal process which occurs at significant rates
at temperatures above about 400-500°C.51, 55, 62, 121, 229-231 A typical commercial FT process operates
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at 200-230°C which is 20-50°C lower than that for the Hüttig threshhold defined as the
temperature at which atoms on the surface of nanocrystals become mobile (discussed in chapter 2),
therefore thermal sintering can probably be ruled out. In fact, present evidence shows that a
thermal sintering mechanism does not occur during FTS;90 instead a chemical mechanism for
sintering involving interaction of CO with Co surface atoms93, 95, 98, 101 to form highly mobile
Co(CO)x is observed during FT reaction. Moreover, at typical reaction temperatures (200-240°C)
in H2 atmosphere (with no CO present), no sintering of Co nanocrystals (NCs) is observed.93, 95

Figure 30. Weight percentage of Co displaying remnant magnetization, 𝛄𝛄𝐑𝐑𝐑𝐑, during exposure to
hydrogen-water mixture at different temperatures (note that after exposure to 350 and 400°C,

readings at 230°C were also taken to allow for comparison with 𝛄𝛄𝐑𝐑𝐑𝐑 at the starting condition).
Reprinted with permission from ref. 95 Copyright 2015 American Chemical Society.
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Xaba and de Villiers97 studied sintering of poorly dispersed Co (supported on different
forms of TiO2) in H2 at 365°C, a temperature 140°C above that of typical FTS. Sintering rates
under these conditions were found to be very low. Claeys et al.95 investigated effects of
temperature on sintering of Co/Al2O3 FT catalyst in H2 and H2O (𝑃𝑃𝐻𝐻2 /𝑃𝑃𝐻𝐻2 𝑂𝑂 = 0.96) using

remnant magnetization (γRM ) as a semi-quantitative measure of decreasing Co surface area. At

incremental temperatures from 230 to 400°C, the catalyst was exposed to a H2 and H2O

environment for 1 h followed by treatment in pure H2 for 15 minutes (see Figure 30). Evidently,
a small extent of Co sintering occurs, beginning at 350°C and increases at 400°C (as evident
from the increases in γRM ), results similar to Xaba and de Villiers.97
6.2

Surface Chemical Fundamentals Governing Nanoscale Sintering of Supported Metals
A fundamental, quantitative understanding of sintering processes requires a basic

understanding at the nanoscale of the surface chemistry of metal nanocrystals (small metal
nanocrystals with diameters of 1-50 nm) adsorbed to a support surface. As discussed previously
in the literature review (chapter 2), principles of surface chemistry and thermodynamics of single
crystal surfaces (e.g. surface energy, chemical potential, and adhesion energy) have been well
studied. Principles of surface chemistry including the Gibbs and Gibb-Thompson relationships
were first applied to sintering in 1976 by Wynblatt and Gjostein.58 In the last decade, these
principles have been extended and refined to understand the fundamental processes involved in
sintering of supported nanocrystal (NC) systems having single or multiple planes in the presence
or absence of reactants.110,

113, 115

Basic nanoscale mechanisms in sintering, depending upon

reaction conditions, NC size, and support properties, are (1) atomic migration, often referred to
as Ostwald ripening (OR), and (2) crystallite migration and coalescence (CMC). Sintering via
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OR involves (1a) adatom formation on a NC surface, (1b) subsequent diffusion of atoms over the
NC surface to the NC-support interface, (1c) diffusion of atoms from the NC boundary onto the
support,110 (1d) diffusion of a metal atom across a support surface, and (1e) capture of a metal
atom by a larger NC of lower chemical potential. Sintering via CMC involves: (2a) a decrease in
adhesion energy (Eadh ) of a NC (work needed to separate the NC from a support surface)

causing it to move over the support surface, (2b) collision with another NC, and (2c) coalescence
which is facilitated by attractive electronic forces.
Thus, both sintering mechanisms and rates are affected by surface chemicophysical and
thermodynamic properties, including properties such as adhesion, cohesion, and surface energies,
chemical potential, and surface diffusion and sintering rates.

6.3

Surface Energy of Nanocrystals
Surface free energy or interfacial free energy is equal to the energy required to break

bonds when a new surface is created. The surface energy may therefore be defined as the excess
energy at the surface of a NC compared to the bulk, or it is the work required to increase the area
of a specific surface. Since a solid or liquid system when perturbed by changes in temperature or
pressure will thermodynamically restructure to minimize the system’s free energy, there is a
natural driving force for high surface energy NCs to lower their surface area and surface energy
via sintering.
Surface energy (γ) has units of J/m2 or mJ/m2. By convention, surface energies of solids
or liquids are referenced to the surrounding atmosphere, e.g., for a metal in vacuum or inert gas.
Unless otherwise noted, surface energies of NC and bulk metals in this chapter, γNC and γBM ,
respectively are referenced to vacuum or inert gas.
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Surface energies of Pt, Fe, Co, and Ni are significantly higher than those for noble metals,
such as Cu, Ag, and Au (excluding Pt) and for Group IIIA and IVA metals, including Pb, Sn, and
Ga. Thus, Pt, Fe, Co, and Ni are more susceptible to sintering because of their high surface
energies.
Campbell and Sellers112 have correlated Eadh of metals on α-Al2O3 with surface and bond

energies. However, for interaction of a metal with different supports, they find that Eadh is best

correlated with the difference in enthalpies for bulk metal and oxide formation, i.e., the extent to
which metal surface atoms interact with oxygen ions at the surface of the support. Adhesion
energy of Co/Al2O3 is 21% larger than for Co/SiO2, consistent with observations of lower

reducibility and lower sintering rates for (i) Co/Al2O3 compared to Co/SiO2177,
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and (ii)

Ni/Al2O3 compared to Ni/SiO2.242-244 The definition and role of Eadh in determining sintering rate
was discussed in introduction. Table 14 lists the Eadh for various metals supported on silica and
alumina in vacuum. Eadh for bulk metal solids are about 7% higher than Eadh for liquid metals.247

Values of bulk Co surface energies in J/m2 are listed in Table 15. Data were determined

experimentally using sessile liquid drop/contact angle techniques at temperatures near the
melting point of Co metal, or theoretically using DFT calculations referenced to 0 K. Since
surface energy is a moderately strong function of the temperature,245-246 data were corrected to a
common temperature (500 K) corresponding to the reaction temperature for FTS. Equations for
the temperature dependence, shown in the table footnotes, were obtained from Keene245 and
Swart.246
Adhesion energy (important in determining sintering rate) is a function of the surface
energies of the metal and support (and of interfacial energy). Surface energies for γ- and αaluminas and silicas (the most widely used commerical supports) collected from various studies
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are listed in Table 16; these values cover a wide range, which is likely due to different
temperatures, atmospheric conditions, and extents of hydroxylation of the support.

Table 14. Surface and Adhesion Energies of Metals on Oxide Surfaces Measured by Drop/Contact
Angle Techniques for Liquid Metal Drops (first section) and by Shape of the Particle for
Solid Metals (second section). Reproduced with permission from ref. 112
Copyright 2013 Royal Society of Chemistry.
Liquid Metals
Metal

Support

Pb

α-Al2O3

γLM (J/m2)

In

α-Al2O3

Sn

Eadh (J/m2)

Atmosphere

0.19 ± 0.05

Eadh/2γLM
0.22

Ar + H2

0.70

0.31

0.22

Vacuum

α-Al2O3

0.71

0.30

0.21

Vacuum

Ga

α-Al2O3

0.88

0.47

0.27

Vacuum

Ag

α-Al2O3

1.22

0.44

0.18

Ar + H2

Ge

α-Al2O3

0.56

0.42

0.38

Vacuum

Al

α-Al2O3

1.14

0.89 ± 0.16

0.39

Vacuum

Mn

α-Al2O3

1.54

1.19

0.39

Ar

Au

α-Al2O3

1.51

0.77

0.25

Vacuum

Si

α-Al2O3

0.75

0.88

0.59

He

Pd

α-Al2O3

2.00

1.00

0.25

He

Cu

α-Al2O3

1.76

0.68

0.19

Vacuum, Ar + H2

Fe

CaO

2.42

0.81

0.17

Ar

BeO

---

0.97

0.20

He

MgO

---

1.11

0.23

Vacuum

UO2

---

1.11

0.23

Ar + H2

ZrO2

---

1.37

0.28

Ar + H2

α-Al2O3

---

1.55

0.32

Ar + H2

Cr2O3

---

2.52

0.52

Ar

α-Al2O3

2.27

1.36

0.30

Ar + H2

ZrO2

2.35

1.26

0.27

Ar + H2

Co

0.44
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Tale 14. continues
Metal

γLM (J/m2)

Eadh (J/m2)

2.27

1.36

Eadh/2γLM

SiO2a

---

0.90 a

0.24

Al2O3a

---

1.14 a

0.30

CoO

---

3.18

0.68

Ar + H2

CaO

2.38

0.70

0.15

---

MgO

---

0.79

0.17

Vacuum

BeO

---

0.97

0.20

He

SiO2

---

1.02

0.21

Vacuum

ZrO2

---

1.16

0.24

Ar + H2

UO2

---

1.49

0.31

Ar

α-Al2O3

---

1.52

0.32

Ar + H2

TiO2

---

1.76

0.37

Vacuum

NiO

---

3.57

0.75

---

CoO

---

3.64

0.76

Ar

2.45b

2.16

0.44

Vacuum

Support
α-Al2O3

Ni

Pt

α-Al2O3

0.30

Atmosphere
Ar + H2

Table 14 continues, Solid Metals

l

a.
b.

Meta

Eadh (J/m2)

Eadh/2
γBM

Atmosphere

Ag

α-Al2O3

γBM (J/m2)
1.22

0.51 ± 0.05

0.21

---

Au

α-Al2O3

1.51

0.63 ± 0.09

0.21

---

Cu

α-Al2O3

1.79

0.61 ± 0.11

0.17

---

Ni

α-Al2O3

2.38

0.84 ±0.09

0.18

---

Fe

α-Al2O3

2.42

1.06 ± 0.17

0.22

---

Support

247

Data obtained from Campbell under vacuum condition, but surface cleanliness was not assessed.
Value from Figure 1 of Campbell and Sellers112

Lower values of surface energy for γ- and α-aluminas are probably more representative of
Fischer-Tropsch synthesis conditions, since surface energy is reduced by the presence of
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hydroxyl groups from water commonly present during reaction. Average values of surface
energy for γ- and α-aluminas are 1.58 ± 0.08 J/m2 (experimental values) and 2.07 ± 0.55 J/m2
respectively; the values of surface energy for silica range from 0.1 to 0.35 J/m2 with an average
of 0.24 ± 0.07 J/m2.
The surface energy of a NC, γNC , can be defined in terms of cohesive energy of the

solid,248,

252

∆Ecoh.bulk (see Equation (1)), where Zcs is the coordination number of nearest

neighbor surface atoms (always smaller than Zcb), Zcb is the coordination number of a bulk atom,
and Ns is the atomic surface density (atoms/cm2):
γNC = Ns ∆Ecoh.bulk(1- Zcs/ Zcb)

(9)

Table 15. Values of Bulk Co Surface Energies

T(K)

Corrected bulk Co
surface energy (J/m2)f

1.92a

1500

c

500

245

a

2.36

1768

2.49

c

500

245

a

NA

2.49

---

240

a

1768

2.67

c

500

248

a

1768

2.76

c

500

248

a

1350

2.30

c

500

249

b

1768

2.39

c

500

250

b

0

2.27

d

500

251

b

0

2.58

d

500

251

b

0

2.53

d

500

251

a

NA

2.27

e

---
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Bulk Co surface
energy (J/m2)
1.93
2.49
2.11
2.22
1.90
1.83
2.83
3.22
3.15

2.27

Corrected T(K)

Reference

112
a
e
NA
--2.55
2.55
a. Obtained by experiment.
b. Obtained by calculation (typically DFT).
c. Corrected using γ(T) = γ(T0) – 0.44*(T-1500) from figure 26 in reference.245
d. Corrected using γ(T)= γ(T0)*(1-(T/T0))0.5 from equation 3.6 in reference.246
e. Surface energies were calculated based on adhesion energies of Co on α-Al2O3 from Campbell 2013112
f. Average value of 2.47 ± 0.16 J/m2 for bulk Co surface energy at 500K is estimated based on 12 data points.
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This equation is the basis for the simple broken bond (SBB) model, which was first
introduced by Tyson and Miller.248 There is a controversy regarding the exponent on (Zcs/Zcb).246
Equation (9), with an exponent of 1 for the coordination ratio (Zcs/ Zcb), has been used by several
workers.246, 252, 264 An exponent of 0.5 for low index planes for 4d transition metals has been
proposed.265-266 Sun267 has discussed in some detail the basis for different choices of the exponent
and strengths and weaknesses of these different models. In the present work, an exponent of 1
was found to be consistent with the expected trend of increasing surface energy with decreasing
NC size, including a simultaneous correction for the change in cohesive energy with NC
diameter. It will be shown later how cohesive energy changes with NC diameter.
Cohesion refers to how well a material is bonded to itself. The cohesive energy for a bulk
crystal, ∆Ecoh.bulk, is the energy required to divide a crystal into individual atoms (i.e., the energy
required to break all the bonds in a crystal).
∆Ecoh.bulk for a large crystal is the the bulk sublimation enthalpy of the solid (J/mol)
divided by Avogadro’s number. Equation (9) shows that surface energy of a NC (γNC ) is
proportional to ∆Ecoh.bulk and increases with decreasing Zcs; however, it does not take into account
the change in bond energy with decreasing NC size.146, 157, 268-270

Sun267 notes that the measured lattice constants of an “isolated” well-dispersed NC is
observed to contract (bond energy between atoms is increased), relative to the bulk, while
expansion may be observed for a nanosolid embedded in a matrix of different material or which
has been passivated chemically. Thus, for the case of supported NCs which are embedded in the
pores of an oxide support, two effects probably lead to lattice expansion in small NCs: (1) at the
interface between the support and metal, the nanometal bonds can be stretched as the metal is

102

predisposed to partially form a pseudomorphic layer with the support and (2) a chemical
passivation at the interface in which metal atoms form bonds with oxygen bonds of the support.

Table 16. Surface Energies of Alumina and Silica From the Literature.
Surface Energy (J/m2)

Method

Reference

α -Alumina (0001)

1.54

Computation

253

α -Alumina (0001)

2.04

Computation

254

α -Alumina

2.64

Experiment

255

γ-Alumina

1.67

Experiment

255

γ-Alumina

1.52

Experiment

256

γ-Alumina

1.55

Experiment

118

γ-Alumina (001)

0.79-1.94

Computation

254

γ-Alumina (110)

2.54-1.21

Computation

254

1.40

Computation

253

1.05

Computation

253

1.53

Computation

253

1.91

Computation

253

0.15± 0.01

Experiment

257

Silica gel

0.25

Experiment

258

Silica

0.24

Computation

258

Silica

0.17

Computation

258

0.26 ± 0.003

Experiment

259

0.28

Experiment

260

0.30 ± 0.1

Experiment

261, 262

Hydrated Silica

0.129 ± 0.008

Experiment

259

Silica in water

0.34

Experiment

263

Surface

γ-Alumina (111)
γ-Alumina (001)

c

γ-Alumina (110)
γ-Alumina (150)

b

Mesoporous -Silica

Non-hydrated Silica
Silica
Fused Silica Wafers

a.
b.
c.
d.

2

The average surface energy for γ-alumina from experiment is 1.58 ± 0.08 J/m .
The high value of surface energy for this plane is consistent with a higher index plane with lower coordination
number.
γ-alumina (001) plane is expected to be the predominant plane because of its low surface energy.
There is a trend of lower surface energies for computationally determined values, probably because they are
referenced to 0 K.

Research in the last 15 years demonstrates that the energy of cohesion, ∆Ecoh.bulk, decreases
with decreasing NC size due to a decrease in bond cohesive energy mainly for supported
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materials.146-149,

271-272

Nevertheless, a few studies report that cohesive energy increases with

decreasing NC size, and thus this issue is still somewhat controversial.264,

273-274

However,

physical evidence, i.e., decreases in melting point, Tamman, Hüttig temperatures as NC size
decreases from 100 nm to 1-2 nm,146, 157, 268-270 is consistent with cohesion energy or metal-metal
bond energy decreasing with decreasing NC size. The lower metal-metal bond energy in small
NCs is postulated to contribute to a higher sintering rate by Ostwald ripening (OR), since this
process begins with formation of an adatom by breakage of several bonds, probably at low
coordination sites. This postulate is addressed in a later section.
Yaghmaee and Shokri147 developed a convenient, functional relation for changes in bond
energy in NCs in terms of the NC diameter, shape, and the bulk metal cohesive energy based on
linear relationships for changes in melting point and Debye temperature with decreasing
crystallite size (see equation (10)). For a spherical NC, cohesion energy per bond can be
estimated as:
∆Ecoh.NC = Ns ∆Ecoh.bulk × (1-D/(ηdNC))

(10)

In this equation, D is the atomic diameter; 𝜂𝜂 is the atomic packing factor (i.e., volume of

atoms in a unit cell divided by the volume of a unit cell), which for face centered cubic (fcc)
crystals is 0.74; and dNC is the NC diameter. Therefore, calculation of the NC surface energy,
that accounts for changes in cohesion energy, is possible by multiplying equation (1) by (1-

D/(ηdNC)), assuming a constant packing factor η. This method for calculation of NC surface
energy is referred to in this chapter as the modified broken bond (MBB) model. The decrease in
cohesive energy versus decreasing Co NC size using Equation (10) is plotted in Figure 31.
Cohesive energy increases somewhat sharply as NC diameter increases from 1 to 4 nm;
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moreover, Ecoh reaches the bulk value of 425 kJ/mol (i.e., the heat of sublimation for Co) at 100
nm.

Figure 31. Change in cohesive energy versus Co NC size, using equation (2) from Yaghmaee and
Shokri.147

The surface energy of a NC is experimentally observed to increase with decreasing NC
size.109,

111-112, 142, 145, 149, 182, 246, 251, 275

This increase is apparently large enough to offset the

decrease in cohesion energy with smaller crystallite diameter. The increase in surface energy is
especially substantial at NC diameters (dNC) smaller than 6 nm;109, 111-112, 142, 145 this phenomenon
is explained by a significant decrease in average coordination number of surface atoms (Zcs) in

small NCs109, 182, 246, 276 (see Figure 32). Similar increases in surface energy are observed for

more open and stepped NC planes.109 Figure 32b illustrates277 how the number of lowcoordination edge and corner sites increases exponentially with decreasing number of atoms in a
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NC. The effect is especially dramatic for NCs containing fewer than 400 atoms, corresponding to
3 nm in diameter.145

Figure 32. (a) Dependence of fractions of atoms with coordination numbers (CNs) of 4, 7, and 9
versus size for fcc octa-octahedral NCs. Reprinted with permission from ref. 116. Copyright 2016
American Chemical Society. (b) The ratios of (i) surface atoms to the total number of atoms (red
circles) and (ii) atoms at corner and edge sites to the total number of atoms (black squares)
obtained for fcc NCs with cuboctahedron shape. Other faceted shapes would show similar size
dependence. Reprinted with permission from ref. 277. Copyright 2015 Elsevier, Inc.

Plots of Co dispersion versus NC diameter for different NC structures are shown in
Figure 33. For all structural types, Co dispersion, the percent of atoms exposed to the surface,
increases with decreasing NC diameter. Therefore, the average coordination number (ACN) of
NCs decreases with decreasing NC diameter. This decrease in ACN can be visualized in terms of
the number of broken bonds. Swart246 has reported a linear correlation between the surface
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energy/atom and number of broken bonds (NBB). Figure 33 shows that surface energy per atom
increases substantially with number of broken bonds or, in other words, the increase in surface
energy per atom is proportional to Co dispersion and the distribution of sites with various
coordination numbers.

Figure 33. (a) Co dispersion versus NC diameter for various Co NC shapes. (b) Surface energy per
Co atom versus number of broken bonds, for 12 broken bonds, the Co sublimation enthalpy (425
kJ/mol = 4.41 eV/atom)251 is predicted. Reproduced with permission from ref. 246. Copyright 2008,
University of Cape Town.

The principal phase of Co in FT synthesis has been shown to be fcc.251 The lowest energy
Co fcc structures ranging in diameter from 0.7 to 11 nm (along with number of atoms for each
diameter) are illustrated in Figure 34. Apparently, NC diameters larger than 3 nm form a cubooctahedral structure. By contrast, NCs smaller than 3 nm consist of truncated octahedral, cubic,
or amorphous structures. Surface energies at 500 K for fcc Co planes are listed in Table 17. Low
index planes, because of their low surface energies due to high planar surface densities, are
predominant on large NCs.252 The Wulff construction can be used to determine the area
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distribution of the surface facets and thus the shape of the NC.252 The most thermodynamically
stable distribution of surface planes on NCs is determined by the distribution of the free energies
of surface facets and the interfacial interaction with the support.
For metal NCs, the lowest index planes have the smallest surface free energies and
therefore, these surfaces are predominant on NCs; thus, the (111) surface of fcc and hexagonal
close pack (hcp) metals and the (110) surface for the bcc metals predominate. The (111) plane in
fcc Co has the lowest surface energy and hence occupies the highest percentage (56%) of the
surface area (see Table 17). Open surfaces, such as the fcc (100) and (311), often reconstruct to
surfaces of lower energy and higher coordination, such as (111). Of the surfaces shown in Table
17, (311) has the highest surface energy and hence is most likely to undergo sintering.

Table 17. Calculated Surface Energies (γ) for fcc Co Planes at 500 Ka from Wulff Construction.

a.
b.

Surface

γSurface

Ss % b

111

2.27

56

100

2.58

22

110

2.53

22

221

2.46

---

211

2.51

---

321

2.57

---

311

3.63

---

Adapted and reproduced with permission from ref.
equation 3.6 from Swart.246
Selectivity % for different low index planes.

246

Corrected using γ(T)= γ(T0)*(1-(T/T0))0.5 from

Figure 34 and Table 18 present data for Co NCs showing that the number of atoms and
their coordination number decreases with decreasing NC diameter. This is explained by the
increasing fraction of surface atoms with decreasing NC size.
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Figure 34. Space-filling images of the set of calculated lowest energy fcc Co nanoparticles at various
effective spherical diameters. The small number below the diameter indicates the equivalent
number of atoms in the particle. Only a few particles were calculated at 11 nm and, although
illustrated here, were not included in the statistics. Reprinted with permission from ref. 251.
Copyright 2016 Elsevier, Inc.

Average coordination numbers are listed as a function of Co NC diameter in the last three
columns of Table 18 obtained from three different sources: Swart,246 van Steen,182 and the
present study based on the statistics of Hardeveld and Hartog.278 Values in the last column
(present study) are a simple average of the previous two columns. The details of calculations for
Table 18 and Table 19 are provided in the Appendix. In these calculations cubooctahedral is
considered as the crystal shape.
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Table 18. Total number of atoms (NT) in Co fcc NCs,251 Ratio of Number of Surface
Atoms (Ns) to Total Number of Atoms251 and Average Coordination Numbers
Versus Co NC Size (dNC).182, 246
Co dNC (nm)

NT

251

NS/ NT

251, a

Nave,Coord

246

Nave,Coord

182

Nave,Coord

0.9

34

0.89

7.55

6.76

7.16

1.0

47

0.83

7.72

6.90

7.31

1.1

63

0.79

7.91

7.25

7.58

1.3

104

0.74

8.20

7.51

7.56

1.6

194

0.64

8.50

7.76

8.13

2.0

378

0.53

8.72

8.00

8.36

3.0

1,277

0.39

9.02

8.30

8.66

4.0

3,027

0.30

9.16

8.45

8.81

5.0

5,911

0.25

9.24

8.51

8.88

6.0

10,216

0.21

9.30

8.55

8.92

7.0

16,221

0.18

9.33

8.58

8.96

8.0

24,285

0.16

9.36

8.60

8.98

a.
b.
c.

b,c

NS = number of surface atoms; NT = total number of atoms.
Average of columns 4 and 5.
Present study.

Surface energies (SEs), calculated from equation (1) using the sets of coordination
numbers from columns 4 and 5 of Figure 33 and Table 18 present data for Co NCs showing that
the number of atoms and their coordination number decreases with decreasing NC diameter. This
is explained by the increasing fraction of surface atoms with decreasing NC size. Average
coordination numbers are listed as a function of Co NC diameter in the last three columns of
Table 18 obtained from three different sources: Swart,246 van Steen,182 and the present study
based on the statistics of Hardeveld and Hartog.278 Values in the last column (present study) are a
simple average of the previous two columns. The details of calculations for Table 18 and Table
19 are provided in the Appendix. Table 18 (the simple broken bond model (SBB)) are listed in
columns 2 and 4 of Table 19. Surface energies are very large for 0.9 and 1.0 nm diameter NCs

110

and decrease sharply with increasing dNC. However, these SE data have not been corrected for
anticipated increases in cohesive energy with increasing dNC (see Figure 2). Applying the
correction to cohesive energy from equation (10) results in the data shown in columns 3 and 5 of
Table 19, corresponding to the modified broken bond (MBB) model. The resulting surface energies
are smaller, but still large for very small (0.9-1.0 nm) crystallites and the trend of decreasing SE with
increasing dNC is still the same. SE data in column 6 of Table 19 are an average of those in columns
3 and 5; the values in column 6 are recommended for further use in sintering models. The data from
columns 3, 5, and 6 are plotted in Figure 35.

Table 19. Co Surface Energy (SE) versus NC Size Calculated via SBB and MBB Model Using
Coordination Numbers from Table (18).a
Co dNC (nm)
0.9
1.0
1.1
1.3
1.6
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
a.

Co SE using
Co SE using
Co SE using
Co SE using
Co SE using MBB
SBB model and MBB model and
SBB model and
MBB model and
model and data
data from246
data from246
data from182
data from182
from this chapter
3.82
3.13
4.50
3.68
3.40
3.68
3.06
4.38
3.60
3.33
3.51
2.97
4.08
3.51
3.24
3.26
2.84
3.86
3.37
3.10
3.00
2.69
3.64
3.23
2.96
2.81
2.58
3.44
3.13
2.85
2.56
2.42
3.18
3.00
2.71
2.44
2.34
3.05
2.94
2.64
2.37
2.29
3.00
2.90
2.59
2.32
2.26
2.96
2.88
2.57
2.29
2.24
2.94
2.86
2.55
2.27
2.22
2.92
2.85
2.53
2.25
2.21
--2.84
2.52
2.23
2.20
--2.84
2.51
SBB = simple broken bond (eqn. (2) for which (1-D/(ηdNC)) = 1; MBB= modified broken bond (eqn. (10)).

Van Steen et al.182 proposed an empirical relation for estimation of surface energy (J/m2)
for fcc Co NCs as a function of Co NC (NC) diameter (nm) in absence of reactants. That relation
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has been modified in the preparation of this dissertation using the average SE of bulk Co from
Table 15 as equation (11).
γCo = 2.43(1+0.32/dCo + 0.046/(dCo)2)

(11)

Figure 35. Surface energies of fcc Co versus NC diameter. Blue squares were adapted from van
Steen182 and green triangles were adapted from Swart.246

6.4

Wetting Angle and Nanocrystal-Support Interface
Understanding the surface chemistries of a support, NC, and NC-support interface and

knowing the surface chemical properties are crucial for estimation of sintering rate via crystallite
migration and coalescence (CMC). The Gibbs equation (equation (12)) describes the
fundamental relationships among NC surface energy, γNC and support surface energy, γSupp , in

terms of the wetting angle, θ, which is the angle between a NC and a support surface (see Figure
36) and the NC-support interfacial energy, γNC−Supp . γNC−Supp is the sum of energies for

metal/oxide bonds as well as bonding in interfacial layers, e.g. partial oxidation of the metal at
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the metal-support interface247 and support oxygen vacancies.145 In simple terms, the interfacial
energy is essentially a property of the metal-support bond after it is formed.
γSupp = γNC−Supp + γNC cosθ

(12)

Figure 36. Sketch of a supported NC and SEs associated with it on a support. 𝛄𝛄𝐍𝐍𝐍𝐍−𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 is the

interfacial energy between the NC and support, 𝛄𝛄𝐍𝐍𝐂𝐂 is the NC SE, and 𝛄𝛄𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 is the SE of the

support. Reproduced with permission from ref. 114. Copyright 2016 American Chemical Society.

For a specific mid- to late-transition metal supported on carbon or ionocovalent ceramics,
such as Al2O3 or SiO2 (constant γNC−Supp ), at fixed reaction conditions (constant γSupp ), the wetting

angle is obtuse: 90° ≤ θ < 180°.112, 247, 279 The reason why these nanometals do not form acute wetting

angles (below 90°) and thus do not wet the support entirely, is that interfacial energies are always
larger than the support SE (see equation (12)). For example, for case of bulk Co NCs supported on
dry γ-alumina, the γNC−Supp is calculated in this chapter to be 2.72 J/m2, compared to the γSupp of

1.58 J/m2. These values for γNC−Supp and γSupp along with the bulk Co SE (assuming a 100 nm

diameter) of 2.44 J/m2 from Table 22 and equation (12) were used to calculate a wetting angle of 118°
at 500 K on a dry γ-alumina support. During FTS, water is one of the main products; hence, the
surface of the support is expected to have a high coverage of OH groups and its SE will be different
than that of the dry support. Using available data for planar distribution of γ-alumina under wet
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conditions, the average area percentage for (110) and (100) surfaces are 76.5% and 23.5%,
respectively.280-281 From the maximum OH coverage for each plane,101 the average calculated OH
coverage during typical FT reaction conditions is 15.5 OH/nm2.101 Using this coverage and data in
reference 118, the SE of wet γ-alumina during FT reaction was calculated to be 0.63 J/m2. This value
was then used in equation (12) to calculate a θ of 149° for Co on the wet γ-alumina support. The
increase in θ for Co on a wet support results in a lower contact area, which in turn leads intuitively to
a higher extent of sintering. In the calculation of θ from equation (12), the following assumptions
were made: (i) the SE of Co remains constant in the presence of reactants, although it is clear that
adsorption of reactants will lower the SE of Co and θ will thus be higher than 149°; and (ii) the
interfacial energy of the Co-support interface during reaction will be the same as that for the freshly
reduced catalyst. This second assumption is reasonable, given that the nature of the interface and thus
bond energy between Co atoms and support remains unchanged after reduction and during FT
reaction. Details of the calculations of the SEs and wetting angles are provided in the Appendix.

6.5

Adhesion Energy
Adhesion energy (Eadh) is defined as the work required to separate the NC from the

support surface,247 while interfacial energy results from incompatibility of the metal support
interface. In other words, lower interfacial energy results in higher interfacial compatibility and
thus higher Eadh (see equation (13)). As Eadh decreases, crystallite migration is facilitated and
thereby the rate of sintering via CMC increases. Adhesion energy is a positive function of the
NC and support surface energies and a negative function of NC-support interfacial energy as
shown in equation (13):247
Eadh = γNC + γSupp − γNC−Supp

(13)
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Since metal oxide supports consist of highly coordinated atoms compared to metal NCs,
the SE, γNC , of late transition metal NCs supported on metal oxides is generally larger than

γSupp .247 Adhesion energy can be determined experimentally using high resolution transmission

or scanninng electron microscopy (HRTEM, HRSEM), scanning probe microscopy (SPM),

grazing-incidence small-angle X-ray scattering (GISAXS), and the integral heat of adsorption of
the metal at multilayer coverage on support surfaces via single-crystal adsorption calorimetry
(SCAC).114, 282 Knowing θ, γNC , and γSupp , the interfacial energy (γNC−Supp ) and Eadh can be

calculated using equations (12) and (13), respectively. Adhesion energy for metal NCs on an
oxide support increases with increasing strength of the chemical bond of metal atoms with the
oxygen atoms of the support surface (i.e., the heat of formation of the most stable oxide of the
metal per mole of metal).114 An increase in oxygen vacancies of the support surface results in a
lower coordination number of the support surface, which results in stronger chemical bonds
between NCs and the support. Stronger bonds between support and metal atoms result in lower
γNC−Supp and consequently higher Eadh (see equation (5)),247 which in turn leads to less mobility.
Co/support spinels, such as Co-aluminate or Co-silicate, that form at support oxygen vacancies

can act as anchoring sites at the metal-support interface due to a stronger bond between Co and
the support, thus lowering γNC−Supp and increasing Eadh . Table 14 lists the Eadh for various

metals supported on silica and alumina in vacuum. Eadh for bulk metal solids are about 7% higher
than Eadh for liquid metals.247

Experimental data in Table 20 from Farmer and Campbell145 show how increases in

oxygen vacancies and decreased support thickness can increase the Eadh for Ag NCs on CeO2-x
(x = 0.1, 0.2). The much lower Eadh of Ag on MgO is due to: (1) a significantly lower
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concentration of oxygen vacancies and (2) the factor of two larger NC size relative to CeO2-x.
The effects of changing NC size on Eadh are discussed below.

It is important to understand how wetting angle and NC morphology are affected by

changes in Eadh; as induced by changes in γNC , γNC−Supp , and γSupp . Criteria relating Eadh of a
NC to wetting angle are summarized in equation (14).247

Here, two extreme cases are defined to relate the wetting angle to γNC−Supp and γSupp : (a)

when Eadh = 2γNC , complete wetting for supported metals occurs, i.e., θ = 0° and (b) when
Eadh = 0, θ = 180° and no interaction between NC and the support surface occurs (i.e., a faceted,
radially isometric polyhydron with negligible contact area with the support is formed).
Eadh = 2 γNC
θ(Eadh , γNC ) = � Eadh < γNC
Eadh = 0

θ = 0°
90° < θ < 180°
θ = 180°

When Eadh = 0, equation (13) becomes:

γ = γNC−Supp - γSupp

(14)

(15)

From equation (15), γ, the contact-surface free energy, is defined as (γNC−Supp - γSupp ).

Normalizing both sides of equation (15) by γNC results in the ratio (γ/γNC ), defined as the

relative contact-surface free energy. Based on maximum and minimum values of (γ/γNC ) in
terms of wetting angle, corresponding values of Eadh are represented in equation (16). Values of
( γ / γNC ) as a function of γ (e.g., changing vacancy concentration or changing reaction

conditions)252 can vary from -1 to 1. However, for mid- to late-transition nanometals supported
on carbon or ionocovalent oxides (e.g. Al2O3, SiO2), (γ/γNC ) can only vary from 0 to 1145 because

interfacial energy is generally higher than support surface energy which causes adhesionn energy
to be lower than NC surface energy.
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Table 20. Calorimetrically measured Eadh’s of Ag NCs on MgO(100) and reduced CeO2–x(111)
surfaces, and averageAg NC size and coverage used for these measurements. The Eadh
for Ag on bulk Ag (cohesion energy) is given for comparison. Also shown is the
initial enthalpy of Ag adsorption (∆Hads) for the first pulse (~0.03 monolayer)
of Ag gas. Reprinted with permission from ref. 145. Copyright 2010 AAAS.
Support
MgO(100)
CeO1.9(111)

a

NC size (nm)

∆Hads (kJ/mol)

0.3 ± 0.3

9.6 × 1015

6.6

-176

2.3 ± 0.3

2.8 × 10

15

3.6

-200

15

3.6

-220

CeO1.8(111)

2.5 ± 0.3

2.8 × 10

CeO1.9(111)

2.6 ± 0.3

2.8 × 1015

3.6

-250

2.4b

Bulk

Bulk

-285

Ag
a.
b.

Ag coverage
(atom/cm2)

Adhesion energy
(J/m2)

1 nm film of CeO1.9(111) on Pt(111). Other oxide supports are 4 nm thick films.
Cohesive energy for bulk Ag.

This range of (γ/γNC ) from 0 to 1 for mid- to late-transition metals results in a variation of

the contact angle between about 100° to 180°.247, 283-284 (γ/γNC ) can have negative values only if

there is a strong chemical bond between the NC and the support causing the γNC−Supp to be

lower than γSupp (see From equation (16)) the (γ/γNC ) can be used to manipulate the wetting

angle and Eadh . For a specific metal, there are two ways to adjust (γ/γNC ): (1) by adjusting the

numerator, γ , through modification of the support and NC-support interface, for example,
through a change in the support properties such as oxygen vacancies and (2) by adjusting
denominator through variation of NC size or reaction conditions to vary γNC . Table 21 lists

examples of various supports and metals and their associated wetting angle.279 Similar concepts

are shown graphically for fcc NCs in the form of a truncated cuboctahedran in Figure 37.

θ�γ, γNC � =

⎧

�γNC−Supp − γSupp �

γNC

=

γ
γNC

= −1

Eadh = 2γNC ,

γ
⎨�γNC−Supp − γSupp �
= γ =1
γNC
⎩
NC

Eadh = 0 ,
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θ = 0°

θ = 180°

(16)

Table 21. Wetting Angle, Interaction Type, and Surface Energy, 𝜸𝜸 of Different Types of Solids by
Non-Reactive Liquid Metals at Temperatures Close to the Metal
Melting Point. Reproduced from Ref. 279.
Support type

Interaction Type

Ceramic with a partially
metallic character

Examples

Strong (chemical)

γ/γNC

Negative

Wetting angle θ

θ << 90°

Cu/WC:20°,
Au/ZrB2: 25°

Carbon materials

Weak (physical)

Positive

θ >> 90°

Au/C: 120°-135°

Ionocovalent ceramics

Weak (physical)

Positive

θ >> 90°

Co/Al2O3 Co/SiO2
Ag/Al2O3,
Cu/SiO2:120°-140°
Au/BN: 135°-150°

Moderate
(chemical)

Zero

θ ≈ 90°

(Ag+O)/Al2O3;
Al/Al2O3

Ionocovalent oxides

Figure 37. Schematic representation of (a) an fcc nanoparticle that takes on the shape of a
truncated cuboctahedron at increasing NP-support interaction (wetting) and (b) its representation
in the spherical cap approximation while wetting angle ranges from 180° to small values from left
to right. Reprinted with permission from ref. 285. Copyright 2018 Elsevier, Inc.

In their study of the methanol synthesis mechanism on CuZnO, Oveson et al.286 changed the
numerator of the (γ/γNC ) ratio by adjusting the concentration of oxygen vacancies for the ZnO
support through variation of the CO/CO2 ratio. Using calculated (γ/γNC ) values, they determined the
surface planar density and the fraction of active sites for each of the low index planes of Cu (111),

(110), and (100) from the Wulff construction.286 Figure 38 shows changes in NC morphology for
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selected values of (γ/γNC ). Figure 38 and equation (16) demonstrate that wetting (i.e., spreading and

decreasing values of θ) of Cu on ZnO support increases with increasing oxygen vacancy
concentration, causing a decrease in (γ/γNC ) from 1 to -0.5.
Figure 35 indicates that as Co NC size decreases (specifically below 8 nm), Co NC SE

increases. Therefore, from equation (16) and Figure 38, at specific reaction conditions and
constant γ, i.e., constant γSupp and γNC−Supp , increasing NC SE with decreasing Co NC size can

be predicted to result in greater wetting due to progressively higher Eadh between the NC and the
support. Accordingly, Eadh decreases with decreasing Co NC diameter for Co supported on dry
and wet 𝛾𝛾 -alumina, as listed in Columns 3 and 4 of Table 22. This trend is also shown

graphically in Figure 39. These data were calculated using equation (5), with three assumptions.
(i) Constant values of support surface energies (γSupp ) are assumed for (a) dry and (b) wet

alumina at constant FT reaction conditions.118 (ii) A constant, bulk value, for Co-support

interfacial energy ( γNC−Supp ) is assumed, as calculated before. Assumption of constant

γNC−Supp is probably a reasonable assumption for NC diameters larger than about 0.5 nm (i.e.,

after formation of the first three atomic layers). This is because upon formation of two or three
atomic layers, the nature of the bond between the NC and the support remains constant. In fact,
this assumption is in accordance with the Stranski-Krastanov (SK) NC growth model,247 which
assumes formation of metal NCs begins with formation of a monolayer of partially oxidized
metal atoms on the oxide support.287 The assumption of constant γNC−Supp has also been

reported by other researchers.247, 252 (iii) The NC SE γNC does not change measureably with the
extent of water adsorbed at either wet or dry FT reaction conditions. This last assumption is
probably in error since adsorption of water on Co during wet FT reaction conditions will cause a
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decrease in its NC SE and thus in Eadh . Although, it’s challenging to measure the effect of
loosly bonded water in decreasing NC SE.

Figure 38. Shapes of fcc supported NCs for different values of the normalized surface contact free
energies (γ/γNC) for Cu/ZnO, assuming changing defect concentration by varying CO/CO2.
Reproduced from with permission from ref. 252. Copyright 2017 Wiley.

Based on these assumptions and the data from Figure 39, Eadh increases substantially

with decreasing NC diameter for both dry and wet alumina supports, if smaller than 6 nm
diameter. The significance of these trends is that lower mobility, and therefore lower extents of

sintering via CMC, are expected for a NC diameters below 6 nm. Also, Eadh is lower for NCs
supported on wet alumina compared to dry alumina. Moreover, the difference in Eadh between

dry and wet supports decreases with decreasing NC diameter (from 73 to 45%). Therefore, for
smaller NC systems (dNC < 2 nm), the effect of water on the extent of sintering via CMC is less
pronounced. Therefore to be able to control the extent of sintering in catalytic systems involving
water in the environment one should carefully understand the possible effect of water.
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Table 22. Co Surface Energies and Adhesion Energies (Eadh) on Dry and Wet Alumina Supports vs Co
NC Diameter.
Co NC
diameter (nm)

Co SE (γCo ) at
500 K

Eadh for Co
supported dry
γ-Alumina

Eadh for Co
supported on wet
γ-Alumina

1.00

3.33

2.19

1.24

Eadh (dry) − Eadh (wet)
× 100
Eadh (dry)

1.10

3.24

2.10

1.15

45.3

1.30

3.10

1.96

1.01

48.4

1.62

2.96

1.82

0.87

52.2

2.00

2.85

1.71

0.76

55.4

3.00

2.71

1.57

0.62

60.6

4.00

2.64

1.50

0.55

63.4

5.00

2.60

1.46

0.51

65.2

6.00

2.57

1.43

0.48

66.5

7.00

2.55

1.41

0.46

67.4

8.00

2.53

1.39

0.44

68.1

9.00

2.52

1.38

0.43

68.7

10.0

2.51

1.37

0.42

69.1

100

2.44

1.30

0.27

72.9

Bulk

2.44±0.2

1.30

0.27

73.1

43.4

Figure 39. Adhesion energy (J/m2) versus Co NC diameter (nm) for Co NCs supported on alumina
(calculated in this chapter from literature data).101, 118, 182

6.6

Chemical Potential of Nanocrystals
Chemical potential for a system of supported NCs is the energy stored in the chemical

bonds. In thermodynamic terms, the chemical potential of a system of supported NCs is the
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energy that can be absorbed or released during a chemical reaction or a phase transition per
change in the number of moles of a given species. Historically, a large number of papers have
reported that chemical potential is the most important measure of susceptibility of a NC system
to Ostwald ripening (OR).58, 110, 113
The foundational equation, the Gibbs-Thompson relation, describes the relationships
among values of NC SE, γNC , the partial molar NC chemical potential, ∆µNC (R), with respect to

the bulk value, and NC radius, (R):

∆GNC (R) = ∆µNC (R) = µ(R) − µ0 = 2γNC Ω/R

(17)

where µ(R) is the chemical potential per metal atom of a NC of radius R (i.e., the Gibbs

free energy per atom in a NC), µ0 is the chemical potential per metal atom in a bulk NC, and Ω is

the molar volume of the bulk crystal, which can be calculated by dividing the molar mass of the
metal by its solid density and Avogadro’s number.
Chemical potential of atoms in a NC with radius R, µ(R), is always greater than that of

atoms in the bulk crystal (μ0);109 thus, the chemical potential of a NC with radius R, ∆µNC (R),
with respect to the bulk (μ0) is always a positive value. The chemical potential of a NC (i.e.,
energy of atoms in a NC) can also be explained in place of γNC using other size dependent

characteristics of NCs, such as metal dispersion and vapor pressure of atoms, which is high for
small NCs and low for large ones.117, 288-289 From calorimetric data, energy of metal atoms in

NCs increases more rapidly with decreasing NC size than what is predicted by the GibbsThomson relation (assuming constant SE (γNC ) equal to the bulk).145 Noting that ∆G = ∆H −
T∆S and neglecting the entropic differences between the bulk NC and a NC of radius R (T∆S(R)-
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T∆S(bulk)), the Gibbs-Thomson relation can be written in terms of enthalpies as equation

(18):112

∆GNC (R) = ∆µNC (R) = µ(R) − µ0 = ∆Had (R) + ∆HSub (R) = 2γNC Ω/R

(18)

In this equation, ∆Had (R) is the enthalpy of adsorption of NC atoms on the support

surface and ∆HSub (R) is the bulk metal heat of sublimation. An example of using equation (10)
is shown in Figure 40 for Pb nanocrystals on MgO.

The simple Gibbs-Thomson relation that assumes constant γNC predicts higher values of

the heat of adsorption (i.e., lower chemical potentials) for NC radii below 2.5 nm. The modified

bond additivity (MBA) model provides a better fit of experimental data for NCs smaller than 2
nm in radius by accounting for the increase in γNC resulting from decreasing coordination

number with decreasing NC size. However, at diameters larger than 5 nm Gibbs-Thomson model
results in more accurate predictions compared to MBA model. Therefore the Gibbs-Thomson

relationship can provide better fits of (1) calorimetric heats of adsorption over a wider range of
NC size and (2) the chemical potential for a NC if the change in γNC with NC size is accounted

for. For Co NCs, this can be accomplished by substituting the SE term from equation (11) for the
bulk value of SE in equation (17).
It is apparent from Figure 39 that neighter of these models is able to predict the heat of
adsorption versus radious for the supported nanocrystals. In fact, simple constant γNC model

performs better for NCs with radious larger than 2.5 nm. Although accounting for the change in
γNC with dNC enables the Gibbs-Thomson relationship to provide a more accurate estimate of NC

chemical potential, this relation lacks accuracy since it does not account for the changes in
chemical potential with variations in support-NC Eadh .
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Figure 40. Heat of adsorption of Pb onto Pb NCs on MgO(100) versus average Pb NC radius. The
fit using the modified bond additivity MBA model is shown by blue triangles, the experimental
values by green dots, and the Gibbs-Thomson model by red circles. Reprinted with permission
from ref. 109. Copyright 2002 AAAS.

Farmer and Campbell145 showed that chemical potential of supported NCs is function of
support type. Measured values of Eadh , reported in Table 20, correlate with heats of adsorption,

which are proportional to chemical potential of NCs. Adhesion energy can substantially decrease
the chemical potential of NCs smaller than about 6 nm in diameter.114 Therefore, NCs of the
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same size below 6 nm in diameter, when supported on different oxide surfaces, will have
different chemical potentials. Data in Figure 41 shows the energy added per atom relative to its
bulk value that is equivalent to chemical potential (kJ/mol) according to the initial definition
versus number of atoms for Ag and Pb NCs supported on ceria with various extents of oxygen
vacancies and on MgO.
Figure 41 illustrates that if Ag NCs on CeO2–x are smaller than about 1000 atoms
(equivalent to about 4 nm in diameter), the chemical potential varies greatly with changes in the
number of oxygen vacancies, which illustrates the large effect of Eadh on chemical potential. For

Ag on MgO, the relative chemical potential increases 110 kJ/mol as the number of atoms
decreases from 5000 (about 6 nm in diameter) down to 10 atoms (about 1 nm in diameter). The
significance of these results is that chemical potential of NCs increases substantially as NC size
decreases below about 4 to 6 nm, which means that the smaller NCs are less stable and more
likely to sinter via OR. In summary, the chemical potential decreases with increasing Eadh and
increases with decreasing NC diameter.

Hemmingson and Campbell114 derived a general relation (see equation (19)) that defines
the chemical potential of a NC of radius R relative to the bulk in terms of Eadh for supported
NCs of diameters below 6 nm. From equation (19), assuming constant atomic volume (Ω) for a
constant NC radius (R), the NC chemical potential (µNC ) increases with decreasing Eadh .
Ω

∆µNC = (3γNC − Eadh )(R )

(19)

Recently an equation is developed by a Janse van Rensburg et al.101 to estimate ∆µCo.

Later we show how these equations result in different predictions of supported NCs chemical
potential.
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Figure 41. Measured energy of a Ag atom, relative to its energy in bulk Ag(solid), versus the
number of Ag atoms in a NC to which it adds, for Ag NCs on the same four surfaces: two 4-nm
CeO2(111) films with different extents of surface reduction (x =~0.1 and 0.2 in CeO2–x), grown on
Pt(111); a 1-nm CeO1.9(111) film grown on Pt(111); and a 4-nm MgO(100) film grown on Mo(100).
For comparison, results for Pb adsorption on this same type of MgO(100) film are also shown.
Reprinted with permission from ref. 109. Copyright 2002 AAAS.

Janse van Rensburg et al.101 reported a similar relationship shown in equation (20) for the
estimation of the chemical potential of Co NCs relative to the bulk, supported on alumina.
3MCo

∆µCo = (2γCo − Eadh ) R

(20)

Co .ρCo

In equation (20), γCo is the SE of a Co NC of radius (RCo), which can be calculated according to

equation (11). Eadh is the adhesion energy between a Co NC and the wet or dry alumina support,

which in absence of reactants can be estimated from Figure 39 or Table 22. MCo/ρCo is the molar

volume of a bulk Co crystal (ΩCo ). Therefore, chemical potentials of Co NCs versus diameter at
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500 K on dry and wet alumina supports were calculated using both equations (19) and (20) and
are listed in Table 23, columns 2-3 and 4-5 respectively. Values of chemical potentials for nonsupported Co NCs were also obtained from the dissertation of Swart246 and are listed in column 5
of the Table 23. Values of chemical potential for Co NCs supported on wet alumina
calculated using equations (19) and (20) and for unsupported Co NCs at 500 K are shown in
Figure 42.

Figure 42. Chemical potential of Co versus NC diameter at 500 K for: unsupported (blue
triangles),246 supported on wet alumina using equation (19) (red circles), and equation (20) (green
squares).

From Table 23 and Figure 42, the following conclusions can be made: (i) Equation (19)
predicts lower values of chemical potential for Co NCs compared to equation (20); (ii) for a
similar NC size, values of chemical potential for Co NCs decrease in the order of unsupported >
wet alumina supported > dry alumina supported; and (iii) small differences in chemical potential
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result in large differences in sintering rate via OR (see equations (3) and (6)) because the
chemical potential appears in the rate equation as an exponent. Throughout the remainder of this
chapter, chemical potentials calculated using equation (20) are used in calculations of activation
energies and sintering rates because this work emphasizes Co. Equation (19) can be applied to
calculation of chemical potentials for noble metals.114

Table 23. Chemical potential of Co NCs at 500 K, versus Diameter, Supported on Dry and Wet
Alumina a,b and a Single Crystal (SC) c.

a.
b.
c.

∆µCo of a NC
over dry
b
Al2O3
(kJ/mol)

∆µCo of a
NC over
wet
b
Al2O3
(kJ/mol)

∆µCo of a
c
SC
(kJ/mol)

dCo (nm)

∆µCo of a NC
over dry
a
Al2O3
(kJ/mol)

∆µCo of a
NC over wet
a
Al2O3
(kJ/mol)

1.00

88.8

108

52.3

58.6

---

1.10

79.1

96.2

46.4

52.2

---

1.30

64.8

79.4

37.9

42.8

100

1.62

50.3

61.9

29.2

33.1

75.0

2.00

39.7

49.1

22.9

26.1

62.3

3.00

25.5

31.8

14.6

16.8

39.4

4.00

18.8

23.5

10.8

12.3

29.4

5.00

14.8

18.6

8.49

9.76

23.6

6.00

12.3

15.4

7.01

8.07

19.3

7.00

10.5

13.7

5.97

6.88

16.9

8.00

9.12

11.5

5.20

6.00

14.4

9.00

8.09

10.2

4.61

5.31

13.2

10.0

7.26

9.15

4.13

4.77

12.3

100

0.71

0.90

0.40

0.47

---

Bulk

0.00

0.00

0.00

0.00

0.00
101

Values calculated based on the equation by Janse van Rensburg et al. (equation (20))
Values calculated based on the relation provided by Hemmingson and Campbell (equation (19))114
Chemical potentials of unsupported Co obtained from Swart246

Values in Table above were all calculated at 500K to imitate FT conditions.
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6.7

Estimation of Activation Energy for Sintering of Co FT Catalysts via OR
Calculation of the activation energy, defined as the energy required for sintering via OR,

was carried out in this dissertation using a mechanistic approach based on surface chemistry and
thermodynamics. The main reason for choosing this approach is the lack of experimental data for
sintering of a Co FT catalyst via OR in the absence of reaction. Wynblatt and Gjostein58 were the
pioneers in studying sintering via OR using a mechanistic approach. Figure 43 shows all energy
terms involved in calculation of activation energy for OR for supported nanometal systems in the
absence of reactants. The heat of sublimation, ∆Hsub , is the energy required to form one metal

atom in the vapor phase from the bulk metal (i.e., the cohesive energy for a bulk metal), shown
as the longest arrow to the left, and constitutes the highest energy barrier that would be required
for OR. The sintering process begins with a NC of radius R having coordination below that of
the bulk and hence a higher energy level compared to the bulk, corresponding to the length of the
arrow ∆µNC (R). In sintering in the absence of reactants, adsorption energy of a metal adatom on

the support surface of lower energy compared to the vapor phase corresponds to the length of the
ad.Supp

arrow Ema

located at the upper right of Figure 43. The energy required to form a metal

f
f
(the sum of ∆µNC (R) and ∆Ema
), can be
adatom from the bulk onto the support surface, Ema

calculated according to equation (21):
ad.Supp

f
Ema
= ∆Hsub − Ema

(21)
ad.Supp

f
Graphically, Ema
in equation (21) corresponds to the subtraction of the arrow for Ema

from the largest arrow corresponding to ∆Hsub . The energy required to form a metal adatom

f
from a NC of radius R onto the support surface ∆Ema
can be calculated using equation (22):
f
f
∆Ema
= Ema
− ∆µNC (R)

(22)
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Equation (22) is shown graphically in Figure 43. Figure 2a corresponds to the subtraction
f
of the arrow for ∆µNC (R) from Ema
. From Figure 43, the activation energy for OR in absence of

reactants for a NC of radius R can be calculated by adding the activation barriers for diffusion on
d.Supp

d.NC
the NC, Ema
, and the support surface, Ema

f
, to ∆Ema
(see to equation (23)):
d.Supp

OR (no
f
d.NC
Eact
reactants) = ∆Ema
+ Ema
+ Ema

(23)

Figure 43. A schematic of the energetics of Co adatom formation on a NC, its diffusion over the NC
surface, and adsorption and diffusion on the support drawn using concepts from the literature.101,
110, 113

∆𝐇𝐇𝐬𝐬𝐬𝐬𝐬𝐬 is the metal’s bulk sublimation energy, ∆𝛍𝛍𝐍𝐍𝐍𝐍 (𝐑𝐑) is the chemical potential of Co atoms

𝐝𝐝.𝐍𝐍𝐍𝐍
is the energy
in a NC of radius R compared to a crystal of infinite size (i.e., the bulk metal), 𝐄𝐄𝐦𝐦𝐦𝐦

𝐟𝐟
barrier for diffusion of a Co adatom over the NC, ∆𝐄𝐄𝐦𝐦𝐦𝐦
is the energy required for separation of the
𝐚𝐚𝐚𝐚.𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒

Co adatom from the NC edge, 𝐄𝐄𝐦𝐦𝐦𝐦

is the adsorption energy of a metal adatom on the support,

𝐝𝐝
is the energy barrier for diffusion of adatoms over the support surface.
and 𝐄𝐄𝐦𝐦𝐦𝐦
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Activation energies for adatom formation and sintering via OR in absence of reactants for
dry and wet alumina supported Co NCs are reported in Table 24. In the calculation of values
d.Supp

reported in Table 24, ∆Hsub was assumed to be 425 kJ/mol.251 The values of Ema

for diffusion

of Co adatoms on dry and wet alumina supports of 190 kJ/mole and 207 kJ/mol, respectively,
were adapted from the work by Janse van Rensburg et al101 using the average distributions of wet
ad.Supp

Al2O3 surface planes from Beaufils290 and Nortier et al.281 Values of Ema

for Co adatoms on

the dry and wet alumina supports of 193 kJ/mol and 196 kJ/mol, respectively, were also adapted
from Janse van Rensburg et al.101, Beaufils290, and Nortier et al.281 Values for ∆µCo (R) were

d.NC
obtained from Table 22. In these calculations, Ema
is assumed to be negligibly small.

Activation energies estimated for sintering via OR of Co NCs on wet Al2O3 in the

absence of reactants are very large, ranging from 327 to to 426 kJ/mol as dNC increases from 1 to
10 nm (column 5 in Table 24). Such large values are characteristic of a sintering process initiated
at high temperature, e.g. 400-600°C, the rate thereof increasing very rapidly with increasing
temperature. Values of Eact for dry and wet aluminas (columns 4 and 5 in Table 24, i.e., in the
absence and presence of Al2O3 hydroxyl groups) vary for a given dNC by no more that 1-3%,
confirming that the level of support hydration does not affect Eact for OR in absence of reactants.
These observed results are consistent with those from Janse van Rensburg et al.101 Values of Eact
for OR in the presence of reactants were calculated using the same principles. As can be seen in
Figure 2b, the energy required for sintering via OR in the presence of reactants is the summation
of energy required for the reactant adatom complex (RAC) formation from a NC of radius R onto
the support and the energy required for RAC diffusion over the support surface, which can be
calculated using equation (24):113
d
OR (with
f
Eact
+ ∆Gads + ERAC
− ∆µ�NC (R)
reactants) = Ema
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(24)

All terms in equation (24) were previously defined in connection with Figure 2b. To
calculate the activation energy for OR of alumina supported Co NCs in the presence the reactants
f
(here CO), the terms in equation (24) were calculated from the literature as follows. (i) Ema
was
ad.Supp

calculated using equation (21) with ∆Hsub = 425 kJ/mol and Ema

= 193 kJ/mol. (ii) ∆Gads is

the change in Gibbs free energy of CO adsorption onto a Co NC surface. During FT synthesis as

previously described, Co(CO)x with x=1-3 are the mobile species on the support, which induce
sintering via OR and ∆GCO = ∆HCO − T∆SCO . ∆HCO is the change in enthalpy of CO gas due to
adsorption on a Co NC, which is a function of NC size.

Table 24. Calculated Values of Activation Energy (Eact) for (1) Formation at 500 K in the Absence of
Reactants of a Co Adatom on a Co NC of Radius R which Diffuses onto the Support (Dry or Wet
Alumina) and (2) Sintering via Ostwald Ripening.
Eact for formation
of Co adatom on
wet Al2O3 500 K
(kJ/mol) b

Co NC
diameter (nm)

Eact for formation
of Co adatom on
dry Al2O3 500 K
(kJ/mol) a

1.00

143

121

333

327

1.10

153

132

343

339

1.30

167

149

357

356

1.62

182

167

371

374

2.00

192

180

382

386

3.00

207

197

396

404

4.00

213

205

403

412

5.00

217

210

407

417

6.00

220

213

409

420

7.00

222

215

411

422

8.00

223

217

412

424

9.00

224

218

413

425

10.0

225

220

414

426

a.
b.
c.
d.

Eact for Ostwald
ripening over dry
Al2O3 at 500 K c
(kJ/mol)

Eact for Ostwaldripening over wet
Al2O3 at 500 K d
(kJ/mol)

Activation energy for formation of Co adatoms on dry alumina 500 K (kJ/mol).
ad.Supp
f
∆Ema
= ∆Hsub − ∆µNC (R) − Ema
based on Figure 43.
Activation energy for formation of Co adatoms on wet alumina 500 K (kJ/mol).
Activation energy for Ostwald ripening from a Co NC of radius R supported on dry alumina 500 K (kJ/mol).
Activation energy for Ostwald ripening from a Co NC of radius R supported on wet alumina 500 K (kJ/mol).
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Equation (25) was derived from data reported in previous studies291-292 for the estimation
of ∆HCO (kJ/mol) versus Co NC diameter (nm).

(25)

∆HCO = 6.35 dCo − 140

Comparison of the data in Table 24 and Table 25 reveals that in the presence of CO, for a
given Co NC size, the activation energy for sintering via OR in absence of reactants is between
2-3.8 times higher than in the presence of reactants. This finding indicates clearly that COinduced sintering via mobile Co(CO)x formation during FTS, is energetically much more
favorable relative to sintering via adatom formation, thus supporting the conclusion that sintering
of small NCs via OR during FTS is a chemical process which is CO-induced and for which
(Co(CO)x) monomers are the diffusing intermediates. Calculations in Table 25 are for FTS over
the wet alumina; however, Figure 8 illustrates that in the presence of reactants, the curves for
fractions of monomers (Co(CO)x) responsible for sintering of Co via OR during FTS on wet and
f
�RAC
(R), values for formation
dry alumina supports largely coincide; therefore, for a given dCo, ∆E

of Co(CO)x species on dry and wet supports are probably approximately the same.

As mentioned previously, as Co NC diameter decreases below 6 nm, 𝛾𝛾𝑁𝑁𝐶𝐶 increases with

concomitant decrease in coordination number and formation of step edges and kink sites.109 Also,
as NC diameter decreases below 6 nm, Δ𝐺𝐺ads increases due to a increasing heat of adsorption, i.e.,
stronger reactant-metal bond formation (see Table 25, column 4), while Δ𝜇𝜇̅𝑁𝑁𝐶𝐶 (𝑅𝑅) increases due to

increasing 𝛾𝛾𝑁𝑁𝐶𝐶 with decreasing 𝑑𝑑𝑁𝑁𝐶𝐶 (see Table 23). Thus, increases in Δ𝐺𝐺ads and Δ𝜇𝜇̅𝑁𝑁𝐶𝐶 (𝑅𝑅) lead to

decreases in activation energy for OR (Δ𝐸𝐸̅𝑅𝑅𝐴𝐴𝐶𝐶 (𝑅𝑅)) (see equation (4) and columns 5 and 6 in Table 25)

and increasing sintering rate via OR. Thus far, it has been shown that the activation energy for
carbonyl assisted sintering increases with increasing dCo.
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Increasing pressure will result in an increase in the Δ𝐺𝐺ads and thus increases the rate of sintering

via OR. However, increasing temperature results in less tendency for CO molecules to absorb onto

NCs and decrease in Δ𝐺𝐺ads and decrease in sintering via OR. Due to sesivity of the reation rate to the

temperature, variation of temperature to control sintering may not be a viable option.

Table 25. Values Used to Calculate the Activation Energy (𝐄𝐄𝐚𝐚𝐎𝐎𝐎𝐎) for Ostwald Ripening in the Presence
of FTS Reactants at 500 K as a Function of Co NC Diameter on a Wet Alumina Support,
and Activation Energy for CO assisted Ostwald Ripening of Co versus Diameter.
Co NC
diameter (nm)

a.
b.
c.
d.
e.

% coverage of
irreversible COa

∆SCO

(J/mol.K)*b

(∆GCO)*c
(kJ/mol)

OR ∗e
Eact

f
�RAC
(R)
∆E
(kJ/mol)

(kJ/mol)

1.0

75

-158

-54.6

34

87

1.1

74

-157

-54.4

46

99

1.3

72

-156

-54.0

63

116

1.6

69

-153

-53.3

81

134

2.0

66

-150

-52.4

95

148

3.0

56

-141

-50.3

114

167

4.0

47

-133

-48.1

125

178

5.0

37

-125

-46.0

132

185

6.0

27

-116

-43.8

137

190

7.0

18

-108

-41.7

142

195

8.0

8

-99

-39.5

145

198

9.0

0

-92

-36.8

149

203

10.0

0

-92

-30.5

157

210

106

% irreversible CO adsorption onto Co NCs during FTS adopted from Breejen
Change in entropy of gas phase CO after adsorption onto a Co NC: ∆S = % reversible CO × ∆Srev293 + % irreversible CO × ∆S
293
irrev .
Change in the Gibbs energy of gas CO after adsorption onto a Co NC during FTS at 500 K: ∆GCO = ∆HCO − T∆SCO ,
∆HCO = 6.35 dCo − 140.
Energy required for formation of Co(CO)x with (x= 1-3) species from a Co NC on the wet Al2O3 support at 500K:
f
f
�RAC
(R) = Ema
+ ∆GCO − ∆µ�NC (R).
∆E
f
Activation energy for sintering via OR for a Co NC supported on wet Al2O3 as a function of Co diameter at 500K Ema
+
d.Supp

d.Supp

∆Gco − ∆µ�NC (R) + ECo(CO)x where ECo(CO)x = 53.1 kJ/mol which is in good agreement with values of 0.5-0.65 eV reported

by Janse van Rensburg et al.101
* Values calculated in this dissertation.
f. For application of equations in other catalytic sytsems these values needs to e recalculated.
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Equation (24) shows that four factors determine the energy required for chemicalOR (with
reactants) . Among these factors, three can
assisted OR of Co by carbonyl formation Eact

f
change with temperature: (i) Ema
, the energy required for formation of a Co adatom from the

bulk crystal onto the support surface; (ii) ∆𝜇𝜇̅𝑁𝑁𝑁𝑁 (𝑅𝑅), the nanocrystal’s chemical potential in
presence of CO; and (iii) ∆GCO, the Gibbs free energy of CO via adsorption onto Co NC.

f
According to equation (21), Ema
is a function of the heat of sublimation and the energy

released via adsorption of Co from the gas phase onto the support, the latter of which decreases with
f
OR (with
reactants). Equation (26) indicates
and Eact
increasing temperature, causing an increase in Ema

how the chemical potential of a NC in absence of reactants changes with temperature (in this
chapter, ∆µNC (R) ≃ ∆µ�NC (R) is assumed):
∂µ

(∂T)P = −S

(26)

According to equation (26) at a constant pressure, an increase in temperature results in
OR (with
reactants) (see equation (24)).
decreasing ∆µNC (R) and thereby an increase in Eact

Furthermore, equation (27) indicates how ∆GCO changes as a function of entropy (S) and

enthalpy (H):
∆GCO = ∆H - T∆S

(27)

Adsorption of CO on Co nanometal surfaces is exothermic (∆H < 0). The change in
entropy of CO molecules due to adsorption on solid surfaces is negative (∆S < 0) and therefore,
for CO adsorption to be possible, the term -T∆S must be a positive value. Therefore, at a
constant ∆H, increasing the temperature during FTS increases -T∆S to a more positive value and
OR (with
consequently ∆GCO will be a less negative value causing an increase in Eact
reactants).
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Consequently, an increase in temperature is expected to result in a lower extent of
sintering of a Co FT catalyst via CO assisted OR. A similar relation between temperature and
sintering of Ni via carbonyl assisted Ostwald Ripening was suggested by Agnelli et al.69
However, decreasing the temperature also result in a decrease in FT reaction rate which
decreases the production efficiency. Therefore, there is limitation in preventing sintering via
decreasing the temperature.

6.8

The Effects of Adhesion Energy and Adsorption on Sintering via CMC
Crystallite migration and coalescence (CMC) as a sintering mechanism occurs via: (i)

Brownian movement of a NC over the support surface, (ii) collision with another NC, and (iii)
coalescence of the two NCs into a larger NC.121 Two rate limiting steps can be considered for
CMC: (i) surface diffusion control and (ii) coalescence control (merging of two or more NCs
after they collide or their distance becomes ≤ 1nm).173 The latter event at temperatures above
200°C is generally rapid and thus most likely not the rate limiting step.55 In fact, Wynblatt and
Gjostein57 observed that during CMC, the coalescence step for Pt NCs smaller than 25 nm in
diameter occurs on the order of seconds, compared to migration times on the order of hours.
Wanke and Flynn55 and Wynblatt and Gjostein57 postulated that NC migration occurs due to
rapid diffusion of metal adatoms during reconstruction of the surface of NCs, leading to their
accumulation in random directions, which gives momentum to NCs in random directions. This
theory is consistent with recent observations of surface reconstruction of working catalysts under
reaction conditions.69-70, 116, 151, 294-298
In the literature studies of CMC before 1977, controversies are apparent in explaining the
relation between NC size and extent of sintering via CMC.55 Some researchers predict a decrease
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in extent of CMC with increasing crystallite size57, while others reported increasing extents of
CMC with increasing crystallite size.55 Many observed controversies in the literature before 1977
can be related to lack of reliable experimental data and sophisticated computational tools which
are available today for measuring NC size and quantifying surface chemistry characteristics of
nanoscale catalysts.
As discussed previously, in supported NC systems, mobility is related to Eadh (i.e., the
work needed to separate a NC from the support surface).247, 299 Campbell et al.114, 247 were among
the first to identify the importance of Eadh in sintering processes. In this dissertation,

a

correlation of Eadh with dNC is introduced for the first time. It was shown earlier that decreases in

dNC below certain limits (6-8 nm for Co) increase γNC compared to the bulk metal due to lower

CNs for smaller NCs, i.e., increases in reaction affinity.109 As shown in equation (5), Eadh is
proportional to γNC . Therefore, high values of Eadh are expected for small NCs (see Figure 39),

which implies two conclusions: (1) that NCs smaller than a certain size range, e.g. < 6-8 nm for
Co NCs during FTS, are unlikely to migrate, while in general larger NCs participate in sintering
via CMC; and (2) that the sintering rate via CMC is NC size dependent for crystallites capable of
mobility (i.e., having low adhesion energies). These conclusions are in line with previous
literature reports.62, 123, 145, 164 Hu et al.164 investigated effects of Au nanometal size on the extent
of sintering during CO oxidation. They reported that (i) the mechanism of nanometal sintering is
affected by NC size, (ii) sintering via OR occurs only in the case of small Au NCs (dNC < 3.5 nm),
and (iii) crystallite migration is the sintering mechanism for larger NCs.
Consequently, the literature before 1977 was correct in reporting an increase in CMC
with increasing NC size, which is explained by lower Eadh values for larger Co NCs (see Figure
39). Thus, as Figure 39 illustrates, when dNC increases to about 10 nm for Co on Al2O3, Eadh
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reaches a minimal value, after which it remains constant. However, in addition to Eadh, the rate of
migration is likely to decrease with increasing crystallite diameter, since NC diffusivity increases
with increasing dNC, as was initially predicted by Wynblatt and Gjostein57 based on the model of
Gruber300 for surface diffusion in pores (see equation (28)).
D = 0.301Ds (a/r)4

(28)

According to equation (28), nanocrystal diffusivity (D) is a function of atomic diffusivity
(Ds) and the ratio of atomic to nanocrystal radius (a/r) to the 4th power. However, equation (28)
does not consider two critical factors: namely, effects of (i) Eadh and (ii) pore size. Moreover, it is
not consistent with available sintering data. In this chapter, a new equation (equation (29)) was
developed, which is consistent with trends in available sintering data. This new model accounts
for effects of : (i) low mobility due to high adhesion energies for small nanocrystals; (ii)
decreasing ratio of the fixed support pore diameter to increasing nanocrystal diameter, which can
reach a limiting value of one during sintering; and (iii) the effects of the ratio of atomic to
nanocrystal diameter.
E

4

dpore 0.2 datom 0.8

D = 0.482Ds � Eadh,bulk � � d
adh,NC

NC

�

�

dNC

�

(29)

The exponents in equation (29) were determined by optimization based on the following
observed trends for sintering of supported Co during FT reaction: (i) values of diffusivity for
crystallite migration are very small for nanocrystals with diameters below 3-4 nm due to high
adhesion energies; (ii) for larger Co nanocrystals, diffusivity increases sharply to reach a
maximum value; both trends are due to the large exponent of 4.5 for Eadh,bulk /EadhmNC (see Figure
44a); and (iii) the downturn in nanocrystal diffusivity as Eadh,bulk /Eadh,NC reaches a limiting
value of one. In deriving the constants in equation (29), an initial average pore diameter of 15 nm
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was assumed, after which further increases in nanocrystal diameter result in decreasing values of
dpore/dNC and datom/dNC ratios, although the downward trend is a result of the exponents being less
than 1 (0.55 and 0.5 respectively).
The value of Ds was determined from a value reported by Wynblatt and Gjostein57 and
was corrected for temperature using power of 1.5. Ultimately, sintering via CMC of nanocrystals
inside the pores is completely hindered as nanocrystals grow to the limiting pore diameter (see
Figure 44a). Figure 44a also reveals that both OR and CMC may occur in the range of 3-7 nm,
although the diffusivity rate of OR decreases while the rate for CMC increases with increasing
dCo; note that the cutoff for OR occurs at 7 nm. Thus, equation (29) and Figure 44a describe the
change in diffusivity (and rate) for a supported Co catalyst prepared such that all crystallites are
initially and during sintering remain within the catalyst pores.
However, based on pore size and preparation methods, it is not unusual following catalyst
synthesis and/or sintering to find that a significant fraction of crystallites are located outside the
pores of the support. For nanocrystals located on the exterior of the pores, there is no restriction
on mobility due to pore size limitations. As a result, equation (29) is simplified by elimination of
the term containing dpore (see equation (30)), and values of fitted exponents for the remaining
terms are increased to a small but significant extent. In consequence, values of nanocrystal
diffusivities are higher and the downturn in diffusivity above about 15 nm is more modest (see
Figure 44b). It is also implicit from the extrapolation of the curve in Figure 44b that the
downturn may continue until crystallites grow to about 100 nm, although as dCo grows,the rate of
diffusion via CMC decreases. This last observation is consistent with the previous literature.74, 88
E

4

datom 0.8

D = 4.82 Ds � Eadh,bulk � �
adh,NC

dNC

(30)

�
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The discusion thus far has focused on the effects of Eadh, dNC, and dpore on the diffusivity
of NCs via CMC. Next

the effects of temperature on sintering via CMC are considered.

According to equation (5), Eadh is a function of metal and support SEs, both of which decrease

with increasing temperature.245 This decrease in Eadh facilitates mobility for Co nanocrystals.

Models in the literature which relate the rate of sintering via CMC to the diffusivity of
nanocrystals on the support surface also predict that the rate of sintering via CMC increases with
increasing temperature according to the Arrhenius law.57, 173 The correlation above is developed
to show the qualitative trend and application of this correlation quanitatively requires further
calculations for specific catalytic systems. To quantitatively use these correlation one has to
calculate the coefficient based on the experimental data on the studied system.

Figure 44. Proposed change in diffusivity (sintering rate) via crystallite migration and coalescence
(CMC) versus nanocrystal diameter. (a) For NCs confined within 15 nm diameter the support
pores. (b) For NCs deposited outside the support pores. The rate of decay in diffusivity are
predicted to be slightly higher for NCs deposited in the support pores.

The discusion thus far has focused on the effects of Eadh, dNC, and dpore on the diffusivity
of NCs via CMC. Next

the effects of temperature on sintering via CMC are considered.
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According to equation (5), Eadh is a function of metal and support SEs, both of which decrease
with increasing temperature.245 This decrease in Eadh facilitates mobility for Co nanocrystals.

Models in the literature which relate the rate of sintering via CMC to the diffusivity of
nanocrystals on the support surface also predict that the rate of sintering via CMC increases with
increasing temperature according to the Arrhenius law.57, 173
This conclusion is in line with the experimental observation of Naidoo.175 She
investigated the sintering of Co/Pt/Si/Al2O3 catalyst with an initial average dCo > 6 nm, a dCo
associated mostly with sintering via CMC. She tested the catalyst at 215°C and 230°C for 180
days on stream and observed about a 20% higher final average dCo for the catalyst tested at
230°C.
Eschemann et al.94 investigated the effects of support and surface treatment on the
structure and performance of Co/CNT supported FT catalysts. In their study, they used an
impregnation method with three different solvents (water, ethanol, or 1-propanol) to deposit 9 wt%
Co on non-treated and surface-oxidized carbon nanotubes (CNT). The extent of sintering was
apparent by a shift of crystallite size distribution to higher dCo for the FTS performed at a higher
temperature.
Adsorption of reactants onto the support or NC can change the sintering rate of NC
migration and coalescence (CMC). For example, Figure 45 illustrates effects of adsorption of CO
and a mixture of CO/air on Pt NCs causing higher and lower wetting angles, respectively (see Figure
45c and Figure 45d); CO adsorption causes a smaller contact area with the support and a smaller
Eadh,which together trigger an increase in sintering rate via CMC. From comparison of Figure 45b and
Figure 45e, it is evident that adsorption of reactants can transform smooth surfaces to more open
surfaces with lower coordination numbers which increase sintering rate via OR.
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Figure 45. ETEM images of Pt NCs supported on CeO2 and the corresponding three-dimensional
model; (a) in high vacuum at 25°C; (b) 3D structural model of image (a); (c) in 1 mbar CO at 25°C;
(d) in a mixture of CO and air at a total pressure of 1 mbar at 25°C; and (e) 3D structural model of
image. Reprinted with permission from ref. 116. Copyright 2016 American Chemical Society.

During FTS, bothreactants and products, e.g., CO and water, are adsorbed onto the
support surface, which decreases γCo and causes a decrease in Eadh (see equation (13) and Figure
39) and a change in the wetting angle, all of which in turn increase the sintering rate via CMC.

6.9

Conclusion
Sintering of Co catalyst during FTS and Ni catalysts during methanation are examples of

low-temperature, chemically-assisted sintering. Only a few studies have addressed chemical
sintering of Ni methanation catalysts in which volatile Ni tetracarbonyl is formed at low reaction
temperatures and either deposited as large nanocrystals further down the catalyst bed or lost in the
vapor exiting the reactor.68-69 In the case of supported Co during FTS, it was shown that the Co
subcarbonyl formed during FTS reaction is nonvolatile; thus, the sintering mechanism involves
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either surface migration of carbonyl complexes or Co nanocrystals assisted by adsorbed CO.
Moreover, during methanation on Ni catalysts, sintering and loss of Ni via carbonyl formation can
be avoided by operating at higher temperature.68 However, operating at higher reaction
temperatures in Co FTS is not realistic given that the deactivation rate by carbon accelerates to
unacceptable levels, while liquid/wax selectivities decrease substantially.71, 75 Accordingly, other
means must be found to minimize the extent of activity loss due to sintering of Co catalysts in FTS.
Thus, compared to chemical sintering of Ni during methanation, chemical sintering of Co during
FTS appears to be less complicated and better studied. Therefore, chemical sintering of Co during
FTS is a model system for study of sintering during reaction, given (1) the promise of Co FTS to
economically produce renewable fuels, (2) the significant contribution of sintering to deactivation
of Co in FTS, and (3) significant unresolved issues of Co sintering during FTS that need to be and
can be addressed.
Based on the information reported, a more precise calculation of sintering rate via OR in
the presence of reactants would be possible if the chemical potential ∆µ�NC (R) or γ�NC of NCs as a

function of dNC during reaction conditions could be determined, but at the present time these data
are unavailable. Nevertheless, in the calculation of sintering rate via OR for Co NCs during FT,
R* has been shown in this dissertation to be 6-8 nm which would facilitate determination of
∆µ�NC (R*).

The treatment of sintering via OR in this dissertation is most applicable to catalysts of

high initial dispersions, e.g. noble metals having NC diameters in the range of 1-3 nm. Thus,
sintering by OR is a critical concern for important commercial processes involving noble metal
catalysts, such as automobile emissions control, control of environmental emissions (volatile
hydrocarbons and CO), and catalytic reforming of naphtha. In the case of commercial Co FTS,
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Ni methanation, Ni steam reforming and other important commercial processes using base metal
catalysts, average initial crystallite diameter is likely to be 6-20 nm; therefore, sintering via OR
is of little concern in the deactivation of catalysts. Rather, sintering of typical base metal
catalysts is more likely to proceed via crystallite migration and coalesence (CMC).
In conclusion, in determining sintering rate via CMC, Eadh is a major factor in decreasing
the rate of nanocrystal diffusion. Other important factors are pore and nanocrystal diameters and
reactant adsorption.
In addition, since sintering mechanisms are highly NC size dependant, a commercial
catalyst for a given reaction should be designed with an optimal average NC size, sharp NC size
distribution, and a support of optimal pore size which binds the metal strongly to minimize
sintering. In a commercial Co FT catalyst, it is desirable for the initial dNC to be about 9-12 nm in
diameter. Considering the large initial dCo, the principal sintering mechanism for a well-designed
Co FT catalyst will be CMC. Thus, a well-designed, sinter-resistant catalyst which incorporates
the three previously mentioned principles (optimal support properties, preparation of NCs inside
support pores, and uniform NC spatial distribution) and that contains an optimal initial dNC,ave,
the extent of sintering during an ideal commercial FTS process run of about 6-12 months at 215220°C should be very small or even negligible. For instance, Keyvanloo et al.301 reported that a
25 wt% Co/Pt/SiO2/Al2O3 catalyst with an average NC diameter of 10 nm did not undergo
sintering over a period of 33 d during FTS. This result relied on a catalyst design with an
optimized dCo and a silica-modified alumina support, which interacts strongly with Co NCs.
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7

7.1

CONCLUSIONS AND FUTURE RECOMMENDATIONS

Conclusions
The results in this study demonstrate that a 20 wt% Co catalyst, when supported on an

alumina-silica (Al-Si) support, produces the most active Fischer-Tropsch catalyst, with a rate of
49 mmol CO gcat-1h-1 at 220°C and 20 atm, compared to the catalysts supported on commercially
available alumina supports (about 25% better more active than the most active pure alumina
supported catalyst). This supported catalyst has the following properties:
(1) High surface area (124 m2/gcat) , large pore volume (0.77 cm3/gcat), large pore size,
and unique bimodal pore size distribution (19&54 nm) to accommodate Co crystallites without
blocking pores, while enhancing mass transfer during FTS reaction.
(2) High thermal stability that enables the removal of most (about 99%) surface hydroxyl
groups on the support by calcination at very high temperatures (i.e., 1100°C), which decreases
the metal-support interaction and in turn results in higher H2 uptake and CO reaction rate.
The roles of silver as a reduction and activity promoter for cobalt Fischer-Tropsch
synthesis catalysts were also confirmed in this dissertation. Key conclusions for these 20 wt% Co
catalysts, supported on a new Al-Si support with four different Ag concentrations and prepared
using traditional incipient wetness impregnation (IWI) and a new solvent deficient precipitation
(SDP), include the following:
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(1) Co and Ag atoms are in close proximity. Ag facilitates the reduction of cobalt oxide
by lowering the reduction temperature and enhancing the extent of reduction, while increasing
Co metal dispersion, active site density, and intrinsic activity (turnover frequency). This makes
Ag an attractive candidate to replace more expensive noble metal promoters, such as Pt and Re.
(2) The effective promotion of Co by Ag requires optimization of Ag content. Increasing
the Ag content from 0.3% to 2.5% increases the extent of Co reduction from 72% to 94%.
However, the optimal activity, crystallite size, and turnover frequency are observed at an
intermediate Ag concentration of 1.2 wt%. A further increase in Ag loading to 2.5 wt% results in
lower FTS rates and an undesirable increase in CH4 selectivity, possibly due to active site
blockage by excess Ag.
(3) Catalysts with the same Ag loading prepared by IWI and SDP are almost identical in
terms of properties and FTS performance. Given its simplicity, the SDP preparation method
offers a potential route to more economical catalyst synthesis and manufacture.
(4) Cobalt crystallite size plays a key role in determining the number of available active
sites and the final catalyst performance.
Finally, sintering deactivation of Co FT catalysts was throughly investigated and the
following conclusions were made:
(1) Sintering of typical commercial base metal catalysts crystallite diameter is likely to be
6-20 nm is more likely to proceed via crystallite migration and coalesence (CMC).
(2) In determining sintering rate via CMC, Eadh is a major factor in decreasing the rate of
nanocrystal diffusion. Other important factors are pore and nanocrystal diameters and reactant
adsorption.
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(3) Since sintering mechanisms are highly NC size dependant, a commercial catalyst for a
given reaction should be designed with an optimal average NC size (about 9-12 nm in diameter),
sharp NC size distribution, with a support of optimal pore size which binds the metal strongly to
minimize sintering.
In summary, a well-designed catalyst incorporates five principles, including (i) optimal
support properties, such as those possessed by Al-Si; (ii) preparation of NCs inside support pores
using IWI or SDP; (iii) uniform NC spatial distribution; (iv) optimal amounts of reduction
promoter, such as Ag; and (v) optimal initial dNC,ave,. These principles are predicted to result in a
catalyst with: (1) high activity, (2) high C5+ selectivity, and (3) negligible deactivation via
sintering during a commercial FTS process run of about 6-12 months at 215-220°C.

7.2

Future Prospects
This study did not focus on selectivity or selectivity correlations. Further, the catalysts

studied in this work have not been optimized to reduce methane selectivity, which is the subject
of future research.
Advanced spectroscopy techniques such as X-ray absorption near edge spectroscopy
(XANES) and X-ray absorption fine structure (EXAFS) should be performed to better
understand the atomic structure of Ag promoted Co FT catalysts and the changes in atomic
structure with Ag content.
Finally, based on the information reported, a more precise calculation of sintering rate via
Ostwald ripening in the presence of reactants would be possible if the chemical potential, ∆µ�NC (R),
and surface energy, γ�NC , of NCs as a function of dNC during reaction conditions can be

determined, but at the present time these data are unavailable. Experimental and theoretical
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studies to measure and predict these surface properties in the presence of reactants should be
pursued.
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APPENDIX

9.1

9.1.1

Appendix for Chapter 3

TEM Images of Four Different Supports Used for Catalyst Preparation in Chapter 4
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Figure A1. TEM images of the alumina supports used in this study: (a) Al-Si, (b) Al-AA, (c), Al-Sa,
and (d) Al-SG.

9.1.2

STEM Images and EDX Analysis of Four Different Supported Catalysts
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Figure A2. Energy dispersive X-ray spectroscopy (EDS) results for each catalyst: (a) Co-Al-AA, (b)
Co-Al-Si, (c) Co-Al-Sa, and (d) Co-Al-SG.
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9.2

Appendix for Chapter 5

Figure A3. CO consumption rate versus time on stream for Ag promoted Co FT catalysts.

9.3

9.3.1

Appendix for Chapter 6

Calculation of CO NCs Surface Energy Versus dNC:

Using Simplified Broken Bond (SBB) Model:

Cobalt surface energy (𝛾𝛾𝐶𝐶𝐶𝐶 ) for fcc nanocrystal (NC) phase was calculated using equation

A1. This equation is the basis for the simple broken bond (SBB) model, which was first
introduced by Tyson and Miller.248
Z

(A1)

γNC = Ns ∆Ecoh.bulk �1 − Z cs �
cb

183

In equation (A1), Zcb is the coordination number of a bulk atom, which is 12 for fcc Co
NCs, and Ns is the atomic surface density (atoms/cm2) which is 14.6 atoms/nm2. ∆Hsub was

considered to be 425 kJ/mol251 and dNC was assumed to be 100 nm for bulk Co NC. ∆Ecoh.bulk ,

with units of J/m2, was calculated using equation (A2)147 to be 10.3 J/m2.
D

(A2)

∆Ecoh.NC = Ns . ∆Hsub . NAvogadro × �1 − ηd �
NC

Zcs represents the average coordination number of atoms in the fcc NC structure, which

changes with NC size. Zcs was obtained via three methods:

(a) From section 3.4 in the dissertation by Swart,246 it is indicated that a free Co atom

with 12 broken bonds has a surface energy of 4.4 eV and surface energy has a linear relation
with number of broken bonds (NBB). Equations (A3) and (A4) were used to calculate the surface
energy of Co atom per broken bond:
γCo atom �

𝐽𝐽

𝑚𝑚2

� = 4.4 �

𝑒𝑒𝑒𝑒

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

� ∗ 1.6022E − 19 �

𝐽𝐽

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

� ∗ 14.6 �

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑛𝑛𝑛𝑛2

� ∗ 1E18(

𝑛𝑛𝑛𝑛2
𝑚𝑚2

Gain in surface energy/broken bond = 10.293/12 = 0.858 J/NBB

) = 10.293

(A3)
(A4)

Figure 3.9 in the dissertation by Swart246 has reported the surface energy of
cuboctahedron Co NCs versus dCo. Units used in this figure are kJ/mol and therefore a
conversion factor of 14.6 atoms/nm2 was used to calculate the 𝛾𝛾𝐶𝐶𝐶𝐶 , with units of J/m2, and then
equation (A4) was used to get NBB versus dCo. Finally, values of Zcs versus dCo were calculated
using equation (A5):

(A5)

Zcs = 12 − NBB
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(b) Figure 2 from van Steen et al.182 was used to obtain the average number of broken
bonds on a Co NC surface versus the number of atoms in a Co fcc NC. Table 3 in van Helden et
al.251 lists the number of atoms in a fcc Co NC versus dCo. Therefore, using these data182, 251
average NBB versus dCo for Co fcc NCs were calculated.
(c) In this dissertation, values of Zcs were also calculated by taking average from values

obtained via methods (a) and (b).

9.3.1.1

Equation (A1) was then used to calculate 𝛾𝛾𝐶𝐶𝐶𝐶 using the SBB model.
Using Modified Bond Additivity (MBA) Model:

This model is used to modify the values obtained via the SBB model, based on the decrease
in cohesive energy, Ecoh, while decreasing dCo, since the SBB model assumes a bulk value for Ecoh

regardless of NC size. Yaghmaee and Shokri147 proposed equation (A6) to calculate the decrease in
Ecoh versus NC size.

For a spherical NC, cohesion energy per bond can be estimated as:
D

(A6)

∆Ecoh.NC = ∆Ecoh.bulk × �1 − ηd �
NC

In this equation, D is the atomic diameter; η is the atomic packing factor (i.e., the volume of

atoms in a unit cell divided by the volume of a unit cell), which for face centered cubic (fcc) crystals
is 0.74; and dNC is the NC diameter. Therefore, calculation of the NC surface energy, that accounts
D

for changes in cohesion energy, is possible by multiplying equation (A1) by �1 − ηd �, assuming a
NC

constant packing factor η. Values of γCo using the SBB and MBB models are reported in Chapter 6.
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9.3.2

Calculation of Eadh Versus dNC for Co NCs Supported on 𝜸𝜸-Al2O3:

Values of Eadh versus dNC for Co NCs supported on 𝛾𝛾 -Al2O3 were calculated using

equation (A6) under three important assumptions. (i) Constant values of support surface energies

(γSupp ) for: (a) dry and (b) wet alumina at constant FT reaction conditions are assumed.118 (ii) A

constant, bulk value, for Co-support interfacial energy (γNC−Supp ) was assumed, calculated as

explained in Chapter 6 to be 2.72 J/m2. The assumption of constant γNC−Supp is probably a
reasonable assumption for NC diameters larger than about 0.5 nm (i.e., after formation of the
first three atomic layers). This is because upon formation of two or three atomic layers, the
nature of the bond between the NC and the support remains constant. In fact, this assumption is
in accordance with the Stranski-Krastanov (SK) NC growth model,247 which assumes formation
of metal NCs begins with formation of a monolayer of partially oxidized metal atoms on the
oxide support.287 The assumption of constant γNC−Supp has also been reported by other

researchers.247, 252 (iii) The NC SE γNC does not change measureably with the extent of water
adsorbed at either wet or dry FT reaction conditions. This last assumption is probably in error

since adsorption of water on Co during wet FT reaction conditions will cause a decrease in its
NC SE and thus in Eadh. γCo used in equation (A7) was adapted from Chapter 6.
Eadh = γNC + γSupp − γNC−Supp

(A7)

Regarding the first assumption, for calculation of Eadh: (a) γsupp for 𝛾𝛾 -Al2O3 at dry

conditions was obtained from Castro and Quach118 to be 1.58 J/m2 and (b) to calculate γsupp for
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𝛾𝛾-Al2O3 at wet conditions during FT reaction, the following steps were taken: (1) van Rensburg
et al.101 measured the OH adsorption capacity of γ-Al2O3 (100) and (110) surfaces, the dominant
crystallite planes under typical FT reaction conditions (T = 227°C and 𝑃𝑃𝐻𝐻2 𝑂𝑂 = 4 bar), to be 8.5

and 17.7 OH/nm2 respectively and (2) if Boehmite is the source for preparation of a γ-Al2O3, the
(110) plane is dominant, i.e., its percentage of the available planes ranges from 70 to 83%.101, 118,
281

Therefore, for plane distribution during wet conditions an average of 76.5% for (110) and

23.5% (100) was considered. Then, the total OH adsorption on the 𝛾𝛾-Al2O3 surface during FT

conditions was estimated using equation (A8) to be 15.538 OH/nm2:
OH/nm2 = 76.5% ×17.7 + 23.5% × 8.5

(A8)

(3) Finally, based on concentration of OH groups and data provided by Castro and
Quach,118 the surface energy of wet 𝛾𝛾-Al2O3 during FT reaction conditions was calculated to be

0.63 J/m2.

9.3.3

Calculation of Wetting Angle for Co NCs Supported on 𝜸𝜸-Al2O3:

Equation (A9) was used to calculate the wetting angle for bulk size (100 nm) Co NCs
when supported on dry and wet 𝛾𝛾-Al2O3.
(γSupp - γNC−Supp )/ γNC = cosθ

(A9)

In these calculations, γNC−Supp = 2.72 J/m2 and γNC = 2.44 J/m2 and γSupp was calculated

to be 1.58 and 0.63 J/m2 for dry and wet 𝛾𝛾-Al2O3 respectively. Using equation (A9) and reported

values resulted in θ of 118° and 149° for bulk Co supported on dry and wet 𝛾𝛾 -Al2O3,

respectively.
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9.3.4

Calculation of Diffusion Length for Co NCs Supported on 𝜸𝜸-Al2O3:

To calculate the maximum diffusion length for Co NCs, equation (A10) from Wynblatt
and Gjostein57 was used:
(A10)

LD = �4Ds t

In this equation, t is the sintering time which was selected to be 240 h, Ds is the diffusivity,

which was assumed to be 2.12E-11 cm2/s, and LD was calculated to be 4.28E-3 cm (4.28E7 nm).
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