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a b s t r a c t

Natural gas and coal are converted to fuels by the Fischer–Tropsch reaction, i.e., by reacting CO with H2,
the currently accepted mechanism involving surface carbide formation. We have monitored the adsorbed
species and their evolution during Fischer–Tropsch reaction on the commercial catalyst Pt,Co/�-Al2O3

(as a standard), on Co/alumina-pillared montmorillonite (Co,Al-EFW) and its beidellite analogue (both
are tri-octahedral smectite clays, but beidellite possesses tetrahedrally coordinated Al in the sheets) via

1

eywords:
ischer–Tropsch mechanism
5%Co,0.5%Pt/�-alumina
o2+-alumina-pillared clays
perando DRIFTS

optical diffuse reflectance (DRS ) and variable temperature in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS2). We show that in this case over Pt/Co-�-Al2O3, under model condi-
tions, H2 reacts with CO forming H–C O bridges over [Co-�O2-Co] units; this transition state moiety also
involves adjacent matrix Al–O–CO units. Subsequent stages provide differing oxygenate species via con-
certed acid–base reactions. The early stages of the Fischer–Tropsch synthesis thus do not involve surface
carbide species and surface oxygenates are generated via concerted reaction of support surface Al-OH

ging b
with the above HCO-brid

. Introduction

The search continues for cleaner and more efficient
ischer–Tropsch synthesis (FTS) reactions (i.e. hydrocarbon
roduction from CO and H2 on supported Co, Fe, Ru, or Mo often
ith added promoters) from syngas (CO/H2) from natural gas or

oal. Despite considerable work, the overall effects of support
nd porosity on FT reaction rate and hydrocarbon selectivities
till remain unclear and reaction mechanism(s) controversial,
ven for commercial-type catalysts (e.g. 15%Co,0.5%Pt/�-Al2O3)
1]. Over the years, mechanisms have veered from the original
xygenate mechanism extant until the 1970s to the current
urface carbide mechanism [2]. Even defining the active sites, a
ecessary pre-requisite for defining mechanisms, has proved a
aunting task, although iron and cobalt-based catalysts probably
ave different active sites. Further, the effect of promoters is

omplex and presumably steers the reaction [3]. Despite these
ifficulties, efforts to find superior catalysts continue, especially
ue to growing interest in FTS under supercritical conditions [4] to
nsure isothermal conditions for this exothermic reaction, liquid

∗ Corresponding author. Tel.: +36 1 438 1132; fax: +36 438 1164.
E-mail address: valyon@chemres.hu (J. Valyon).

1 Optical diffuse reflectance spectroscopy.
2 Diffuse reflectance infrared Fourier transformation spectroscopy.

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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inuclear Co2+ unit.
© 2010 Elsevier B.V. All rights reserved.

like solubility and favourable diffusion. Clarification can come
about only as a result of plausible mechanism(s) for the reaction
being put forward from in situ (or ‘operando’) experiments.

As regards cobalt, indications exist from the early FTS literature
that reducibility of Co species on oxide supports depends both on
the nature of the support and the Co distribution between differing
supported phases (crystalline Co3O4, ‘cobalt silicate’, etc.). How-
ever, only relatively recently is structural definition being attained.
For example, via EXAFS3 and in situ XRD for Co/SiO2, Khodakov et
al. [5] found that calcination of oxidised Co catalyst under inert
atmosphere results in a selective transformation of Co3O4 to CoO
at 350–400 ◦C. FT-IR with CO as a molecular probe revealed that
after H2 reduction at 723 K, Co is present at different sites: Co
metal sites (�CO = 2025 cm−1), Co2+ ions in the crystalline phase of
CoO (�CO = 2143 cm−1) and Con+ species in the amorphous phase
(�CO = 2181 cm−1). The authors concluded that the hydrogen reduc-
tion properties of the supported cobalt oxide particles depend on
the Co3O4 crystallite size. Studying carbon-supported cobalt cat-
alysts the FT activity was found to be structure sensitive [6]. The

particle-size effect appeared in combination with CO-induced sur-
face reconstruction of the Co metal particles. The structure of the
active atomic ensemble remained undefined. The active site deter-
mination for Pt promotion of Co/�-Al2O3 reduction (important for

3 Extended X-ray absorption fine structure.

dx.doi.org/10.1016/j.molcata.2010.09.014
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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ventually identifying the mechanism on 15%Co,0.5%Pt/�-Al2O3 of
elevance here) is more advanced. From in situ EXAFS (Co K and
t LIII edges) Jacobs et al. [7] concluded that: (i) isolated Pt atoms
nteract with supported cobalt clusters without forming observable
t–Pt bonds, and (ii) cobalt cluster size increases slightly on Pt pro-
otion. Further, XANES4 showed that the cobalt clusters remaining

fter the first stage of TPR5 are almost entirely cobalt (II) oxide. After
he second stage of TPR, the residual oxide persisting in the sample
s Co(II)aluminate (as confirmed by XPS).

In the interim, periodic MTS6 model supports, such as MCM-41,
BA-15, and pillared clays have joined the FTS catalyst portfolio. As
egards PILCs7, Barrault et al. [8] reported some time ago that Fe-
oped pillared laponites act as selective catalysts for the conversion
f syngas into light hydrocarbons even at high temperature (700 K).
Laponite is a synthetic hectorite). We are extending this to newer
upports (such as in Ref. [9]). In order to obtain molecular-level
nformation on the nature of the adsorbed species and their respec-
ive evolution during the FTS reaction, it is important to explore
eactants, products and possible intermediates simultaneously on
he working catalyst. A well-tested technique for this application is
n situ DRIFTS–MS8 in which a special IR cell acts as a reactor and its
ownstream flow is analysed by a coupled on-line detection device
MS).

We here report a DRS/in situ DRIFTS study of Co(II)-exchanged
lumina-pillared montmorillonite (‘Co,Al-EFW’) and its Co/Al-
eidellite analogue (‘Co,Al-B4’), and compare them with a
ommercial-type 15%Co/0.5%Pt/�-Al2O3 catalyst.

. Experimental

.1. Materials

�-Al2O3 was synthesized as described in Ref. [10]
5%Co,0.5%Pt/�-Al2O3 was prepared from �-Al2O3 using
o(II)-acetate, K2PtCl4 salts and incipient wetness impregnation
echnique.

Co,Al-EFW (Al/Co = 1) and Co,Al-B4 (Al/Co = 10) are cobalt-
lumina-pillared montmorillonite (starting material from IKO-
rbslöh, Germany) and beidellite (‘B4’, S&B Minerals, Greece),
espectively, described in detail in Ref. [9]. Co/Al-pillared clays were
repared using the appropriate metal-chlorides (AlCl3, Carlo Erba;
oCl2, Fluka). The metal-chloride solution (100 ml, 0.2 M AlCl3 and
.02 M CoCl3, Al/Co = 10 or 0.2 M AlCl3 and 0.2 M CoCl3, Al/Co = 1)
ere mixed drop-wise (under stirring) with 0.2 M NaOH (Fluka)

olution, which leads to the clear pillaring solution. The latter was
hen added drop-wise to the stirred colloidal clay solution (5 g clay
n 500 cm3 water). The excess salt contents of the pillared clays

ere removed with ‘Visking’ dialysis membranes. The chloride-
ree materials were than calcined at 723 K for 2 h in air. Co,Al-EFW
nd Co,Al-B4 were impregnated with Co and Pt salts (Co(II)-acetate,
2PtCl4) using the standard incipient wetness impregnation tech-
ique to obtain samples Co,Pt/Co,Al-EFW and Co,Pt/Co,Al-B4.

.2. Physical measurements
XRD patterns were recorded on a Philips PW 1810 powder
iffractometer, equipped with a graphite monochromator, using
uK� radiation. Optical spectra, as diffuse reflectance (DRS) were

4 X-ray absorption near-edge structure.
5 Temperature-programmed reduction.
6 Micelle-Templated silica.
7 Pillared interlayered clays.
8 Diffuse reflectance infrared Fourier transformation spectroscopy coupled with
ass spectrometry.
lysis A: Chemical 333 (2010) 37–45

collected at room temperature and after calcination at 400 ◦C before
and after metal ion-loadings on a Cary 5 UV–vis–NIR Spectropho-
tometer against BaSO4 as reference.

2.3. In situ DRIFTS–MS experiments

Spectral analysis of the catalyst surface during CO adsorp-
tion/catalysis was carried out using a Nicolet 5PC spectrometer
equipped with a COLLECTORTM II diffuse reflectance mirror sys-
tem and a high-temperature/high-pressure DRIFTS reactor cell
(Spectra-Tech, Inc.) as described in detail elsewhere [11]. The reac-
tor cell was connected to a quadrupole mass spectrometer (MS) for
real-time MS analysis of the DRIFTS reactor effluent. The sample
cup of the cell was filled with 15–30 mg of powdered sample. Prior
to each run, catalyst samples were pre-treated in situ as follows.

Pre-treatment in a dried 10% O2/He stream; flow rate:
30 cm3/min, Temperature programme: the sample was heated at
a rate of 10 ◦C/min from 30 ◦C to 350 ◦C then held at 350 ◦C 60 for
minutes. At 350 ◦C flushing with dried He for 10 min, then cooling
to 320 ◦C in He. Reduction in dried 100% H2 at 320 ◦C for 105 min,
then at 350 ◦C flushing with dried He for 5 min.

Spectra were recorded at 30 ◦C, 100 ◦C, 200 ◦C, 240 ◦C, 280 ◦C in
He, 3% CO/He, and in 33% CO/2% Ar (as reference)/65% H2. The flow
rate was 15 cm3/min. The experimental setup parameters were:
scan number: 256, resolution: 2 cm−1. Three spectra were taken at
each temperature first in He after pre-treatment (background) then
in the presence of the gas mixture and, finally after 5 min flushing
of the gas mixture by He.

In each case the background was subtracted from the spectra
of the catalyst and the adsorbed surface species. The gas phase
spectrum of the CO/He and CO/H2 streams was taken over KBr at
each temperature. This spectrum was used to correct the spectra for
the gas phase CO. All DRIFTS experiments were carried out under
atmospheric pressure.

Using the DRIFTS–MS system the FT activity was tested in the
280–320 ◦C temperature and the 1–10 bar pressure range. The MS
was monitoring the ions with m/z ratio 2 and 28 to get information
about the CO and H2 conversion, respectively. Since CO and water
give MS signal at m/z = 16, the methane yield was calculated from
the intensity of the m/z = 15 peak. The peak intensities were not
corrected for the possible but small interference of fragments from
product hydrocarbons. The appearance of MS peaks at m/z = 27,
44 and 57 indicated the presence of hydrocarbons in the reactor
effluent.

3. Results and discussion

3.1. DRS evidence for Co–O–Co units

The materials investigated are listed in Table 1 together with
their porosity characteristics; XRPD9 and DRS patterns are shown
in supplementary Figs. 1 and 2.

The first point of note is that none of the materials gives DRS
showing bands at 670 nm and 1400 nm characteristic of Co3O4
[12]. Instead, after calcination at 400 ◦C the DRS of all three cat-
alysts show bands due to d–d transitions in the NIR10/visible
region. For 15%Co,0.5%Pt/�-alumina three split bands assignable
to 4T1(F)← 4A2 (4330 and 4560 cm−1), 4T1(F)← 4A2 (6700, 7600,

8150 cm−1) and 4T1(P)← 4A2 (15,000, 16,300, 17,200 cm−1) are
visible, as expected for presence of a pseudo-Td [CoO4] moiety
[13]. Co,Al-EFW and the beidellite analogue show bands in the
same regions, also assignable to pseudo-Td [CoO4] moieties. The

9 X-ray powder diffraction.
10 Near infrared.
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Table 1
Catalyst characteristics.

Material Specific surface area (m2/g) Pore volume (cm3/g) Material Cobalt content (wt%) Platinum content (wt%)

�-Al2O3 225 0.53 Co,Pt/�-Al2O3 15 0.5
Co,Al-EFW 64.6 0.05 Co,Pt/Co,Al-EFW 13 0.1
Co,Al-B4 178 0.11 Co,Pt/Co,Al-B4 11.3 0.1

Table 2
Conversion of 33% CO/2% Ar/65% H2 gas mixture.a

Catalyst SV for COb, �mol s−1 g−1
cat t, ◦C/p, bar CO, conv.c, % H2, conv.c, % CH4, yieldd, % H2/CO, conv. ratio m/z diagnostic for

C2–C4 productse

Co,Pt/�-Al2O3 88 280/1 ∼4 ∼4 0.7 – 27, 30, 44, 57
Co,Pt/�-Al2O3 88 280/10 25.6 31.1 4.1 2.4 27, 30, 44, 57
Co,Pt/�-Al2O3 177 320/10 31.9 35.7 8.8 2.2 27, 30, 44, 57
Co,Pt/Co,Al-EFW 109 280/1 ∼2 ∼2 0.5 – –
Co,Pt/Co,Al-EFW 77 300/10 17.6 22.0 7.6 2.5 27, 30, 44, 57
Co,Pt/Co,Al-EFW 77 320/10 25.7 35.5 13.2 2.7 27, 30, 44, 57

a Measured by the DRIFTS–MS system after about 30–60 min TOS.
b Space velocity.
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c The CO and the H2 conversions were determined from m/z = 28 and 2 MS peaks
ydrocarbon fragments.
d The methane yield was estimated from the intensity of the MS peak at m/z = 15
e The of given MS peaks were evidencing the formation of C2–C4 hydrocarbons.

vidence for M2+ bonding in alumina-PILCs has to date been over-
helmingly in favour of coordination to alumina pillar (rather

han aluminosilicate sheet) [14]. More importantly, the DRS of all
hree also show bands in the 33,333–20,000 cm−1 region – not
ssignable to higher energy matrix charge-transfer bands, which
ccur at ca. 47,000 cm−1 for alumina [15]. Evidence is accumulat-
ng that bands in this region are due to MMCT11 transitions [16].
hus, the band at 21,100 cm−1 (with an ill-defined high-energy
houlder) in Co,Al-EFW may be assigned to a Co–Co MMCT, as also
hose at 24,500 cm−1 with shoulder at ca. 25,200 cm−1 in the bei-
ellite analogue. Following the arguments of Ref. [17], this implies
he presence of dimeric Co–O–Co (or more probably Co-�O2-Co)
nits. 15%Co,0.5%Pt/�-alumina also shows a band in this region,
t 25,000 cm−1, although this is partially masked by an intense fur-
her absorption consisting of at least five bands at ca 24,000, 26,000,
8,000, 32,000 and 37,000 cm−1. The platinum was delivered from a
PtCl6]4− solution; for ZSM-5 this gives rise to a well-characterised
Pt6] cluster [18] with optical spectra having bands in the same
egion.

.2. Conversion in the DRIFTS–MS reactor

Conversion of CO/H2 mixture to hydrocarbons was observed
ver the studied catalysts under the applied DRIFTS–MS conditions
Table 2). At low conversions methane was the only hydrocar-
on product. Higher conversions and higher hydrocarbons were
btained at higher pressures.

.3. DRIFTS identification of the surface species

Turning to the DRIFTS spectra, these will be treated under
hose for the bonded CO region (1800–2200 cm−1), bonding hydro-
arbon region (2700–3200 cm−1) and bonding oxygenate species
egion (1200–1700 cm−1). CO adsorption, particularly on basic
xide supports such as alumina, gives rise to various formate, car-

oxylate and carbonate species [19] with diagnostic bands in the
200–1600 cm−1 region. The latter are often seen as ‘spectator’
pecies (i.e. coincidental to the major surface mechanism(s)) we
how below that this is not the case here and differing oxygenates

11 Metal to metal charge transfer.
ctively. The peak intensities were not corrected for the possible interferences with

provide clues as to preferred reaction paths. Finally, we recall that
TPD (temperature programmed desorption) studies have shown
that apart from the alumina support itself, the Co/�-alumina cat-
alyst contains three phases: (i) a CoAl2O4 spinel phase, (ii) an
amorphous or microcrystalline Co3O4 phase interacting with the
support, and (iii) a crystalline Co3O4 phase [20–22]. The Co2+ ions
of the spinel phase are rather inactive to CO adsorption; this is usu-
ally ascribed to their tetrahedral coordination and surface shielding
[23]. Less is known of the surface structure of alumina pillars in
PILCs, structural characterisation being notoriously difficult for this
class of materials [24] although MAS NMR point to a �-alumina (or
close to �-alumina) type surface [25]. The structural effect of sub-
stituting M2+ cations (here Co2+) is also unclear. However, from
MAS NMR studies it is known that Ga3+ and Cr3+ isomorphously
substitute into the Al13 Keggin-ion precursor, whereas Fe3+ does
not, because Al3+ present in solution catalyse the formation of
polyhydroxyoxo-Fe3+ species [26,27]. The latter then decorate the
final alumina pillar, which we recently showed to have important
consequences for de-NOx reactions [28].

3.3.1. Bonded CO region
Several bands in the 1980–2100 cm−1 region are usually

observed for both mononuclear and polynuclear cobalt polycar-
bonyls and are assigned to linear carbonyl stretching modes. Busca
et al. [29] analysed the well-resolved such spectra in the FT-IR of
CO adsorbed on Co3O4 after reduction with H2 in detail. In addition,
bands at frequencies as low as 1900–1700 cm−1 can also appear
for: (i) cobalt polycarbonyl clusters, associated with the presence
of �2 or �3-bridging carbonyls, and (ii) negatively charged cobalt
polycarbonyls [29]. More extensive is the study of a 12%Co/�-Al2O3
by Rygh and Nielsen [30], which uses semiempirical (ASED-MO12)
calculations as a guide for assigning CO vibrational modes.

The major general points of note for the DRIFTS spectra of
Figs. 1 and 2 are: (i) CO adsorption begins at room temperature, and
(ii) the spectra are very different between the two catalyst classes.

Taking 15%Co,0.5%Pt/�-Al2O3 first, at 30 ◦C there are two major
CO bands attributable to �(CO) stretches of Co–CO at 2158 cm−1

and 2042 cm−1 (Fig. 1B). The former is already no longer present
at 200 ◦C and from 200 ◦C the latter is transformed into a broad

12 Atom superposition and electron delocalization molecular orbital theory.
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Fig. 1. In situ DRIFTS of 15%Co,0,5%Pt/�-Al2O3. (A) Under 3%CO/He; (B) under
3
2
2
p

b
l
b
t
i
e
w
r
t
f
a

3%CO/H2. a, b, c, d, e in 3% CO/He or in 33% CO/H2 at 30 ◦C, 100 ◦C, 200 ◦C, 240 ◦C,
80 ◦C, respectively. a′ , b′ , c′ , d′ , e′ flushed with helium at 30 ◦C, 100 ◦C, 200 ◦C, 240 ◦C,
80 ◦C, respectively. (Standard DRIFTS conditions and designations). Inset: enlarged
ortions of spectra c, d and e.

and at 2040 cm−1, with one (or possibly two) weak shoulders to
ower frequencies. In agreement with others [31] the 2042 cm−1

and is assigned to linearly adsorbed CO. As in Ref. [32], we ascribe
he intensity decrease with simultaneous slight frequency shift on
ncreasing the temperature as an indication of decreasing CO cov-
rage as reaction proceeds. However, there is also evidence for two

−1 −1
eak bands <1950 cm (at 1937 and 1879 cm , see Fig. 1B) the
egion usually associated with bridging CO [32,33] and we suggest
hat it arises from CO bridging the dimeric Co-�O2-Co unit inferred
rom the DRS above. Differently than reported in Ref. [31], where
doublet in this region (also ascribed to bridging CO) disappears
Fig. 2. In situ DRIFTS of Co,Al-EFW (Co:Al = 1:1) under standard conditions (cf. Fig. 1).
Inset: enlarged portions of spectra c, d, e and e′ . E 110 min after e, the conditions are
the same as in e.

at 200 ◦C, the weak band here persists until 200 ◦C. We presume
this is due to slight differences in conditions; Fredriksen et al. [32]
suggest that coking preferentially removes active sites for bridging
CO; presumably it is lower on our samples.

Conversely, the band at 2074 cm−1 which shifts to 2050 cm−1 as
the temperature is raised to 280 ◦C can be ascribed to CO adsorption
on Pt0 sites (Fig. 1A) [34].

In contrast, at low CO flow concentration Co,Al-EFW (i.e. with no
Pt promoter) gives a rather featureless DRIFTS, only a single band
easily removed on flushing (even at 30 ◦C) appearing at 2192 cm−1

assignable to linearly coordinated CO (Fig. 2A). As expected, higher

CO/H2 reaction leads to a much richer carbonyl region, which
shows 6 bands, all of which progressively disappear between 30
and 200 ◦C. Following the correlations of Busca described above
[29], and noting the absence of vibrations characteristic of �2- or



M. Kollár et al. / Journal of Molecular Cata

F
F

�
a
n
h
a
i
u
o
2
t
i
n
a
H

i

two bands of unidentate carbonate at 1452 and 1373 cm−1 [32].
ig. 3. In situ DRIFTS of Co,Pt/Co,Al-EFW (Co:Al = 1:1) under standard conditions (cf.
ig. 1). Inset: enlarged portions of spectra c, d, e and e′ .

3-bridging carbonyls, these may be assigned as follows. The 2131
nd 2044 cm−1 bands are characteristic of Co(CO)2 units (there is
o evidence for the presence of Co(CO)3 or Co(CO)4 units); they
ave been observed on alumina matrices only at low temperatures
nd high pressures [31]. The band at 2066 cm−1 is also character-
stic of Co(CO) bonding, but this time assignable to a ‘tilted’ Co–CO
nit having a Co–C–O angle �180◦ [35]. By 100 ◦C, this system
f bands is no longer present, being replaced by a single band at
107 cm−1, which itself then shifts to 2105 cm−1 (with the simul-
aneous appearance of a weak band at 2145 cm−1) by 200 ◦C. The
mplication is that at 200 ◦C a Co(CO) unit bonding to the alumi-
osilicate sheet of the PILC is present, that this is the only Co(CO)

fter reaction to Co-alkyls and also (given its ready removal after
e flushing) it is a weak, transient bond (Fig. 2B).

We can now compare both with the DRIFTS of Co,Pt/Co,Al-EFW,
.e. as for the Co,Al-EFW catalyst but which was ion exchanged
lysis A: Chemical 333 (2010) 37–45 41

with Co2+ and impregnated with Pt2+. Bands at 2043 cm−1 and
2063 cm−1 in the 33%CO/H2 stream (Fig. 3B) are in common with
those for Co,Al-EFW under the same conditions the former being
again assigned to linear Co(CO). The band at 2066 cm−1 may
instead be ascribed to various causes, as pointed out by others:
(i) increase in reduced Co species, (ii) cobalt surface reconstruc-
tion and (iii) presence of a hydrocarbonyl HCo(CO) species [31,33].
There is no spectral evidence (including DRS) for i and ii, whereas
in both Co,Pt/Co-Al-EFW and the (non-Co substituted) Co,Al-EFW
the 2043 cm−1 band is associated with appearance of �(C–H) peaks
at 2800–3000 cm−1 after 240 ◦C. Albeit unclear, they appear to dif-
fer and for both are more structured than expected (at 3015 cm−1)
for CH4 alone. We conclude that iii is indeed the case, an HCo(CO)
intermediate having previously been observed by others in similar
conditions. Indeed, Kadinov et al. [31] concluded that formation of
HCo(CO) is actually a requisite step in the overall reaction between
CO and co-adsorbed H2. In Co,Al-EFW this band is no longer present
after heating to 100 ◦C and flushing with He (Fig. 2B b′), being
replaced by a band at 2105 cm−1, which in turn is accompanied
by a further weak peak at 2145 cm−1 after raising the temperature
to 200 ◦C. No bands are seen in the 1800–2400 cm−1 region after
He flushing at the same temperature. The weak peak at 2105 cm−1

can be ascribed to carbonyl, bound to the aluminosilicate sheet.
Co,Pt/Co,Al-EFW shows a very different behaviour; the bridging

CO band at 1940 cm−1 is weaker and now accompanied between
100 and 200 ◦C by an (again transient) band at 1864 cm−1, also
probably due to bridged CO. More importantly, the HCo(CO) peak
(shifted to 2048 cm−1) becomes prominent at 200 ◦C and appear-
ing and disappearing with reaction/He flush (Fig. 3B, c, d′, e′). This
provides strong evidence that it is involved as a weakly bonded
(and hence transient) bridging moiety between the two Co ions.
In addition, that Co,Al-EFW shows no evidence for the presence
of the Co-HCO diagnostic peak not only confirms that the peak is
not mis-assigned, but also underlines that Pt atoms on supported
cobalt clusters provide the H atoms without forming observable
Pt–Pt bonds (in agreement with Ref. [7]).

3.3.2. Bonding hydrocarbon region
The experimental conditions adopted (especially ambient pres-

sure) are more suited for probing early stages of the reaction rather
than CH chain propagation, this region is little developed (presum-
ably also due to the applied relatively short time on stream). Under
33%CO/H2 flow 15%Co/0.5%Pt/�-Al2O3 shows a series of (at least) 4
peaks, at 2854, 2905, 2925, 2950 which grow in only from 200 ◦C
(Fig. 1B inset).

The CH vibrations for Co,Al-EFW are different. In 33%CO/H2, they
appear only at >240 ◦C: At 280 ◦C two indistinct bands are apparent
at 3014 and 2936 cm−1 (Fig. 2B inset).

3.3.3. Bonded oxygenates
We now come to the 1200–1800 cm−1 region, which is diagnos-

tic for the formation of acetates, formates, carboxylates, etc. In the
3% CO regime, 15%Co,0.5%Pt/�-alumina shows three clear bands,
at 1230, 1435 and 1656 cm−1 (Fig. 1A), which can be assigned as
bicarbonate, �s(CO2) and �a(CO2) vibrations [36].

Under 33% CO/H2, the 1229, 1433, 1650 cm−1 series of bands
(Fig. 1B) are present for bicarbonate, �(COH), �s(CO2) and �a(CO2)
vibrations at 30 ◦C, which are virtually absent at 200 ◦C, to be
replaced by formate [32,37] or carboxylate [35] �a(CO2) and �s(CO2)
vibrations at 1593 and 1392 cm−1, respectively, and at 280 ◦C the
Bands in this region for Co,Al-EFW and Co,Pt/Co,Al-EFW are very
different (see Figs. 2 and 3). The two final low-frequency bands
at 1602 cm−1 and 1392 cm−1 (Fig. 2B) are assignable to formate
�a(CO2) and �s(CO2) vibrations, respectively [35,37]. In Co,Pt/Co,Al-
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ig. 4. In situ DRIFTS of Co,Pt/Co,Al-B4 (Co:Al = 1:10) under standard conditions (cf.
ig. 1). Inset: enlarged portions of spectra c, d and e.

FW, however, under 3%CO/He flow bands appearing at 1528 cm−1

nd 1380 cm−1 (Fig. 3A) can be assigned to �a(COO) and �s(COO)
espectively of bidentate carbonate. They decrease in intensity with
emperature increase. The formation of carbonate is presumably
ue to the fact that at this low coverage and in the absence of H2,
o2+ is mainly present (as also indicated by the band at 2185 cm−1).
onversely, formate alone is produced under a 33%CO/H2 flow
Figs. 1B and 2B).

The appearance of the �(H2O) band near to 1630 cm−1 indicates
hat part of the formed water remained adsorbed (Figs. 2–4).

.4. Active sites and mechanisms
From the above, we suggest that the Co-HCO bridges to the
econd Co, as shown in Fig. 5B; being labile, this rationalises the
ehaviour found in Figs. 3 and 4. We recall that bonding between
etallic Co and CO involves electron transfer from the CO(5�)
Fig. 5. (A) Scission of CO to give surface carbides in the FTS according to Ref. [40];
(B) proposed early reaction stages involving oxygenated intermediates for oxide-
supported Co,Pt-catalyst.

orbital into the empty metal bands (� donation) and simultane-
ous electron transfer from Co occupied bands into the CO (2�*)
orbitals (i.e. � back-donation) [19]. Presumably, a ‘redox bridge’ is
formed by the latter interacting with Co 3d orbitals. (It is unlikely
that the linear CoCO are responsible, since Co–C bonds are known
to be strong.)

Conversely, without H2 (Fig. 5B) Co-HCO is not formed and at
ambient temperature carbonate formation occurs via the reaction

pathway proposed by Föttinger et al. [38] (Fig. 6A) on the basis of
isotope experiments. If hydrogen is not present the simultaneous
formation of formate as the temperature increases must be via a
concerted acid–base interaction with CO bonded to Al-OH groups
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F tion v
a

o
o
a
[

ig. 6. (A) Carbonate formation on alumina according to Ref. [38], (B) formate forma
cid–base reaction [36]. Cus-Al means coordinatively unsaturated surface Al sites.
f the support. This is supported by both the enhancement in �(OH)
f the associated OH– groups and, in particular, the fact that they
re labile. Such a mechanism has been put forward by Iordan et al.
36] and is shown in Fig. 6B and C.
ia direct reduction of HCO3
2− by H2, (C) as for B, from CO and HCO3

2− via concerted
The beidellite has a structure differs from that of montmoril-
lonite in having tetrahedral [AlO4] units in the sheet rather than
octahedral [AlO6] ones. Nevertheless, the DRIFTS are very simi-
lar, a further indication that active site is indeed located on the
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lumina pillar. Conversely, the significantly different behaviour of
5%Co,0.5%Pt/�-Al2O3 is presumably due to differences in the ori-
ntation of the binuclear active site with respect to Al-OH groups.
s a final point, we recall that the Co–C O groups are – in fact –

ilted, so that very small changes in the latter cause large changes
n reaction route and outcome. Since the precise surface structure
n the alumina pillar of PILCs is unknown (it is �-alumina like in
atural clays) so this crucial point, i.e., the “dynamic nature” of Co
entres in FTS catalysts [39] remains speculative.

The current generally accepted mechanism is shown in Fig. 5A.
O first dissociates on the surface giving rise to carbides [40] fol-

owed by hydrogenation of surface carbon to CHx surface species.
variant is one in which polymer chain carriers are surface alkenyl

ather than alkyl species, proposed by Maitlis and coworkers [41]
n the basis of organometallic complex model studies. Also pop-
lar is the suggestion that oxygenates are formed by a reaction
equence in which a methyl first forms on the metal surface, which
hen migrates onto a surface carbonyl to form a surface acetyl [42].
nfortunately, neither can rationalise either product variations or

he variations in oxygenates uncovered by the DRIFTS. Indeed,
o current mechanism answers the crucial questions underpin-
ing the overall mechanism. These are: (i) is the H2 added to the
dsorbed CO first, therefore forming oxygen-containing interme-
iates, or (ii) does CO bond scission come first, hence giving rise to
ydrocarbon intermediates? The current early-stage mechanism
ssumes that (ii) is involved, i.e. leading to surface carbides, as in
ig. 5A. However, all the DRIFTS show no evidence for surface car-
ide formation and also show that the oxygenates change according
o experimental conditions, which points to involvement of (i).
articularly strong support for this is the formation of CO3

2− in
5%Co,0.5%Pt/�-alumina in the absence of hydrogen neatly sup-
orting Iordan et al.’s acid–base scheme of Ref. [36], which as crucial

ntermediate involves O2CO–H· · ·CO H-bonds. We suggest that all
s mediated by the geometry requirements of bridging Co(CHO)Co

ith CO HOMO(�) + OH HOMO (lone pair) in the acid–base case and
ith the H2 HOMO + LUMO orbitals in that of direct H2 reduction of
O. Both ultimately depend on redox shuttling in the [Co2O2] unit;
lthough speculative, this final suggestion at least rationalises the
iffering temperatures at which oxygenate production kicks in (see
igs. 1–4 and 5B). In other words, CO scission probably proceeds
oncurrently with hydrocarbon production, as is also supported by
ormation of a Co-HCO moiety as reaction proceeds. Fig. 5B incor-
orates the formation mechanism of the oxygenate species.

The surface bond methylidene [CH2(s)] may transform to
ethylidene radical [•CH2(s)]. The •CH2(s) radicals can couple to

thylidene and ethylidene radicals [•C2H4(s)]. The coupling of rad-
cals or their reaction with gas phase hydrocarbons result in carbon
hains. The MS detected in the effluent gas hydrocarbon fragments
hich indeed confirms this.

. Conclusions

A detailed in situ DRIFTS study, backed up by optical spectra (as
RS) of an alumina-pillared montmorillonite (Co,Al-EFW) and its
eidellite analogue (Co,Al-B4) has been carried out and compared
ith that for a commercial-type 15%Co,0.5%Pt/�-Al2O3. The DRS
rovide evidence that Co–O–Co or Co-�O2-Co units are present in
ll three cases. For the Co-PILCs, the DRIFTS point to the presence
f a labile Co-HCO moiety bridging the binuclear Co units in the
ransition state, i.e. the H2 adds to the adsorbed CO first. This con-

rasts with the previous assumption that CO bond scission occurs
rst, to give surface carbides. The DRIFTS also support formation of
urface oxygenates (acetate, formate, etc.) via a concerted mecha-
ism between the binuclear Co unit and surface Al-OH groups. The
xygenate formed varies depending on the presence or otherwise

[

[

[

lysis A: Chemical 333 (2010) 37–45

of H2, thus confirming that oxygenated intermediate (i.e. Co-HCO)
formation occurs, rather than surface carbide formation.

Further structural probing (via XAFS and isotope substitution)
of the catalysts is underway to provide direct structural support for
the active site(s) proposed and 18O isotope studies to more closely
define the transition state geometries involved.
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