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ABSTRACT: Hydrogenations of CO or CO, are
important catalytic reactions as they are interesting
alternatives to produce fine chemical feedstock hence
avoiding the use of fossil sources. Using monodisperse
nanoparticle (NP) catalysts, we have studied the CO/H,
(i.e, Fischer—Tropsch synthesis) and CO,/H, reactions.
Exploiting synchrotron based in situ characterization
techniques such as XANES and XPS, we were able to
demonstrate that 10 nm Co NPs cannot be reduced at 250
°C while supported on TiO, or SiO, and that the
complete reduction of cobalt can only be achieved at 450
°C. Interestingly, cobalt oxide performs better than fully
reduced cobalt when supported on TiO,. In fact, the
catalytic results indicate an enhancement of 10-fold for the
CO,/H, reaction rate and 2-fold for the CO/H, reaction
rate for the Co/TiO, treated at 250 °C in H, versus Co/
TiO, treated at 450 °C. Inversely, the activity of cobalt
supported on SiO, has a higher turnover frequency when
cobalt is metallic. The product distributions could be
tuned depending on the support and the oxidation state of
cobalt. For oxidized cobalt on TiO,, we observed an
increase of methane production for the CO,/H, reaction
whereas it is more selective to unsaturated products for the
CO/H, reaction. In situ investigation of the catalysts
indicated wetting of the TiO, support by CoO, and partial
encapsulation of metallic Co by TiO,_,.

Reforming of CO (i.e., Fischer—Tropsch (F—T) synthesis)
and CO, to substitute dwindling fossil fuels has gained
renewed scientific interest because of the recent crude oil crisis.
The major drawback of these syntheses is their broad spectrum
of products over Co catalysts: the hydrogenation of CO leads
to formation of many high molecular weight products (Cs and
above), while CO, hydrogenation gives rise to gaseous
products (ie, C,—C,). Hence, both reactions represent a
challenge to achieving 100% selectivity for a desired product.
Accomplishing this will certainly enable “green” manufacturing
with no generation of wasteful or polluting byproducts. Along
these lines, studies of size-controlled Co particles showed that
larger particles (i.e., > 10 nm) are the most active, but size has a
modest effect on the selectivity.' > Likewise, TiO, supports
were reported to enhance activity without altering selectivity.
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The poor activity of smaller particles is often attributed to the
ease with which these particles can be oxidized.>* It is well-
known from surface science that metallic Co is necessary to
dissociate COj; hence, the metallic state is most likely to be the
active state. In the present work, we report a cobalt oxide
catalyst which is more active and more selective than its
metallic equivalent. In fact, we observed multiple fold
enhancement in turnover rates in the oxidized cubic CoO
phase relative to metallic Co over the TiO, support. Inversely,
metallic Co is more active when supported on SiO,.
Nevertheless, the CoO/TiO, performs better than the metallic
Co/SiO, catalyst produced under the same conditions.

Since the nature of the support is known to influence the
particle dispersion and size distribution while using classic
impregnation techniques,” we have synthesized the particles
using a colloidal route to ensure the homogeneity of cobalt size
and dispersion between both catalysts. Cobalt nanoparticles
(NPs) of 10 +0.5 nm were synthesized using a colloidal
method reported elswhere.® Macroporous TiO,” and meso-
porous SiO, (MCF-17)® were also prepared in-house and used
as supports for the Co NPs.

We evaluated the catalytic activity and selectivity of Co/TiO,
and Co/SiO, catalysts with metallic and oxidized Co
components, as determined by the temperature of the reductive
H, pretreatment. Two temperatures of hydrogen pretreatment
were selected: one below the bulk reduction temperature of
cobalt oxides (250 °C) and another above it (450 °C)
respectively referred to as “ox” and “red”, in order to evaluate
the impact of the cobalt oxidation state. Both reactions were
evaluated under similar temperature and pressure conditions
(250 °C and ~5 atm). Figure 1 exhibits plots of turnover
frequencies (Figure 1a) and selectivity toward methane (Figure
1b) for the CO,/H, (ratio 1:3) reaction, displaying four cycles
of catalytic runs. We found that the Co/TiO, catalyst
performed approximately S-fold better when Co was in an
oxidized state. Furthermore, methane production was improved
substantially for the oxidized Co. We also found that the Co/
SiO, catalyst behaved contrastingly to the Co/TiO, catalyst:
peaks in activity and methane selectivity were obtained for the
metallic Co. Overall, oxidized Co supported on TiO, displayed
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Figure 1. (a) TOFs and (b) % CH, selectivities for the Co/TiO, (red)
and Co/SiO, (blue) catalysts as a function of the alternating redox
state of Co; “red” stands for the reduced Co, and “ox” for the oxidized
Co. The reduced Co was obtained upon H, treatment (20 vol % in He
for 1 h) at 450 °C, while the oxidized Co was obtained upon O,
treatment at 350 °C and maintained in net reducing atmospheres at
250 °C (see text). The reaction conditions were S atm of CO,/H,

(1:3) at 250 °C for 1 h.

a 2-fold enhancement in methane yield versus metallic Co
supported on SiO,.

Likewise, the CO/H, (ratio 1:2) reaction yielded 2-fold
enhancement in turnover rates over oxidized Co in the case of
TiO, support, whereas the Co/SiO, catalyst is most active with
metallic Co (Figure 2a). Product distribution is also influenced
by the oxidation state of cobalt. In fact for both supports, the
oxidized cobalt produces more unsaturated hydrocarbons as
shown for C, and C, in the case of the Co/TiO, catalyst
(Figure 2b). Hence we can conclude that the hydrogenation
activity of metallic cobalt is higher as we observe a diminishing
of the olefin to paraffin ratio.

TEM, HR-TEM, and STEM/EDS spectral maps at Co and
Ti K lines of the Co/TiO, spent catalyst cycled at elevated
temperatures (up to 450 °C) and reactive gas pressures (up to
S bar) indicate no particle agglomeration (Figure Sla—e).

Figure 3 (a and b) shows AP-XPS spectra taken at Co and Ti
2p core levels during reductive H, (100 mTorr) treatments: at
250 °C, Co was found oxidized and Ti was partially reduced on
surfaces corresponding to probing depths of 6 A (kinetic
energies of 180 €V),” whereas Co was partially reduced and Ti
was fully reduced to Ti** at 450 °C. Under catalytically more
relevant H, partial pressures (150 Torr), (N)EXAFS indicated
metallic Co at 450 °C and oxidized Co at 250 °C (Figure 3c).
EXAFS oscillations revealed metallic Co—Co coordination or
Co—0 and oxidized Co—Co coordination, respectively (Figure
3d).

Metallic Co is believed to be the active form of Co during
hydrogenation of CO.'”"" To this end, our findings over the
Co/SiO, catalyst are in accord with an active metallic Co phase.
However, we found evidence for the existence of an oxidized
form of Co supported on TiO,, surprisingly superior to the
metallic state of Co for both the Fischer—Tropsch synthesis
and for the hydrogenation of CO,. A NEXAFS total electron
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Figure 2. (a) TOFs for the Co/TiO, (red) and Co/SiO, (blue)
catalysts as a function of alternating redox state of Co; “red” stands for
the reduced Co, and “ox” for the oxidized Co. (b) Bar graph shows the
olefin to paraffin ratios for C, and C, molecules for the Co/TiO,
catalyst. The reduced Co was obtained upon H, treatment (10 vol %
in Ar for 1 h) at 450 °C, while the oxidized Co was obtained upon O,
treatment at 350 °C and maintained in net reducing atmospheres at
250 °C (see text). The reaction conditions were S atm of CO/H,
(1:2) at 250 °C for 24 h.

yield (TEY) spectrum, a surface sensitive technique (probe
depth ~2 nm), at the Co L edge revealed that near surface
regions were composed of Co** during CO,/H, (1:3, ~1 atm)
reaction at 250 °C (Figure 3e). Furthermore, the C K edge
TEY spectrum, obtained under the same reaction conditions,
indicated the presence of CO and sp* and sp*like (ie., C,H,
and CH,) hydrocarbons12 (Figure 3f). NEXAFS fluorescence
yield (FY) spectra, acquired at the Co K edge under 1 atm of
CO,/H, (1:3) at 250 °C, demonstrate that the active cobalt
oxide catalyst remained oxidized under these reaction
conditions (Figure S2). Furthermore, in situ X-ray diffraction
studies unequivocally showed that oxidized Co crystallized in
the cubic CoO (Fm3m) phase (Figure S3).

In view of the data gathered by XPS, we believe that metallic
cobalt might be encapsulated by TiO, decreasing the overall
number of active sites and thus the activity of the metallic Co/
TiO,. The wetting of small metallic particles by TiO, is well-
known and was first reported by Tauster as a strong metal—
support interaction (SMSI)."*”'* The reason for this
encapsulation is not clear and might be related to the presence
of specific adsorbates and/or thermally induced. No matter the
reason, this Co/TiO, nanocomposite material possesses a
surface dynamism which allows it to adapt to its environment.
Figure S4 shows % Co on the surface of the Co/TiO, catalyst,
as measured by AP-XPS under relevant conditions (100 mTorr
O, or H,) and lab XPS (Al K) for the fresh and spent catalysts
after cycles of redox treatment and CO,/H, reaction. It was
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Figure 3. AP-XPS spectra of the Co/TiO, catalyst at (a) Co 2p and
(b) Ti 2p core levels obtained under given conditions. In situ (c)
NEXAFS spectrum and (d) the corresponding EXAFS oscillations at
Co K absorption edge under given conditions. In situ NEXAFS TEY
spectra at (e) Co L and (f) C K edges during reaction of CO,/H,
(1:3) at 1 atm and 250 °C. Least-square fitting in (e) was carried out
using reference compounds as discussed in ref 17.

found that the % Co on the surface increased from 29 atom %
in O, at 350 °C to 35 atom % in H, at 250 °C, suggestive of
wetting of TiO, by CoO. Lab XPS evidenced that both the
fresh and spent catalysts had approximately 30 atom % Co in
the surface. At 450 °C in H,, however, the % Co on the surface
substantially dropped to 20 atom %. This is clearly reminiscent
of reversible encapsulation of metallic Co,'>16 present under
these conditions, by TiO,_, as a result of the lower surface free
energy of the latter."® The possibility of CoTiOj formation has
been considered; nonetheless, our AP-XPS, NEXAFS, and
XRD data rule out the existence of such compounds at the
surface or in the bulk.

In view of our findings, we believe that CoO forms a
catalytically active and unique interface with TiO,, which
enhanced the activity of CO or CO, hydrogenation reactions
with respect to metallic Co/TiO,. Moreover, for both reactions
the metallic Co/SiO, is less active than CoO/TiO,. Our
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catalytic data demonstrate that a certain tuning of the product
distribution could be achieved using metal/metal oxide support
interaction.
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Contains the experimental protocols; TEM, HR-TEM, and
HAADF images; STEM/EDS spectral maps as well as the in
situ EXAFS FY spectra and XRD patterns obtained during
CO,/H, reaction. This material is available free of charge via
the Internet at http://pubs.acs.org.
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