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The water-induced formation of cobalt oxides by the re-oxidation of metallic cobalt in pre-reduced 10%
Co/Ce0,-Zr0; catalyst was verified by in situ temperature-programmed reduction (TPR) and in situ X-ray
Photoelectron Spectroscopy (XPS) studies under various ethanol-steam conditions at 450 °C. The forma-
tion and transformation of water-induced cobalt oxide species during the reaction were influenced by the
pre-reduction conditions as well as the feed stream composition. Our results suggest that the surface
composition of the cobalt species (e.g. Co, CoO, and CoO,) in the 10% Co/Ce0O,-ZrO, catalyst, initially
determined by the catalyst pre-treatment conditions, changed toward an equilibrium state governed
by the feed stream composition as the reaction proceeded. In addition, the reducibility of the ceria sites
may play a significant role in the formation of such water-induced cobalt oxide species, as the redox pro-
cess involves both cobalt and ceria sites in the ethanol-steam environment. Finally, the effect of the
water-induced cobalt oxides in the 10% Co/Ce0,-ZrO, catalyst was investigated under ethanol and eth-
anol-steam conditions, particularly for the carbon-carbon (C-C) bond cleavage of ethanol. The water-
induced formation of cobalt oxides in the catalyst was not observed to affect the cleavage, in either eth-
anol-rich (e.g. ethanol decomposition) or steam-rich (e.g. ethanol steam reforming) conditions. This
result could be explained by our in situ studies, which revealed the redox exchange between reduced

cobalt and oxidized cobalt in a feed stream with a changing water-to-ethanol ratio.

Published by Elsevier Inc.

1. Introduction

Catalysts for hydrogen production through ethanol steam
reforming (ESR) have been carefully studied and summarized in
the recent literature [1-4]. Precious metals such as Rh, Pt, and Pd
have been found to be effective catalysts. Rh, in particular, is the
most active because the formation of five-member ring oxametal-
lacycles over Rh surfaces during the dehydrogenation of ethanol
facilitates the C-C bond cleavage of the adsorbed ethoxide species,
when compared with the acetaldehyde formed over Pd surfaces,
which can lead to acetone formation [5,6]. However, larger-scale
applications of ESR would be impractical using expensive Rh-based
catalysts.

As an inexpensive alternative for ethanol reforming applica-
tions, Co-based catalysts have attracted much attention recently;
their activity for efficient C-C bond cleavage around 400 °C has
been reported to be similar to that of precious metal catalysts
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[7,8]. The similarity in terms of activity for the C-C bond cleavage
is not surprising, as revealed by density function theory (DFT) cal-
culations that the oxametallacyclic intermediate is more stable
over Rh and Co surfaces than over other transition metals [6].

In addition, the catalytic properties of Co-based catalysts that
determine the reaction turnovers and the product selectivity in a
kinetic-controlled regime during ESR are found to be strongly
influenced by the supporting materials, such as Al,03, MgO, ZnO,
Si0,, and ZrO; [7-11]. The Co-support interactions and their influ-
ence on catalytic performance over supported Co catalysts have
been a research focus in the steam reforming of ethanol. Based
on what has been found in supported metal catalysts [12] and
our previous findings [13,14], it is generally believed that C-C bond
cleavage takes place on metallic Co surfaces, while the support
plays a dual role, physically stabilizing Co nanocrystallites and
chemically facilitating the oxidation process by activating water
molecules or releasing lattice oxygen.

Although metallic Co was shown to be responsible for the activ-
ity in several ethanol reforming studies using bulk and supported
Co catalysts [14-18], owing to the difficulty of characterizing Co
species over support surfaces in operando conditions, the true iden-
tity of its active centers in ESR is still elusive. Furthermore, the
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coexistence of metallic Co and Co oxides (CoO,) was observed and
seems unavoidable in a steam-rich environment given by a high
steam-to-carbon feed condition; it is a challenging task to differen-
tiate cobalt species with different oxidation states and correlate
the composition of the bulk cobalt to catalytic properties, espe-
cially when they are coupled with Co-support interactions.

The presence of CoO,, or more precisely, the re-oxidation of
metallic Co to CoO,, is also an interesting topic in supported Co-
based Fischer-Tropsch catalysts. The negative effect of water on
catalyst activity in Fischer-Tropsch synthesis could be linked to
the formation of inactive cobalt oxides; however, the issue remains
controversial [19-23]. In the case of ESR, however, very few papers
address the effect of water on the oxidation of cobalt, and the dis-
cussion is mostly limited to the bulk cobalt catalysts [16,17]. The
assumption that the metallic cobalt is stable and acts as the active
center is generally made in studies of supported cobalt catalysts for
ESR, in which the activity and stability are measured, and the co-
balt-support interactions are discussed for the pre-reduced metal-
lic cobalt only. Therefore, in steam reforming conditions or
reactions involving steam, the redox exchange between the re-
duced and oxidized cobalt species and their interactions with sup-
port surfaces as well as adsorbed molecules should not be
overlooked, as the nature of the active sites is still under
investigation.

This work examines the formation of CoO, species over sup-
ported Co/CeO,-ZrO, catalysts in different ethanol-steam condi-
tions including ethanol steam reforming, water-assisted ethanol
decomposition, and ethanol decomposition reactions. Supported
Co/Ce0,-ZrO, was chosen as a model catalyst system because its
high activity toward hydrogen production via ethanol steam
reforming has been shown to be closely related to the reducibility
of cobalt and the cobalt-support interactions [13,24].

Several in situ techniques including diffuse-reflectance infrared
Fourier transform spectroscopy (DRIFTS), temperature-pro-
grammed reduction (TPR), and X-ray Photoelectron Spectroscopy
(XPS) were used to characterize the formation of water-induced
CoO, over supported Co/Ce0,-Zr0, in various ethanol-steam mix-
tures. The re-oxidation of metallic Co and a transient exchange be-
tween metallic Co and CoO, were found to be associated with
water-to-ethanol ratios in the feed stream. Furthermore, the Co-
Ce interaction in the catalyst was demonstrated, as the extent of
reduction for the Ce species in the CeO,-ZrO, support was found
to play a key role in the re-oxidation/re-reduction of the supported
cobalt species in ethanol-steam conditions.

2. Experimental
2.1. Catalyst preparation and activity evaluation

Incipient wetness impregnation was used for the synthesis of
supported Co304/Ce0,-Zr0O,. Commercial nanocrystalline CeO,-
Zr0, (Ce/Zr atomic ratio close to 3, Sigma-Aldrich) was impreg-
nated with cobalt nitrate, Co(NOs),-6H,0 (Alfa Aesar), followed
by calcination at 500 °C in air for 4 h to form supported cobalt oxi-
des on Ce0,-Zr0O, (10 wt.% cobalt). This sample is denoted as 10%
Co-CZ. A detailed characterization of the physical properties of this
catalyst, such as crystalline structure, surface area, pore volume,
and morphology, has been carried out in our previous study [24].

The catalytic activity of 10% Co-CZ was evaluated in a series of
catalyst testing experiments. Approximately 100 mg catalyst was
charged into an 8-mm-ID quartz packed-bed reactor inside a Wat-
low temperature-controlled furnace at atmospheric pressure. Gas
flows were controlled with Brooks Mass Flow Controllers (Model
5850E). The catalyst was pre-reduced under 20 sccm hydrogen
flow at 450°C for 2 h before the activity evaluation. After the

pre-reduction, degassed ethanol or a degassed ethanol-water mix-
ture was injected into the reactor with a syringe pump and vapor-
ized in a pre-heater containing an SiC bed with a 10-sccm helium
carrier gas. Ethanol was fed at a constant weight hourly space
velocity (WHSV) of 1.58 h~! in all the streams. The product stream
was passed through a two-stage condenser to remove water,
unconverted ethanol, and any other possible liquid by-products
before the gas analysis. The effluent composition was analyzed
using an SRI gas chromatograph equipped with a thermal conduc-
tivity detector (TCD), molecular sieve 13X, and Hayesep D columns,
capable of separating and measuring H,, CH4, CO, CO,, C;Hg, and
C,H,. The catalyst performance was analyzed in terms of the car-
bon-carbon (C-C) cleavage conversion of ethanol and the forma-
tion rate of gaseous products. This rate was calculated on the
basis of the catalyst mass. The C-C cleavage conversion of ethanol
was defined using a carbon basis molar ratio, the ratio of gaseous
C1 compounds (CHy4, CO, and CO,) in the product stream to the eth-
anol in the feed stream:

C—C cleavage conversion(%) = <M> 100

C,Hs0H x 2

2.2. In situ TPR

Temperature-programmed reduction (TPR) experiments were
performed using a Micromeritics ChemiSorb 2720 equipped with
a thermal conductivity detector (TCD). In a typical in situ TPR
experiment, approximately 40 mg of sample was held by quartz
wool and placed in a U-shaped quartz tube, where a syringe pump
delivered an ethanol-water mixture through a customized stain-
less tube (0.042” OD and 0.027” ID) positioned above the sample
. Thermocouples were directly in contact with the quartz tube of
the sample section. The H,-TPR profiles were recorded at a ramp-
ing rate of 10 °C/min from 25 °C to 850 °C and a 40-sccm flow rate
of 10% H,-Ar mixture. Depending on the measurement type, differ-
ent thermal pre-treatments were used before the H,-TPR profile
was recorded. The sample was pre-oxidized for all the measure-
ments to eliminate possible surface contamination before the
pre-reduction and titration procedures. The sample was pre-oxi-
dized at a 40-sccm flow rate of 5% O,-helium at 500 °C for
30 min. Pre-reduction of the sample was performed at a 40-sccm
flow rate of the 10% H,—Ar mixture at a desired temperature for
1 h. The water titration or ethanol-water titration was performed
at a 40-sccm flow rate of Ar at 450 °C with a liquid volume of
0.025 ml at a feed rate of 0.5 ml/h. The liquid (water or ethanol-
water) for the titration was degassed to remove any dissolved O-.
The blank H,-TPR profile was obtained by carrying out the same
procedure (pre-oxidation, pre-reduction, water titration) over a
sample tube filled only with quartz wool to ensure there was no
interference in the TCD signal.

2.3. In situ DRIFTS

CO chemisorption was carried out by diffuse-reflectance infra-
red Fourier transform spectroscopy (DRIFTS) using a Perkin-Elmer
System 2000 FTIR spectrometer with a liquid-nitrogen-cooled MCT
detector. A Harrick Scientific HVC-DR2 reaction chamber mounted
inside the spectrometer provided temperature-controlled flow-
through atmospheres for catalyst pre-treatments for CO chemi-
sorption. The path of the infrared beam inside the sample compart-
ment was purged with nitrogen to eliminate water and CO, noise
during the measurements.

Three different pre-treatments were used for the sample pow-
ders (~140 mg) before CO chemisorption. A hydrogen or helium
flow of 30sccm was introduced into the reactor chamber at
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400 °C for 2 h to reduce or dehydroxylate the sample surfaces. The
removal of the surface-bound water was confirmed by monitoring
the mass loss using thermogravimetric analysis (TGA) under the
same thermal pre-treatment. In the case of water pre-treatment,
a 2% water-helium stream generated by a gas-bubbling system
was introduced over the sample for 1 h following the H, pre-reduc-
tion at 400 °C for 2 h. In order to eliminate any possible surface-
bound species generated during the pre-treatment, sample pow-
ders were purged with helium at 400 °C for 2 h then cooled to
35 °C to obtain a background spectrum. Finally, a certified 2% CO-
helium stream of 30 sccm was introduced over the sample pow-
ders at 35 °C. The DRIFTS spectra of gaseous species and adsorbed
species were measured every five minutes for 1.5 h. They were col-
lected by adding 128 scans in four minutes with a resolution of
4 cm™! in each measurement.

2.4. In situ XPS

In situ XPS measurements were carried out in a catalytic side
chamber designed in house attached to a Physical Electronics
Quantum 2000 Scanning ESCA Microprobe. Sample powders were
thermally treated in the catalytic side chamber and transferred in
vacuo to an analyzer for measuring photoelectron energy spectra.
This system uses a focused monochromatic Al Ko X-ray (1486.7-
eV) source and a spherical section analyzer. The instrument has a
16-element multichannel detector. The X-ray beam used was a
100-W, 100-pm-diameter beam, which was rastered over a
1.3 mm by 0.2 mm rectangle on the sample. The X-ray beam is
incident normal to the sample, and the photoelectron detector
was at 45° off normal, using an analyzer angular acceptance width
of 20°x20°. Wide scan data were collected using a pass energy of
117.4 eV. The binding energy (BE) scale was calibrated using the
Cu2psp, feature at 932.62 +0.05 eV and Au 4f at 83.96 + 0.05 eV
for known standards. The sample experienced variable degrees of
charging. Low-energy electrons, at ~1 eV, 20 pA, and low-energy
Ar" ions were used to minimize this charging. The BE scale was ref-
erenced to the Ce3ds, 4f° line for Ce** at 917.0 eV.

3. Results and discussion
3.1. Water-induced oxidation of pre-reduced cobalt species

The typical H,-TPR experiments were carried out for the 10%
Co-CZ catalyst with and without the pre-reduction, and three dif-
ferent reduction temperatures (350, 450, 550 °C) were used to
study the bulk reduction behavior. As can be seen in Fig. 1a, the
TPR profile of the sample without the pre-reduction (as calcined)
shows two reduction peaks (275 and 366 °C), which can be attrib-
uted to the reduction of cobalt oxides, Co*" — Co?* and Co** - Co°,
respectively [24]. In addition, a third peak (472 °C), hidden in the
shoulder of the second peak, is associated with the surface reduc-
tion of the ceria species in the CeO,-ZeO, support [24]. As shown
in the H,-TPR profiles, after a H, pre-reduction of 2 h, most of the
supported cobalt species were reduced to metallic cobalt; the
residual cobalt oxides are indicated by the small reduction peak
between 250 and 300 °C. Moreover, the peak that is attributed to
the Ce0,-Ze0, support (472 °C) disappeared for the samples pre-
reduced at 450 °C or higher, indicating the reduction of the surface
ceria species in CeO,-ZeO, at such temperatures.

To study the ability of water to oxidize CeO,-ZrO,-supported Co
species, in situ H,-TPR experiments were carried out over the 10%
Co-CZ samples that had been individually pre-reduced at different
temperatures (350, 450, 550 °C) and then treated with water at
450 °C; the Ce0O,-ZrO, support was used to provide a basis for
the effect of water titration on the pre-reduced Co species of the

366
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275 pre-reduced (550°C)

472
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Fig. 1a. H,-TPR profiles of the 10% Co/Ce0,-ZrO, (40 mg) as calcined in air at
500 °C for 4 h, and the 10% Co/Ce0,-ZrO, (40 mg) as pre-reduced in 10% H/Ar (40
sccm) at 350 °C, 450°C, and 550°C for 1h, respectively. Before the H,-TPR
measurements, all the samples were pre-treated in 5% O,-helium (40 sccm) at
500 °C for 30 min.

catalyst. According to Fig. 1b, the 10% Co-CZ samples that had been
H, pre-reduced as well as water-titrated show the H,-TPR reduc-
tion peaks below 400 °C, while the in situ H,-TPR profile of
Ce0,-Zr0, support shows no reduction peaks below 400 °C. Thus,
the reduction peaks below 400 °C depict the formation of water-in-
duced cobalt oxides in the pre-reduced 10% Co-CZ sample, which
can be further categorized as type I CoO, (50-150 °C) and type II
CoOy (150-350 °C) according to their reducibility as shown in the
H,-TPR profiles. The nature of these cobalt oxides, however, needs
further characterization.

Based on the experimental observations from our in situ H,-TPR
study, the formation of type I CoO, was suggested to be linked to
the Co-Ce interaction in the catalyst. First, in a separate in situ
H,-TPR experiment for supported 10% Co/ZrO, catalyst carried
out under the same conditions as those used for generating
Fig. 1b, the formation of type I CoO, was not seen on the ZrO,-sup-
ported sample. A comparison, shown in Fig. 1c, indicates that the
ceria species might be partly responsible for the formation of type
I CoOy in the 10% Co-CZ catalyst. Second, the formation of type I
and type Il CoO, was shown to be influenced by the degree of
reduction for CeO,-ZrO, species. This can be seen in Fig. 1b: when

pre-reduced (350°C)/H,0 titration|
pre-reduced (450°C)/H20 titration
pre-reduced (550°C)/H,0 titration|

TCD signal (a.u.)

T T T T T T T T
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 1b. In situ H,-TPR profiles of the 10% Co/Ce0,-Zr0O, (40 mg) and the CeO,-ZrO,
(40 mg) as pre-reduced in 10% Hy/Ar (40 sccm) at 350, 450, and 550 °C followed by
an in situ H,O titration in Ar (40 sccm) at 450 °C with a liquid volume of 0.025 ml at
a feed rate of 0.5 ml/h.
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Fig. 1c. In situ H,-TPR profiles of the 10% Co/Ce0,-ZrO, (40 mg) and the 10% Co/
Zr0O; (40 mg) as pre-reduced in 10% H,/Ar (40 sccm) at 450 °C followed by an in situ
H,O titration in Ar (40 sccm) at 450 °C with a liquid volume of 0.025 ml at a feed
rate of 0.5 ml/h.

a lower pre-reduction temperature (350 °C) was used, less type I
CoO, formed, and a higher concentration of type Il CoO, coexisted
with unreduced Ce0,-ZrO, species. As higher pre-reduction tem-
peratures (e.g. 450 °C and higher) were used, more type I CoO,
formed at the expense of the formation of type Il CoO,, and the
reduction peak of CeO,-ZrO, species disappeared, indicating that
most surface Ce species were reduced. Therefore, it is apparent that
when the pre-reduced catalyst was further treated with water, the
reduced Ce species of the CeO,-ZrO, support could interact with
metallic Co species, and this interaction could be the key step that
leads to the formation of type I CoOy as seen in Fig. 1b. However, it
is not yet clear how the surface Ce species interacted with the adja-
cent Co species in the presence of water molecules. The formation
of type I and type Il CoOy has also been shown to be associated with
the concentration of water in the ethanol-water titration process
and will be discussed in a later section.

In addition to the in situ H,-TPR technique, CO chemisorption
using in situ DRIFTS was carried out for the 10% Co-CZ catalyst
to characterize the formation of water-induced CoO, from the
pre-reduced Co species. The catalyst was pre-treated with the
same thermal treatment in different atmospheres (helium, Ho,
H,-H,0) before it was examined using CO chemisorption. The
three spectra shown in Fig. 2a were obtained from the samples
pre-treated at 400 °C in (a) H,, (b) H, followed by water titration
or (c) helium. CO chemisorption at 35 °C over these pre-treated
samples resulted in complicated absorption bands in the range of
1000-1800 cm™!; these bands are attributed to symmetric or
asymmetric O-C-O vibrations originating from monodentate,
bidentate, polydentate, and bridged carbonates [25-27]. Identify-
ing individual species is not a straightforward task; however, the
differences between their peak intensities can be directly linked
to the coverage with adsorbed carbonate species of the pre-treated
catalyst surfaces (i.e. higher surface carbonate concentration leads
to higher peak intensities).

Catalyst pre-treatment that changes the concentration of the
surface metal-oxygen bonds leads to coordinatively unsaturated
surfaces and affects the amount of carbonate formation during
CO chemisorption. The more reduced sample shown in Fig. 2a
(spectrum a) has the least carbonate formation because most of
the Co oxides were reduced to metallic Co (Co®), which provides
fewer surface sites for CO to form surface carbonates. The sample
that was dehydroxylated in helium without further reduction pre-
served oxygen-rich surfaces to give a large amount of carbonate
formation after CO chemisorption, as shown in Fig. 2a (spectrum c).
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Fig. 2a. DRIFTS spectra of CO chemisorption over 10% Co/CeO,-ZrO, (140 mg) at
35 °Cin 2% CO-helium (30 sccm) for 1.5 h: (a) pre-reduced at 400 °C in H, (30 sccm)
for 2 h; (b) pre-reduced at 400 °C in H, for 2 h followed by H,O titration in 2% H,0-
helium (30 sccm) at 400 °C for 1 h; (c) pre-treated at 400 °C in helium (30 sccm) for
2h.

The effect of water titration on carbonate formation over the
catalyst can be seen by comparing spectrum (a) with spectrum
(b) in Fig. 2a. The fact that more carbonate formed on the water-ti-
trated surface than on the pre-reduced surface suggests the re-oxi-
dation of Co species by water. A clearer comparison can be seen in
Fig. 2b, where the dynamic changes in the peak heights of the sur-
face-bound carbonates (1522 cm™') and gaseous CO (2172 cm™!)
were recorded during CO chemisorption over the pre-treated cata-
lysts. As shown, the peak intensity of gaseous CO is close to con-
stant in all the samples, indicating that the substrate reflectances
of all the samples are comparable for reliable IR measurements;
hence, the difference in peak height of carbonates must truly be
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Fig. 2b. DRIFTS peak evolutions of the surface carbonates (1522 cm™!, solid marks)

and the gaseous CO (2172 cm™!, open marks) over the 10% Co/Ce0Q,-ZrO, samples
at 35 °C during CO chemisorption: pre-reduced in H, at 400 °C (e); pre-reduced in
H,, followed by H,O0 titration at 400 °C (4); pre-treated in helium at 400 °C (a).
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caused by the sample pre-treatments that modified the oxidation
state of the surface cobalt species. Moreover, a difference in the
amount of carbonates is not seen in Fig. 2c, where the same com-
parison is made for CeO,-ZrO,, showing that water titration
mainly oxidized cobalt species, since the pre-reduction tempera-
ture of 400 °C may not be sufficient for reducing CeO,-ZrO,.

3.2. Transient oxidation/reduction of cobalt species in ethanol-water
mixtures

As discussed in the previous section, the formation of water-in-
duced Co oxides over the 10% Co-CZ catalyst has been confirmed
using in situ TPR and CO chemisorption. It was found that the sur-
face state of the pre-reduced catalyst, particularly the Co-Ce inter-
actions, influenced the re-oxidation of the pre-reduced Co species
during water titration.

Using in situ TPR and in situ XPS techniques, it was also found
that, in an ethanol-water environment that simulates real reaction
conditions (i.e. ethanol decomposition, water-assisted ethanol
decomposition, and ethanol steam reforming reactions), the forma-
tion of water-induced Co oxides over 10% Co-CZ catalysts is sub-
ject to the water-to-ethanol ratio in the feed stream.

Fig. 3 shows the H,-TPR profiles for the 10% Co—CZ catalysts that
were pre-reduced, followed by an in situ titration with ethanol,
water, or ethanol-water mixture at 450 °C. As demonstrated in
Fig. 1b, the peaks attributed to type I and type II CoO,, also shown
in Fig. 3, indicate the formation of water-induced CoO, after the
catalyst was titrated with an ethanol-water mixture. The water-
to-ethanol ratio used in the mixture, indicative of the oxidizing
power of the mixture, appreciably influenced the concentration
and the reducibility of type I and type II CoO,, as shown in their
H,-TPR profiles in Fig. 3.

The change of oxidation state of Co over the 10% Co-CZ catalyst,
indicative of the re-oxidation/re-reduction processes of the pre-re-
duced Co species, was observed through an in situ XPS study under
feed conditions using different water-to-ethanol ratios. Fig. 4a and
Fig. 4b show the Co2p and Ce3d XPS spectra obtained from in situ
measurements for the 10% Co-CZ catalyst, respectively. Before the
respective XPS measurements shown in Fig. 4a and Fig. 4b(a-d)
were taken, the catalyst was exposed to the reaction conditions
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Fig. 2c. DRIFTS peak evolutions of the surface carbonates (1522 cm™!, solid marks)

and the gaseous CO (2172 cm™', open marks) over the Ce0,-ZrO, samples at 35 °C
during CO chemisorption: pre-reduced in H, at 400 °C (e); pre-reduced in Hj,
followed by H,O titration at 400 °C (4).
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Fig. 3. H,-TPR profiles of the 10% Co/Ce0,-ZrO, (40 mg) as pre-reduced in 10% H,/
Ar (40 sccm) at 450 °C for 1 h followed by an in situ titration in Ar (40 sccm) at
450 °C using ethanol, water, or ethanol-water mixtures with a liquid volume of
0.025 ml at a feed rate of 0.5 ml/h.
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Fig. 4a. In situ XPS spectra (Co2p region) of the 10% Co/Ce0,-ZrO, catalyst (a) as
calcined in air at 500 °C for 4 h, and as exposed to different feed conditions at
450 °C: (b) H (110 torr) for 4 h, (c) water (20 torr) for 1 h, and (d) water (20 torr)/
ethanol (5 torr) for 2.5 h.

in the following order: (a) vacuum at room temperature; (b) H;
(110 torr) at 450 °C for 4 h; (c) water (20 torr) at 450 °C for 1 h;
(d) water (5 torr)/ethanol (20 torr) at 450 °C for 2.5 h.

Fig. 4a (a) features a peak at 780.0 eV, indicating that the sur-
face Co species of the 10% Co-CZ (i.e. 10% Co/Ce0O,-ZrO,, as calcined
in air at 500 °C) was mainly Co>*. After the catalyst was heated in
H, at 450 °C for 4 h, a peak attributed to Co® developed at 778.5 eV,
as shown in Fig. 4a (b), indicating the surface of supported cobalt
oxide species was mostly reduced to metallic cobalt (Co®). When
water vapor was later introduced over the catalyst at 450 °C for
1 h, the re-oxidation of the Co® species gradually occurred and re-
sulted in two additional peaks attributed to Co**, at 787.0 and
781.0 eV, as shown in Fig. 4a (c). Finally, the sample was exposed
to a mixed stream with a water-to-ethanol ratio of 4 at 450 °C
for 2.5 h. This condition was chosen to simulate a typical reaction
environment for ethanol-water reactions, in which a reducing or
H,-rich environment would be expected because decomposition,
dehydrogenation, or steam reforming of ethanol would be likely
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Fig. 4b. In situ XPS spectra (Ce3d region) of the 10% Co/Ce0,-ZrO, (40 mg) (a) as
calcined in air at 500 °C, and as exposed to different feed conditions at 450 °C: (b)
H, (110 torr) for 4 h, (c) water (20 torr) for 1h, and (d) water (20 torr)/ethanol
(5 torr) for 2.5 h.

to generate H, over catalyst surfaces at 450 °C. The catalyst tested
using the same conditions (i.e. water-to-ethanol ratio and reaction
temperature) typically yielded H, around 60-65% of the dry prod-
uct stream in our study. As Fig. 4a (d) shows, however, more Co°®
was oxidized to Co?*, indicating that the presence of ethanol (i.e.
5 torr ethanol mixed with 20 torr water) has little effect on the
occurrence of the re-oxidation process of Co species by water.

It is not yet clear whether ethanol molecules preferentially ad-
sorb on Co sites in a supported Co catalyst system during ethanol
steam reforming. Nevertheless, the re-oxidation of Co species in
the ethanol-water mixture shown in our in situ XPS results suggests
a strong possibility of incoming water molecules forming strong
bonds with metallic cobalt sites, resulting in further oxidation.

For Ce species, the change in oxidation state followed a trend
similar to that of Co species under in situ conditions. In Fig. 4b,
the reduction of Ce in H; at 450 °C (i.e. Ce in the CeO,-ZrO, support
of 10% Co-CZ) generated Ce>" species from Ce*" species on the cat-
alyst surfaces, which can be seen in the changes in the peak fea-
tures at 885.8 eV (Ce®*) and 917.2 eV (Ce**). By monitoring these
features in Ce3d spectra, the re-oxidation of the Ce3* species was
observed as water was introduced over the catalyst surface at
450 °C. The re-oxidation of Ce3* continued to occur in a mixture
of water and ethanol, a result similar to that seen for Co species
in their Co2p spectra (Fig. 4a).

These in situ XPS measurements reveal the dynamic change in
the surface composition of 10% Co-CZ catalyst under various feed
conditions. The results show that the metallic Co species (Co®), ob-
tained from reducing the calcined sample and regarded as the key
catalytic component for C-C cleavage in ethanol-water reactions,
are re-oxidized to CoO (Co?*) by water or a mixture of water and
ethanol.

Moreover, a separate XPS measurement was carried out to fur-
ther characterize the re-oxidation/re-reduction behavior of the sur-
face CoO, species on the 10% Co-CZ catalyst. In Fig. 4c(a), the Co**
and Co>" features in the Co2p region indicate that the supported
Co species in the 10% Co-CZ catalyst mostly remained in the oxide
form following the pre-reduction step in H, at 350 °C. However,
these surface CoO, species were found to be very reactive with eth-
anol and almost completely reduced to metallic cobalt in ethanol at
450 °C, as can be seen in Fig. 4c (b). The H, produced from the
decomposition or dehydrogenation of ethanol over the catalyst sur-
faces could be responsible for such a reduction of CoOy in ethanol,

co®
778.5
Co?*
781 0

Co2*

‘“\W//\WM

(a)

800 795 790 785 780 775 770 765 760
Binding Energy (eV)
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Fig. 4c. In situ XPS spectra (Co2p region) of the 10% Co/Ce0,-ZrO, catalyst were
obtained in sequence: (a) pre-reduced in 5% H,-helium at 350 °C (2 torr) for 1 h, (b)
exposed to ethanol (10 torr) for 10 min at 450 °C, and (c) exposed to water (12 torr)/
ethanol (1 torr) at 450 °C for 1 h.

although the detailed surface chemistry requires further study.
When the feed conditions were changed to the higher water-to-
ethanol ratio during the in situ measurement, the peak re-emerged
within 780.0-781.0 eV, as shown in Fig. 4c (c¢), which indicates the
formation of CoO (Co?*). The slower development of the oxide peak
in Fig. 4c (c) compared to that in Fig. 4a (d) is due to its shorter dura-
tion (i.e. shorter exposure time in the feed stream of water-ethanol
mixture) and the lower H,0 concentration.

3.3. Catalytic C-C cleavage of ethanol over Co/CeO,-ZrO, with surface
re-oxidation/re-reduction

Combining the results from our in situ studies using TPR and
XPS, the formation of water-induced Co oxides is verified for pre-
reduced 10% Co-CZ catalyst in steam or ethanol-steam conditions.
Depending on the reaction temperature, the ceria species of 10%
Co-CZ were observed to be simultaneously and perhaps coopera-
tively re-oxidized or re-reduced with the cobalt species. The re-
oxidation/re-reduction between metallic Co and oxidized Co sur-
face species was influenced by the feed composition (i.e. water-
to-ethanol ratio).

The catalytic C-C cleavage of ethanol over the redox surfaces of
the 10% Co-CZ catalyst was evaluated using different feed condi-
tions in a packed-bed reactor. The catalyst was pre-reduced
in situ under a hydrogen flow of 20 sccm at 450 °C for 2 h prior
to testing. In the case of water-titrated catalyst, 0.033 ml of water
was titrated at a flow rate of 0.2 ml/h before testing. After the pre-
reduction or the pre-reduction/water titration, a mixture of etha-
nol and water with a water-to-ethanol ratio of 0 (ethanol only),
1, or 4 was fed in with a helium carrier gas at 450 °C, and the for-
mation rate of gaseous products was measured time-on-stream.
Fig. 5 shows the C1 production rates and the C-C cleavage conver-
sions under ethanol decomposition (water-to-ethanol ratio of 0),
water-assisted ethanol decomposition (water-to-ethanol ratio of
1), and ethanol steam reforming (water-to-ethanol ratio of 4)
conditions. The data on the x-axis and y-axis were generated using
the same operating conditions except that the pre-reduced catalyst
was water-titrated for the y-axis data. All of the data points shown
in Fig. 5 are aligned along the 45° line, indicating that the conver-
sion of ethanol to C1 compounds was not significantly influenced
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Fig. 5. Effect of the water titration process on C-C cleavage conversion and the C1
production rate over 10% Co/Ce0,-ZrO, catalysts in various ethanol-water
mixtures. Ethanol was fed in at a constant weight hourly space velocity (WHSV)
of 1.58 h™ ! in all the streams. The catalysts were pre-reduced in H, at 450 °C for 2 h.
In the case of the water-titrated catalyst, 0.033 ml of water was titrated at a flow
rate of 0.2 ml/h before the catalyst testing.

by water titration, which gives the formation of the surface cobalt
oxides.

As observed in Fig. 5, the initial state of the cobalt species,
whether it has been exposed to water pre-treatment or not, has lit-
tle effect on the C-C bond cleavage under ethanol-steam condi-
tions. This result implies that the surface composition of the
cobalt species in 10% Co-CZ catalyst, initially governed by the cat-
alyst pre-treatments (e.g. H, pre-reduction or water titration), is
transient and changes as the reaction proceeds, toward an equilib-
rium state governed by the composition of the reaction stream.
This idea is supported by our findings from in situ XPS and TPR
studies, in which the surface cobalt species changed reversibly
from Co® to Co?* when the water-to-ethanol ratio changed in the
feed stream. For the supported cobalt with a composition of mixed
metallic and oxidized Co resulting from partially reduced catalyst
surfaces, the cobalt species became mostly Co® in an ethanol feed.
For the catalyst pre-treated to have Co®-rich surfaces, the exchange
between the surface Co® and Co?" species reached an equilibrium
state depending on the water-to-ethanol ratio in the reaction
stream. The various oxidation states of Co should give different cat-
alytic abilities to break the C-C bond of ethanol. Thus, the 10% Co-
CZ catalysts that contained different compositions of Co species
initially showed different activities. However, as the surface com-
position reached equilibrium under the same reaction conditions,
similar catalytic activities were obtained regardless of how the
samples were pre-treated, as shown in Fig. 5.

4. Conclusions

The formation of water-induced cobalt oxides over 10% Co/
Ce0,-Zr0O, catalyst was verified by in situ measurements under
various ethanol-steam conditions using TPR and XPS techniques.
The surface analysis by XPS showed that these cobalt oxides were
formed by re-oxidation of the metallic cobalt in the pre-reduced
catalyst, wherein the redox exchange between reduced cobalt

and oxidized cobalt occurred as the water-to-ethanol ratio chan-
ged in the feed stream. Also, the bulk reduction behaviors shown
in our TPR study suggest two transient types for the water-induced
cobalt oxides. The different reducibilities shown in these water-in-
duced cobalt oxides are found to be associated with the catalysts’
pre-reduction temperatures and the concentration of water in
the reaction conditions (e.g. the feed composition). Furthermore,
our TPR study indicates that the pre-reduction temperature deter-
mines the extent of interactions between supported cobalt species
and Ce0,-Zr0, support, which could be the key step for determin-
ing what type of water-induced cobalt oxide is formed. The diffi-
culty remains in identifying the true active centers for the
cleavage of ethanol and the subsequent reactions, unless one can
selectively and quantitatively control the formation of water-in-
duced cobalt oxides in supported Co/Ce0,-ZrO, catalysts to mea-
sure the catalytic properties in the ethanol-steam conditions of
interest.
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