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Abstract

Co/Si0, catalysts with two Co contents of 10 and 30 mol% were prepared and used in ethanol steam reforming. With the
aim of tailoring the materials features by varying the synthesis parameters, two different sol-gel procedures were designed,
namely a modified hydrolytic alkoxide sol—gel synthesis and a (non-ionic) surfactant assisted one. Effect of the synthesis pro-
cedure on the physico-chemical properties of the prepared catalysts is in the focus of the present investigation. The obtained
Co/Si0O, catalysts were characterized by means of X-rays powder diffraction, diffuse reflectance UV-Vis spectroscopy, N,
adsorption/desorption isotherms at — 196 °C, field emission scanning electron microscopy equipped with energy dispersive
X-ray probe, temperature-programmed reduction and CO adsorption at nominal — 196 °C as followed by IR spectroscopy.
The oxidation state of Co species within the SiO, matrix was affected by the synthesis method. In particular, the non-ionic
surfactant, acting both as pores template and as chelating agent of Co ions during the synthesis, prevented the formation of
Co;0, phase leading to a higher dispersion and higher temperature reducibility of Co species with respect to samples with
same Co content synthesized without surfactant. The fine balance between Co dispersion and reducibility was the funda-
mental parameter governing the activity of the Co/SiO, catalysts in terms of H, production, CO/CO, ratio and C balance
during ethanol steam reforming.

Keywords Cobalt catalysts - Porous SiO, - Sol-gel synthesis - Non-ionic surfactants - Ethanol steam reforming

1 Introduction

As far as transition metals-based systems are concerned,
Co-containing nanomaterials have always attracted great
scientific interest due to their performance in a wide range
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of applications. Indeed, they are used as catalysts in many
reactions, as electrochromic devices, as magnetic materi-
als and as molecular sieve membranes [1-7]. Recently, Co
has emerged as the most versatile non-noble metal for the
development of H,- and O,-evolving catalysts in the water
splitting reaction [8—15].

The steam reforming of biofuels, such as ethanol (EtOH),
is currently a “hot” research topic, where Co has always
played a primarily role as an active (non-precious) metal
catalyst for C—C bond cleavage [7, 16—-19].

EtOH steam reforming (ESR) implies a complex set of
possible reactions, the most relevant one being represented
by Eq. (1):

CH;CH,O0H + 3H,0 — 2CO, + 6H, (D
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which may be seen as the sum of the syngas production
reaction (Eq. 2) and the water gas shift (WGS) reaction

(Eq. 3):
CH;CH,0H + H,0 — 2CO + 4H, 2)

CO +H,0 s CO, +H, 3)

A suitable ESR catalyst should respond to severe require-
ments, in order to overcome undesired parasitic reactions,
during which EtOH may be dehydrogenated to acetaldehyde
(that can be further reformed), but also undergo dehydration
to ethylene: the latter moiety can then polymerize, leading to
formation of carbonaceous deposits on the catalyst. Further-
more, depending on the operating conditions, other parasitic
reactions may induce coke formation, like CO dispropor-
tionation through the Boudouard reaction (occurring at mild
temperature) or decomposition of hydrocarbons (occurring
at high temperature) [20-22].

Selection of a proper support is crucial, in that the sup-
port strongly affects Co dispersion, particle size and reduc-
ibility and, finally, catalytic activity. Furthermore, the sup-
port surface acidity affects catalytic activity towards EtOH
dehydration to ethylene (strictly related to coke formation)
[22].

SiO, supported Co is one of the most versatile catalysts,
because SiO, has excellent chemical and thermal stability,
fair accessibility and porosity, and because organic groups
can be anchored at the surface providing stable catalytic
centers [18, 19, 23, 24].

Co redox chemistry, i.e. Co species forming and interact-
ing with SiO, represents a crucial issue in the design of a
catalyst with high ESR performance. High valence Co spe-
cies, i.e. those occurring in the cubic spinel Co;0,, are con-
sidered the precursor of the metallic catalytic species (Co),
in virtue of their low temperature reducibility. Vizcaino et al.
[25] studied SBA-15 supported Co catalysts modified by
addition of Mg and Ca. Notwithstanding a higher Co disper-
sion, the alkali-earth promoted samples (where a negligible
fraction of Co;0, crystalline phase formed and strongest
metal-support interaction occurred) showed a lower ESR
performance from the point of view of both EtOH conver-
sion and selectivity to H,. This behavior was ascribed to the
high temperature needed for Co species reduction in alkali-
earth promoted catalysts with respect to bare Co/SBA-15.

On the other hand, segregation of Co;0, is symptomatic
of a low dispersion of Co species, which in turns is detri-
mental for catalytic activity [18, 19]. Some of us have shown
[18] that absence of Co segregation, even if combined with
the presence of Co phases reducible at high temperature, is
the key factor in the activity of ESR catalysts.

Though several works concern the application of Co/
SiO, materials as steam reforming catalysts, there is still
lack of fundamental studies on how “to play” with Co redox
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chemistry, in order to comply with the need of a fine balance
among Co reducibility, dispersion and reactivity.

With respect to other preparation methods, the sol-gel
procedure has the advantage of allowing a proper modula-
tion of catalyst surface properties through an accurate con-
trol of synthesis conditions [26-30].

In this work two different procedures were adopted,
namely a modified hydrolytic alkoxide sol-gel route and a
non-ionic surfactant assisted sol-gel route.

SiO, supported Co catalysts (with either 10 or 30 mol%
Co content) were prepared with the purpose of investigat-
ing how the preparation method may drive the formation of
specific Co phase(s), finally tailoring the catalytic features.

All the catalysts were characterized by X-Ray Powder
Diffraction (XRPD); N, adsorption/desorption isotherms at
— 196 °C; Field Emission Scanning Electron Microscopy
equipped with energy dispersive X-ray probe (FESEM-
EDX); Temperature-Programmed Reduction (TPR); Diffuse
Reflectance (DR) UV—-Vis spectroscopy and CO adsorption
at nominal — 196 C° as followed by IR spectroscopy.

Catalytic activity tests were performed in a homemade
micro-pilot plant for ESR under different process conditions.
Since coke formation during ESR is an issue, the catalysts
physico-chemical properties were finely tuned, in order to
improve catalysts performance at low temperature, particu-
larly severe for coke deposition.

2 Experimental
2.1 Materials Synthesis

Cobalt nitrate hexahydrate (Co(NO;),-6H,0, Acros
Organics), Tetraethoxysilane (TEOS, Si(OC,Hjs),
99%, Aldrich) and polyethylene glycol hexadecyl ether
(C,¢H;3(OCH,CH,),,0OH, Brij® C10, Sigma-Aldrich), were
used as starting reagents. Two sets of samples with either
10 or 30 mol% Co content were prepared: the former was
obtained without any surfactant (samples hereafter referred
to as: a-10Co and a-30Co) and the latter with addition of
Brij® C10 (samples hereafter referred to as: b-10Co and
b-30Co).

During the synthesis of a-10Co and a-30Co samples,
TEOS was hydrolysed at 50 °C without any alcoholic sol-
vent, by using concentrate HNO; (70%, >99.999% trace
metals basis) as catalyst, in the following molar ratio TEOS
:H,0:HNO;=1:4:0.01. The absence of an alcoholic sol-
vent sets the system in the “immiscibility” state. However,
as TEOS hydrolysis takes place with both water consump-
tion and alcohol production, the system moves towards the
miscibility region. The clear sol obtained after 1 h stirring
was cooled to room temperature (r.t.) and a suitable amount
of Co(NO5),-6H,0 was slowly added.
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Only during the preparation of b-10Co and b-30Co sam-
ples, the non-ionic surfactant was added to the prepared
solution (15 g per 100 mL solution). The gel formed at r.t.
after 24 h in case of a-samples, and in 48 h with b-samples.
All the gelled systems were kept for 3 days at r.t. before dry-
ing and then were fully dried in air at 110 °C in an electric
oven for 12 h.

The dried a-10Co and a-30Co samples were heat treated
(10 °C min~') at 400 °C to eliminate all the organic residue
and at 850 °C for 1 h (a-10C0400 and a-10C0850).

The dried b-10Co and b-30Co samples were heat treated
(10 °C min~") at 500 °C for 2 h in order to remove the non-
ionic surfactant (b-10Co0500, b-30C0500) and 850 °C for 1 h
(b-10C0850 and b-30C0850).

2.2 Materials Characterization

X-Ray Powder Diffraction (XRPD) patterns were obtained
on a X’Pert Phillips diffractometer operating with Cu K,
radiation (1.541874 A) with a step width of 0.02° 26 and
2.00 s time per step. Average crystallite size was determined
from XRPD patterns by means of the Scherrer formula
(D=0.9A/bcos6, where A is the wavelength of the Cu K,
radiation, b is the peak full width at half maximum in radi-
ans, 0.9 is the shape factor for spherical particles and 0 is
the diffraction angle).

Field Emission Scanning Electron Microscopy (FESEM)
pictures were taken on a ZEISS Supra 40 FESEM instru-
ment. The same is equipped with an Energy Dispersive
X-ray (EDX) probe that was used here to determine (semi-
quantitatively) chemical composition of the samples on
10-50 nm diameter spots (for each samples, five spots were
considered and the corresponding average values were
calculated).

N, adsorption/desorption isotherms at — 196 °C were
measured on samples previously outgassed at 300 °C to
remove water and other atmospheric contaminants (Quan-
tachrome Autosorb 1 apparatus). Samples Specific Sur-
face Area (SSA) was calculated according to the BET
(Brunauer—-Emmett—Teller) method; total pore volume
was determined from adsorbed amounts at P/P,;=0.98 and
micropore volume was calculated according to the 7-plot
method. Samples Pore Size Distribution (PSD) was calcu-
lated by applying the Non Local-Density Functional The-
ory (NL-DFT) method to isotherm adsorption branch, by
using a N,-silica kernel. The obtained values are reported in
Table 1. DR UV-Vis spectra of powders were measured on a
Cary 5000 UV-Vis—NIR spectrophotometer (Varian instru-
ments), equipped with an integration sphere; the so obtained
DR-UV-Vis spectra are reported as Kubelka—Munk function
(F(R)).

Temperature Programmed Reduction (TPR) measure-
ments were carried out in a laboratory flow apparatus, using

Table 1 Textural properties of annealed samples as derived from N,
adsorption isotherms at —196 °C

Sample Specific Total pore Micro-pore  Pore
surface area  volume volume diameter
(m*g™") em’g™)  (em’g (A
a-10Co400 396° (470)°*  0.17 0.13 8-20
b-10C0500 794% (810)°  0.49 0.15 8-50
a-30Co400 392* 0.42 0 20-50
b-30Co500 524% 0.41 0 20-70

As calculated according to the BET algorithm
bAs calculated by applying Langmuir equation
€As obtained according to the t-plot method

4As obtained by applying the NL-DFT method

a 5 vol% Hy/Ar (Q=20 cm® min~!) with heating rate of
10 °C min~" up to 800 °C. In a typical TPR experiment, ca.
100 mg sample was loaded in a quartz down-flow cell with
a K thermocouple in close contact with the sample.

For IR measurements, samples were shaped into thin,
self-supporting wafers (ca. 15 mg cm™2) and pre-treated
in a standard vacuum frame (residual pressure below 107>
mbar): the samples were either outgassed at 500 °C under
vacuum or reduced under a H,,) equilibrium pressure of ca.
30.0 mbar. The b-30C0500 was reduced at 500 °C, whereas
the a-30C0400 sample was reduced at 400 °C, since at
500 °C a dramatic loss of transparency occurred, likely due
to a massive reduction to Co particles.

As a consistent loss of transparency occurred after reduc-
tion in Hy, at 500 °C (likely due to formation of Co” parti-
cles), only IR spectra concerning samples either outgassed
or reduced at 400 °C will be reported. IR spectra were
recorded of the samples both as such and after dosing CO
(equilibrium partial pressure in the 0.001-30.0 mbar range)
at nominal — 196 °C, in a homemade IR cell, which allows
us to carry out thermal treatments and dose gases. Fourier
transform (FT) IR spectra were recorded at 2 cm™! resolu-
tion on a Bruker Equinox 55 spectrophotometer equipped
with a mercury cadmium telluride (MCT) cryodetector.

2.3 ESR Catalytic Tests

Catalytic activity tests were carried out by means of a con-
tinuous micro-pilot plant. It includes an Incoloy 800 down-
flow reactor (i.d. 0.9 cm; length 40 cm), heated by an electric
oven. The reactor temperature was controlled by an Euro-
therm 3204 TIC temperature controller. The catalysts were
pressed, ground and sieved into 0.15-0.25 mm particles,
then ca. 0.5 g catalyst was loaded into the reactor after dilu-
tion 1:3 (v/v) with SiC of the same particle size. Catalyst
activation was accomplished by feeding 50 cm® min~! of a
20 vol% H,/N, gas mixture, while heating by 10 °C min~! up
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to 500 or 800 °C for 1 h. The pressure drop across the reactor
was negligible (few mbar) and reproducible for every test.

0.017 cm® min™" of a 3: 1 (mol/mol) H,0: CH,CH,OH
liquid feed were continuously supplied to the reactor by
means of a Hitachi, mod. L7100, HPLC pump. The reac-
tor was fed with 56 cm® min~! of N, (internal standard)
and 174 cm® min~! of He. Activity runs were carried out
at atmospheric pressure, GHSV =2500 h™! (referred to the
ethanol + water gaseous mixture) at 625 and 750 °C. The
products were analyzed by a gas chromatograph (Agilent,
mod. 7980) equipped with two columns connected in series
(MS and Poraplot Q) with a thermal conductivity detector
(TCD), properly calibrated for the detection of ethanol, acet-
aldehyde, acetic acid, acetone, water, ethylene, CO, CO,,
H,. Material balance on C-containing products was checked
to quantify coke deposition (C-balance). Repeated analy-
ses of the effluent gas were carried out every hour and the
whole duration of every test at each temperature was ca. 8 h.
Results are reported as mean over 4—8 h-on-stream. The raw
data, expressed as mol/min of each species outflowing from
the reactor, have been elaborated as reported in [22].

Before testing, all the obtained catalysts were activated
by in situ by reduction at 800 °C.

3 Results and Discussion

3.1 About the Adopted Sol-Gel Synthesis
Procedure

During the sol—gel synthesis of samples without surfactant,
TEOS first underwent acid catalyzed hydrolysis in aqueous
environment according to a modified sol-gel method previ-
ously reported [1, 18]. In a second step, Co(NO;),-6H,0 was
added to partially hydrolyzed TEOS mixture, giving rise
to a pinkish colored solution, as typical of the occurrence
of [Co(H20)6]2Jr aquo-ions. In such conditions, gelation is
the result of polycondensation reactions involving partially
hydrolyzed Si(OR),(OH), oligomers. Therefore, all wet gels
will be formed by a siloxanes network, in which Co species
are physically “trapped” [23].

In the surfactant-assisted sol-gel synthesis, we have
explored an unconventional use of the non-ionic surfactant
in the synthesis of Co/SiO, catalysts. Usually, micelle-tem-
plated mesostructures are obtained by dropping the SiO,
precursor in an aqueous solution of the surfactant, followed
by hydrothermal treatment at about 100 °C for several hours
[31-33]. Such approach exploits the aggregation of non-
ionic surfactant molecules as a structure-directing principle
for the generation of ordered mesoporous silica structure
[34]. These mesoporous silicas are then impregnated with
cobalt salt solution to obtain catalysts precursors. However,
this method has a poor control on particles distribution on

@ Springer

the support and yields a weak binding between metal and
support. Weakley attached metal particles to the support
tend to aggregate forming big particles which catalyzed coke
formation. Moreover, introduction of a high Co content in
mesoporous SiO, by a one-pot procedure is still challeng-
ing being the cobalt amount in the final sample pH depend-
ent [31, 32]. We adopted such procedure as a challenging
route for the immobilization of high Co contents in the SiO,
matrix.

On the one hand, a high metal loading is usually required
for non-noble transition metals based ESR catalysts, as low
Co (and Ni) amounts usually lead to poorly active ESR cata-
lysts. On the other hand, such a high metal loading would
likely lead to formation of large metal particles, which may
be responsible of coking. Indeed, large Co (and Ni) parti-
cles are more prone to the formation of multi-walled carbon
nanotubes: the latter sometimes induce detachment of the
active phase from catalyst surface, with consequent reactor
blockage by fouling and clogging [18, 19, 35]. Thus, the here
adopted sol—gel synthesis procedure for catalyst preparation
aims at obtaining a suitable dispersion of the active phase
in the catalyst matrix, in order to achieve sufficiently active
and stable catalysts.

In the present work, Brij® C10 was added to the solu-
tion containing partially hydrolyzed Si(OR),(OH), and
[Co(HZO)ﬁ]2+ aquo-ions acting as porosity template yield-
ing to a transparent pinkish gel containing encapsulated
surfactant rather than a ordered mesostructured SiO,. Brij®
C10 resulted to be effective as an oxygen-rich complexing
agent of the metallic species preventing the formation high-
valence Co oxide clusters (i.e. Co;0,) as evidenced by the
physico-chemical characterization reported below.

3.2 Catalysts Structural and Textural
Characterization

The chemistry of Co is characterized by the two oxides CoO
and Co;0,: the latter is the most stable phase at r.t. and is
reduced to (stoichiometric) CoO above 950 °C. Co;0, can
be depicted as a [Co**-Co,>*0,] mixed valence oxide with
a cubic spinel structure, where Co** and Co** ions occupy
one-eighth of tetrahedral (Td) sites and one-half of octahe-
dral (Od) sites, respectively. Formation of Co;0, inside SiO,
matrices is also strictly affected by the preparation method
[19, 23, 24].

The XRPD patterns of the a-10Co400 and b-10Co500
samples (not reported for sake of brevity) merely displayed
a broad signal at 2022°, typical of amorphous SiO,/sil-
icates. The high homogeneity of Co species, as obtained
through the sol—gel preparation, limits Co;0, formation as
one would expect from thermal decomposition of the Co
precursor (i.e. Co(NO),-6H,0, T4..=242 °C). Conversely,
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the main peaks of Co;0, are usually present in XRPD pat-
terns of Co-impregnated porous SiO, [19, 24].

Factors affecting the Co,Si0, formation, i.e. whether it
results from the synthesis procedure or is promoted by the
reduction treatment, are largely debated, since the silicate
could be responsible of too high (thus impractical) reduction
temperature of the catalysts [6, 25]. Formation of Co,SiO,
was previously explored by some us through a high tempera-
ture flame pyrolysis synthesis, as a tool to achieve high Co
dispersion in Co/SiO, catalysts, with improvement of activ-
ity and stability with respect to samples obtained by impreg-
nation, a procedure that achieved lower Co dispersion [18].

In order to solve this issue, the present samples were
treated at 850 °C, a temperature selected on the basis of ther-
mal analysis curves (not reported) showing an exothermic
peak at 800 °C, likely due to some crystallization phenom-
enon: formation of the crystalline Co,SiO, phase (JCPDS
Card 15-0865) was indeed observed with both a-10C0850
and b-10Co850 (Fig. 1). Occurrence of the silicate was
indicative of a strong interaction between Co** ions and the
siloxane matrix.

Increase of the Co content up to 30 mol% favoured
crystallization of Co;0, (JCPDS Card 42-1467) in the
a-30C0400 sample (Fig. 2A). It is worth to mention that
the average size of Co;0, crystallites was in the nanometric
scale (about 15 nm), suggesting a high Co dispersion within
the SiO, matrix, as requested for catalytic applications.

FESEM pictures in Fig. 3 show indeed that the sam-
ples have a markedly different morphology, in that the
a-30Co400 sample (Fig. 3A, B) shows the occurrence of
nearly spherical particles with a high tendency to aggre-
gation: the EDX probe showed a high Co concentration
(ca. 35 mol%) on such particles and a lower one in other

° a-10Co850

Intensity, a.u.

b-10C0850
T T T T T T T T T T
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Fig.1 XRPD patterns of samples a-10Co850 and b-10C0850. (o)
Co,Si0, (JCPDS Card 15-0865)
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Fig.2 XRPD patterns of samples (A) a-30Co400 and b-30C0500;
(B) a-30C0850 and b-30C0850. (o) Co,SiO, JCPDS Card 15-0865).
(*) Co304 JCPDS Card 42-1467)

regions of the sample, indicating a poor Co homogene-
ity. With the b-30C0500 sample (Fig. 3C) instead, such
particles were not observed and the average Co content,
as calculated from 5 EDX measurements on five differ-
ent spots was ca. 29 mol%, i.e. very close to the nominal
composition.

Moreover, the non-ionic surfactant assisted synthesis led
to a completely amorphous sample after thermal treatment
up to 500 °C, as clearly evidenced by the XRPD pattern
of the b-30C0500 sample (Fig. 2A). Absence of the Co;0,
phase is indicative of a much higher dispersion of Co species
in the sample, likely achieved by addition of the non-ionic
surfactant that, through O atoms of its ethoxy groups, is
able to chelate metal ions. Moreover, since the Co precur-
sor is a salt of Co?*, formation of the Co;0, mixed oxide
occurs by oxidation of a fraction of Co** species to Co>*
species. Actually, the surfactant itself (i.e. a polyethylene
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Fig. 3 FE-SEM micrographs of a-30C0400 (A, B) and b-30C0500 (C)

glycol hexadecyl ether) might create a reducing environ-
ment, inhibiting oxidation of the Co?* species.

At 850 °C, crystallization of the Co,Si0, phase (JCPDS
Card 15-0865) started to occur with both samples, being the
only crystalline phase with the b-10C0o850 sample (Fig. 2B).
With the a-30C0850 sample, the presence of both Co,Si0,
and Co;0, phases indicates that a fraction of Co?* species,
likely embedded within the siloxane matrix, cannot trans-
form into Co;0, during treatment at 400 °C.

The DR UV-VIS spectra of the samples heated at low
temperatures, namely b-10C0500 and a-10Co0400, are shown
in Fig. 4A: the triplet of bands at 525, 585 and 645 nm is
typical of the 4A2 F) — 4T1 (P) transition of Td Co”* ions.
In samples treated low temperatures, Co>* ions likely occurs
as [Co(OH),]- or [CoO,]- species coordinated by the silica
matrix [23].

Thermal treatment at 400 °C leads to the formation of
cobalt mixed valence oxide, [Co®*,Co?*0,] with Td Co**
and Od Co*, ions in the a-30C0400 sample (Fig. 4B). This
idea is supported by absorption bands at about 400 and
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700 nm as well as by the black colour of the sample [1, 18].
Conversely, thermal treatment at 500 °C possibly induces, in
the b-30C0500 sample, a partial oxidation of Co** to Co** in
agreement with the occurrence of a not well-resolved peak
at 350 nm (Fig. 4B). Nevertheless, the bands at 520, 591 and
640 nm resemble those due to the 4A2 F) — 4T1 (P) transi-
tion of Td Co”" species. Therefore, the surfactant deeply
affects the chemical interactions between Co ions and the
silica matrix, as well as Co dispersion, finally avoiding the
formation of Co;0, even at 30 mol% Co content.

The N, adsorption—desorption isotherms of thermally
treated samples are reported in Fig. 5A, B. The a-10C0400
and b-10Co0500 samples (Fig. 5A) show type I isotherms, as
typical of microporous materials where the slight deviation
from the ideal Langmuir shape is ascribable to the presence
of some mesoporosity, as confirmed by the corresponding
PSDs curves (Fig. 6A, B).

The b-10C0500 isotherm shows a plateau at higher val-
ues of partial pressure (P/P°>0.2) with respect to that of
the a-10C040 isotherms (plateau at P/P°> 0.1), evidence
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Fig.4 UV-Vis diffuse reflectance spectra of samples (A) b-10Co500
(dashed line) and a-10Co400 (solid line); (B) b-30C0500 (dashed
line) and a-30C0400 (solid line)

of a lower fraction of micropores, as shown by micropore
area values in Table 1. A higher amount of adsorbed N,
on the b-10C0500 sample, hence an increasing total pore
volume (Table 1), denotes that the surfactant-assisted syn-
thesis implies interaction between silica oligomers and
hydrophilic part of the surfactant molecules. Goltner et al.
[36, 37] reviewed the formation mechanisms and the final
pore structures of porous silicas obtained by using non-
ionic templates, emphasizing how the choice of head group
in the supramolecular template is a tool to tailor the wall
structure in mesoporous materials. The head groups of the
non-ionic surfactant used here are highly soluble in the SiO,
walls resulting in an intimate interlinking with the inorganic
matrix during gelation. Therefore, a significant degree of
microporosity can be obtained. These observations are con-
firmed by the values of surface area, total pore volume and
micropore volume reported in Table 1.

On the other hand, the samples with 30 mol% Co show
type IV isotherms, as typical of mesoporous materials, with
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Fig.5 N, adsorption—desorption isotherms of the samples (A)
a-10C0400 (triangles) and b-10C0500 (circle), (B) a-30C0400 (trian-
gles) and b-30Co500 (circle). Full symbols: adsorption; empty sym-
bols: desorption

large adsorption volumes at P/P°> 0.4 and hysteresis loops
(Fig. 5B). The dependence of surface area on the Co content
is consistent with previous results [23], in that the incorpora-
tion of Co>" species reduces microporosity, since it affects
the dehydroxylation mechanism.

Unlike the samples with 10 mol% Co, both a-30C0400
and b-30C0500 samples possess comparable values of total
pore volume and have negligible micropore volumes. The
data in Table 1 point out the effect with sol-gel prepared Co/
Si0, materials of surfactant addition causing a noteworthy
increase of the surface area as well as a change in the PSDs.

The relative abundance of both micropores and mesopores
and the effectiveness of the synthesis procedure on the modi-
fication of the textural properties can be better appreciated in
the corresponding PSDs (Fig. 6A, B). While the a-10C0400
sample appears entirely microporous, the b-10Co500 sam-
ple presents a fraction of pores in the (small) mesopores
range between 20 and 40 A. The two samples with 30 mol%
Co show mainly mesopores with a negligible amount of
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Fig. 6 Pore size distribution of the samples (A) a-10C0400 (triangles)
and b-10Co500 (circle), (B) a-30Co400 (triangles) and b-30C0500
(circle)

micropores. Nevertheless, the non-ionic surfactant in the
b-30C0500 sample causes the shift of the whole PSD curve
toward larger pore size.

In order to gain a greater insight into the Co/SiO, inter-
action as function of the synthesis procedure, the samples
reducibility was studied by means of TPR. The curve fit
analysis of TPR profiles (not reported) allowed obtaining
the amount of H, consumed corresponding to each reduc-
tion peak, as well as an estimation of the different amounts
of Co species occurring as: (i) Co;0, phase; (ii) amorphous

silicate (reduced at 700-800 °C) and (iii) not reducible Co
species (Table 2).

The a-10C0400 sample shows a very weak TPR signal,
with reduction peaks at 305 and 798 °C: the former could
be ascribed to reduction of isolated Co**/Co’* species and
the latter to reduction of Co?* ions strongly interacting with
(or bonded to) the siloxane framework [28]. The species
reducible at higher temperatures can be regarded as belong-
ing to an amorphous silicate, showing similar redox prop-
erties, although the Co,SiO, crystalline phase forms only
at higher temperature, as observed by XRPD (2B). With
the a-10C0400 sample, most of the Co species is strongly
interacting with the SiO, matrix, resulting not accessible
for reduction. With the b-10Co500 sample, the chelating
action of the surfactant substantially increases the fraction of
reducible dispersed Co species, whereas the non-reducible
remaining fraction is likely occurring as crystalline Co,SiO,.

TPR curves of the samples with 30 mol% Co content show
a pair of more intense reduction peaks in the 300—400 °C
range, followed by other signals in the 700-800 °C range.
The peaks in the 300—400 °C range are generally ascribed to
the two-steps reduction of supported Co;0,, whereas pure
Co;0, gives only one TPR signal [38].

According to TPR results, the surfactant assisted sol—gel
synthesis prevents Co agglomeration leading to discrete
domains, finely dispersed within the silica matrix, reduc-
ible at higher temperature with respect segregated Co;0,
phase. Nevertheless, the fraction of reducible Co species
appears comparable to that occurring with the a-30C0400
sample (Table 2).

3.3 CO Adsorption at Nominal — 196 °C as Followed
by IR Spectroscopy

IR spectroscopic characterization was performed on the
two samples with 30 mol% Co content, as the catalytic tests
showed they had better performance (vide infra).

As a probe molecule, CO is able to interact with both
hydroxyls groups (usually found at the surface of oxides)
and with Lewis sites, giving rise to characteristics IR bands
in the CO stretching range (22001700 cm™!) that allow to
infer both oxidation state and coordination of surface metal
ions [39]. Difference IR spectra are hereafter reported, as

Table 2 Results of TPR

Sample Thax CC) H, consumption Co distribution (%)
measurements -1
(mmol g7) -
Co30, Co-silicate Not reduced

a-10Co400 305, 798 0.14,0.09 6.50 5.50 88
b-10Co0500 310, 800 0.168, 0.46 5.80 29.7 64.5
a-30Co400 322, 410; 707 4.50; 0.52 75.1 11.5 134
b-30C0500 319, 398; 800 0.154;3.54 11.5 71.0 17.5
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obtained by subtraction of IR spectra of the bare samples
(not reported).

CO dosage on the two samples outgassed at 500 °C leads
to different IR spectroscopic features, as shown by the cor-
responding IR spectra reported in Fig. 7A, B. In order to
allow comparison, all the IR spectra hereafter reported have
been normalized to sample unit thickness.

CO adsorption on the a-30C0400 sample outgassed at
500 °C (Fig. 7A) gives rise to the formation of four bands
at 2156, 2137, 2125 and 2110 cm_l, respectively. The
2156 cm™! band is assigned to CO molecules interacting
with free silanols (SiOH groups originally absorbing at
3740 cm™! in the bare sample), like those occurring at the
surface of amorphous SiO,, whereas the 2139 cm™! band is
assigned to a liquid-like phase forming when CO is phys-
isorbed at low temperature porous materials [40].
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Fig.7 IR spectra concerning CO adsorption at nominal — 196 °C
on a-30Co0400 sample (A) and b-30Co500 sample (B) outgassed at
500 °C. In both sections, the CO stretching range is reported (2300-
1700 cm™") of difference IR spectra as obtained by subtraction of the
corresponding spectrum of the bare sample (not reported). CO equi-
librium pressures in the 0.001-30.0 mbar range

According to the literature, CO molecules adsorbed on
Co’* sites at the surface of Co;0, are characterized by a
band at 2195 cm™! (shifting to 2175 cm™! at higher CO
equilibrium pressure). Such band was not observed here;
the 2125 cm™! band, instead, is likely due to CO molecules
interacting with Co>* (or Co*) ions at the surface of a
partially reduced Co;0, phase, as a consequence of the
treatment at 500 °C under vacuum. The band at 2110 cm™!
is likely due to Co** species, but in a different environ-
ment, since CO molecules interacting with Co**/Co™ spe-
cies at the surface of Co;0, are expected to absorb in the
2145—2120 cm™' range. According to the literature, CO
adsorption on CoO phase leads to formation of Co**-CO
species characterized by an IR band at 2136 cm™! (shifting
to 2112 cm™! at higher CO equilibrium pressure). Here,
the presence of physisorbed CO could hamper the detec-
tion of the 2136 cm™! band due to Co?*—CO species at
low CO pressures. When CO is dosed on the b-30C0500
sample outgassed at 500 °C (Fig. 7B), IR bands are seen at
2173, 2156, 2137, 2110 and 1880 cm™!: those at 2156 and
2137 cm™! have the same nature as those observed with
the a-30C0400 sample; the 2173 cm~! band, instead, is
typical of CO adsorbed on Co** species in Co**/Si0, sys-
tems. Moreover, less intense IR bands are observed with
the b-30C0500 sample, likely due to the formation of a
Co silicate, favored by the non-ionic surfactant assisted
synthesis. Finally, a band at 1880 cm™! (also present in
Fig. 7A) is due to CO molecules adsorbed on reduced
Co species, as according to the literature [40] multicar-
bonyls of Co® (containing both linear and bridging CO
molecules) are usually detected in the 2107-2000 and
1900-1800 cm™' IR ranges.

Figure 8A, B report IR spectra taken after dosing CO on
both a-30C0400 and b-30C0500 samples after reduction.
With the a-30C0400 sample (Fig. 8A): besides the band
due to CO interacting with SiIOHs groups, bands are seen
at 2110, 2070 and 1880 cm™". The band at 2110 cm™" was
already present after outgassing under vacuum at the same
temperature, indicating that the corresponding Co species
are stable towards reduction in H, at 400 °C, whereas the
bands at 2070 and 1880 cm™! are assigned to multicabonyls
species on Co® particles (vide supra). Corresponding IR
spectra concerning CO adsorption on reduced b-30Co500
sample are reported in Fig. 8B: evidence of the occurrence
of some reduced Co species is given by bands at 2061, 2010
and 1880 cm™!, whereas more oxidized Co species (on
which adsorbed CO originate bands at 2181 and 2110 cm™})
are stable towards reduction. Again, lower IR spectra inten-
sities are observed with the b-30C0500 sample, likely indi-
cating the formation of a Co silicate where a lesser amount
of Co is accessible to the probe. This latter result will be
confirmed by the sample catalytic performance discussed
in the following paragraph.
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Fig.8 IR spectra concerning CO adsorption at nominal — 196 °C on
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difference IR spectra as obtained by subtraction of the corresponding
spectrum of the bare sample (not reported). CO equilibrium pressures
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3.4 Catalytic Activity Towards ESR

The samples were tested for ESR at variable temperature,
ranging from 300 to 750 °C. Satisfactory activity and carbon
balance. i.e. sufficient resistance to coking, were achieved at
relatively high temperature. Hence, the results of testing at
625 and 750 °C were reported in Table 3. Full EtOH conver-
sion was achieved at 750 °C for every catalyst, whereas at
625 °C only for the 30 mol% Co loaded samples. A decrease
of the operating temperature to 500 °C induced a marked
decrease of the EtOH conversion of b-30C0500 catalyst to
28% and nil conversion at 400 °C. In both cases, acetal-
dehyde was the main product, with negligible amounts of
both ethylene and methane. Moreover, a decreasing activ-
ity pattern was observed during the 8 h of testing at 500
and 400 °C, whereas at higher operating temperature con-
stant products distribution, conversion and C balance pat-
terns were achieved with time-on-stream. Consequently,
we focused our attention on the tests at 625 and 750 °C,
only. The samples containing the lowest amount of Co were
much less performing than the ones with 30 mol% metal
loading. For instance, the b-10C0500 sample gave a limited
conversion even at 625 °C (87%, only), producing almost
exclusively acetaldehyde. The latter by-product was even
present at 750 °C in some percentage. Also, some instability
in performance even at the highest temperature was observed
(see for instance the very high error and unreliable C balance
result for this sample at 750 °C). C balances higher than
100% have been observed in case of the presence of high
amounts of acetaldehyde, whose calibration GC curve was
less accurate than for gaseous samples and which is often
correlated with some coking phenomena. This can explain
the fluctuating C balance at high temperature, i.e. due to
some accumulation and removal of coke.

Table 3 Results of activity tests

b-10C0500 a-30 Co400 b-30 Co500
of ESR for 10Co and 30Co
samples 625 °C
CO/CO, 6.1+£0.3 3.79+0.13 6.6+0.5
C balance (%) 103 +4 90.0+1.0 100.3+1.9
Conv. EtOH 0.87+0.04 1.00+0.00 1.00+0.00
H, productivity 0.61+0.05 1.75+0.06 0.87+0.06
(mol/min kg_,)
Selectivity to by-products (%) CH,=2 CH,=5.8 CH,=5.3
CH,;CHO=58.0 CH;CHO=0.0 CH;CHO =52
750 °C
CO/CO, 35+2 2.11+0.15 47+0.2
C balance (%) 119+ 14 91+4 90+4
Conv. EtOH 1.00+0.00 1.00+0.00 1.00+0.00
H, productivity (mol/min kgcat) 1.26+0.18 1.94+0.09 1.56+0.14
Selectivity to by-products (%) CH,=12.5 CH,=5.0 CH,=8.6
CH;CHO=3.1 CH;CHO=0.0 CH;CHO=0.0
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Somehow lower acetaldehyde selectivity was achieved
when increasing the Co loading (b-30C0500 sample). For
sample a-30C0400, the selectivity to methane decreases
as expected with temperature, since at higher temperature
methane reforming should be more favoured than at lower
values. In the case of both sample b, apparently the selec-
tivity to CH, increases with temperature. However, we can
notice a parallel conversion of acetaldehyde for both sam-
ples when increasing temperature. The decomposition of
acetaldehyde goes through the formation of CO and CH,,
which can be further reformed. In this sense, the increase
of selectivity of methane with increasing temperature for
samples b-10C0500 and b-30Co0500 has to be interpreted as
an increasing methane formation from the reforming of the
acetaldehyde byproduct, which is then only partially con-
verted to reformate.

The activity towards WGS reaction was also monitored
by looking at the CO/CO, ratio: the lowest this parameter,
the highest the activity for CO conversion through WGS.
The samples obtained by surfactant assisted synthesis were
less active also for this reaction. Indeed, the CO/CO, ratio
at 625 °C was ca. 6 with respect to a value of 3.8 for sample
a-30Co0400.

Finally, by comparing the a-30C0400 and b-30C0500
samples, the latter was systematically less performing.
Indeed, at 625 °C it led to full conversion, but with main
product acetaldehyde, so achieving poor hydrogen pro-
ductivity. Even when increasing the operating temperature
to 750 °C the results were worse for b-30Co500 than for
a-30C0400, with higher selectivity to methane and higher
CO/CO, ratio.

The spent samples were characterized by temperature
programmed oxidation to quantify any possible coking
phenomenon. A very small, low temperature peak was
observed for both the a-30C0400 and b-30C0500 samples,
corresponding to negligible coking rate. The low oxidation
temperature supports the presence of amorphous carbon and
excludes a significant presence of graphitic or nanotubular
carbon.

All the characterization data support the much higher
dispersion of Co in the samples prepared by the surfactant
assisted synthesis which were characterized by higher sur-
face area (almost double with respect to a-sample). Moreo-
ver, XRPD supported the absence of extended Co phases and
the formation of a well dispersed Co,SiO, for b-samples.
On one hand, this was the goal in order to avoid coking
problems. Indeed, negligible carbon accumulation was
observed, which may be rather easily controlled by increas-
ing the steam amount in the feed. On the other hand, too high
dispersion, especially in the form of Co silicate, led to una-
vailable active phase. Indeed, the temperature of reduction
of Co was too high for b-samples, with insufficient amount
of activated metal during the reaction. This would impose

to raise too much the reduction temperature during activa-
tion, which would induce to sintering, so counterbalancing
the beneficial effect of Co dispersion during the synthesis.
The negative effect of cobalt phase reducible at high tem-
perature was observed by Vizcaino et al [25] in Co catalysts
supported on SBA-15 modified by Ca and Mg.

Thus, the formation of cobalt silicate may be pursued as a
way to improve metal dispersion and to stabilize it, provided
that sufficiently reducible silicate forms, as for instance in
the case of Co/SiO, catalysts prepared by flame pyrolysis
[18].

4 Conclusion

The sol—gel synthesis is a powerful tool to design a catalyst
with tailored properties; moreover, addition of the non-ionic
surfactant in this work affected markedly the redox behav-
ior of Co and the formation of highly dispersed Co phases,
finally limiting Co®* oxidation and formation of the spinel
phase, Co;0,, which instead preferentially forms without
the surfactant.

The surfactant assisted synthesis, however, also leads to
a more difficult reduction of dispersed Co species, as con-
firmed by TPR, IR spectroscopy and catalytic tests: unfor-
tunately, this has a detrimental effect of the catalytic activity
towards ethanol steam reforming reaction, which counterbal-
ance the fair cobalt dispersion obtained with the surfactant.
Catalysts exhibiting too high reduction temperatures are not
the best choice for ethanol steam reforming, when the pro-
cess is carried out at low temperatures, but could instead be
interesting for other processes where the metal dispersion is
the main requisite of the catalyst.
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