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ARTICLEINFO ABSTRACT

Keywords: The world is on track for replacing fossil fuels with alternative energy carriers. In the face of the ongoing global
Cobalt catalyst energy transformation, the focus is on hydrogen. Its production in the ethanol steam reforming (ESR) process
ZSM-5 zeolite

. with the use of a substrate from bio-sources deserves special attention. The ESR process requires a catalyst, which
Ethanol steam reforming should be selective and resistant to the deactivation processes. We have taken a challenge to develop the cobalt
Hydrogen production
Acidity

Silicalite

catalyst based on the ZSM-5 zeolite support. We synthesized a series of catalysts based on zeolite with increasing
Si/Al ratios (32, 750, to that is Al-free zeolite) and different zeolite morphology. The substantial difference in
their performance we discussed based on the multifaceted physicochemical characterization and unique operando
UV-Vis and FT-IR spectroscopy studies in the ESR conditions. We have checked the effect of potassium intro-
duction to the Co|ZSM-5 catalyst. The increase in ethanol conversion and decrease in selectivity to undesired
C2H4 product with the decrease of the Al content, and further competitive activity and stability of the Al-free
catalyst we discussed in terms of the zeolite acidity and its impact on the cobalt phase oxidation state. The
advantage of nanometric zeolite over the micrometric one, we attributed to much better dispersion of cobalt
active phase over its surface. Thus, the adjustment of zeolite support properties allows us to get the extraordinary
ESR catalyst. Our results overthrow the existing paradigm of low activity and stability of zeolite-based ESR

catalysts, opening the way to the development of competitive catalysts that give real hope for implementation.

1. Introduction BEA (beta) [13-17], MOR (mordenite) [18], ITQ-2 [19], and ITQ-18
[20] zeolites modified with metallic active phases, such as copper

The well-defined porous structure, large surface area, and ion- [14,16], cobalt [8,10,19,20], nickel [9,13-15,17-19], and rhodium [12]

exchange properties make zeolites objects of interest in many fields.
They are utilized, e.g., as molecular sieves for separating molecules
according to their dimensions, as adsorbents for water, soil, and air
purification, for removing radioactive contaminants, as detergents, as
catalysts support, and as catalysts themselves e.g., in the petrochemical
industry [1-3]. In addition, to use in traditional petrochemical in-
dustries, zeolites are also intensively studied for other sustainable cat-
alytic processes, including air pollution abatement (i.e. NOx removal),
CO2 capture and conversion, and biomass conversion [4-6]. Also,
research on the ethanol steam reforming (ESR) process on zeolite-based
catalysts is in progress [7]. The authors reported the use of Y [8-12],
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in the ESR process. ZSM-5 zeolite was also considered as a support for
the ESR cobalt catalyst [8,21-23]. The available reports focused on
zeolite structures containing a significant number of aluminium atoms
(Al). In each of the reports, the Al content in the zeolites was in the range
of Si/Al = 25-35 for cobalt catalysts and Si/Al = 20-80 for catalysts
containing other active metals, such as Cu, Ni, and Rh, or Pd.
Nevertheless, the share of papers on ethanol steam reforming on
zeolite-supported catalysts is minor compared to those dedicated to
materials based on metal oxide supports such as cerium oxide, zirconia
oxide, alumina, magnesium oxides, silica, and mixed oxides e.g. cerium
alumina [24-33]. The authors in the review papers [32,34-36]
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concerning the ethanol steam reforming process summarized several
dozen of laboratory-scale research of noble Rh, Pt, Ru, and Ir-based as
well as non-noble Co, Ni, Cu, and Mn-based metal oxide supported
catalysts. From this wide group, the ceria supported cobalt catalysts are
very promising materials due to active surface oxygen in CeO2 which
stimulates coke removal ability. Recently Li et al. in [37] has shown that
catalyst performance can be successfully improved by upon tuning the
chemical state of cobalt phase by preferred exposure of ceria facets. The
oxidation state of the cobalt phase is important for both ethanol con-
version and coking suppression. If both metallic Co0 and Co2+ species
are present, a catalyst is active, stable, and resistant for coking. CoO
species promote C-C bond scission, while Co2+ species activate water
[32].

As underlined in [32], the minor interest in zeolites for the appli-
cation for ESR results from their high density of acid sites, which results
in a significant contribution to the undesired path of ethanol dehydra-
tion towards C2H4 followed by a significant amount of carbon deposit
and hence deactivation of the catalyst. However, the outstanding
textural properties make zeolites notable candidates for the develop-
ment of competitive ESR catalysts.

The effectivity of zeolite-based catalysts in the ESR process can be
enhanced by eliminating the acidic properties of zeolite by using two
main strategies, namely alkali doping and the decrease of the Si/Al ratio
in the zeolite support. Indeed, most of the zeolite-based catalysts studied
for the ESR process are alkali-exchanged ones. The sodium, cesium, and
potassium forms of zeolite Y and ZSM-5 were reported [7,12,38,39]. It
has to be underlined that these reports relate to activity tests lasting only
5-6 h, in which the sodium, cesium, and potassium forms of the catalysts
show stable activity and selectivity. However, these reports do not show
catalytic data for long-term reactions that would indicate their stability
over time, e.g., 100 h of the ESR process, which seems to be crucial
taking into account the high mobility of alkali admixtures [40]. In terms
of the Al removal approach, even though the zeolites with a wide Al
content range were investigated, systematic studies showing the direct
relationship between Si/Al and catalytic performance in the ESR process
have not been reported yet.

In this paper, we focus on the adjustment of the medium-pore ZSM-5
zeolite support properties defined by its acidity and its crystal
morphology towards the efficient hydrogen production by ethanol
steam reforming on cobalt catalysts. We prepared a series of cobalt
catalysts supported on ZSM-5 zeolite that varies in Al content (Si/Al 32,
750, Al-free). Referring to the crystal morphology of the zeolite, we
prepared the reference catalyst supported on the pure siliceous supports,
that is, amorphous SiO2 and ZSM-5 of various crystal sizes. The multi-
faceted physicochemical characterization of fresh and spent catalysts
using FT-IR pyridine and CO sorption studies, temperature-programmed
reduction studies (H2-TPR), high-resolution transmission electron mi-
croscopy with energy-dispersive X-ray spectroscopy (HR-TEM/EDX), in
situ X-ray photoelectron spectroscopy (XPS), Raman spectroscopy (RS),
and thermogravimetric analysis (TGA) was performed to obtain a
comprehensive picture of the factors influencing the catalyst activity
and selectivity. The stability of the catalysts was tested in short (21 h)
and long-term (>160 h) catalytic experiments. In addition, the operando
UV-vis and FT-IR studies of Co reduction, and ESR processes were
performed. We accounted for the great variation in catalyst performance
in the ESR process by the differences in the catalyst acidity, reducibility,
and morphology of the zeolite support crystals. In addition, we hy-
pothesized a synergic effect of potassium doping and the limited pres-
ence of aluminium atoms (Lewis acid sites) in the commercially
available carrier Z(750) and we checked the effect of potassium addition
on the catalytic performance of the Co|Z(750) catalyst.

2. Experimental

2.1. Supports

Zeolite ZSM-5 (donated as Z in sample names) with SiZ/Al = 32 (CBV
5524G, ZEOLYST) hereafter denoted Z(32), high-silica zeolite ZSM-5
with Si/Al = 750 (HSZ-890HOA, TOSOH Corporation) hereafter deno-
ted Z(750) aswell as reference silica (Aerosil 200, Evonik Industries AG)
hereafter denoted SiO2(ref) come from commercial sources.

We also prepared pure silica ZSM-5 counterparts to follow the in-
fluence of support’s acidity. Further, the morphology influence on the
ESR performance was checked with two purely siliceous ZSM-5 coun-
terparts. Purely siliceous ZSM-5 zeolite supports, differing in crystal size,
Z (to)-B and Z (t0)-S, were synthesized according to the procedures as
follows. Synthesis of pure silica ZSM-5 of micrometric size grains labeled
Z(to)-B, was performed according to the verified procedure described
elsewhere [41]. The synthesis was done with the use of tetrapropy-
lammonium bromide (TPABr, Aldrich, 98%) as a structure-directing
agent (SDA). Aerosil 200 was used as a silica source. The final gel
composition was 1Si02:0.08SDA:NH4F:20H20. Aerosil 200 was stirred
mechanically with an aqueous solution of TPABr and NH4F (Aldrich) for
30 min. The dense gel obtained was transferred into Teflon-lined
stainless steel autoclaves and heated to 175 °C in static conditions, the
synthesis was performed for 4 days. The material obtained was washed
and dried at 100 °C. Total calcination of the final sample was done at
700 °C for 8 h, with a rate of 1 °C-min~1. The synthesis of nanometric
pure silica ZSM-5 zeolite of the significantly reduced size of crystals
labeled Z(to)-S, was carried out using the tetrapropylammonium hy-
droxide (TPAOH, Aldrich, 40% in water) as SDA [42]. The gel compo-
sition for the synthesis of zeolite was Si02:0.25SDA:9.7EtOH:24H20.
The applied silica source was tetraethylorthosilicate (TEOS, Merck,
>98%). The appropriate amount of TEOS was hydrolysed in an aqueous
solution of SDA and ethanol (EtOH, Aldrich, absolute). The mixture
obtained was stirred mechanically at room temperature for 2 h. The gel
was then transferred to Teflon-lined stainless steel autoclaves where the
synthesis was performed under constant rotation of the autoclaves at
150 °C for 14 days. The sample was calcined at 550 °C for 6 h, with a rate
of 2 °C-min~1.

2.2. Cobalt catalysts preparation

The cobalt active phase (10 wt%) was deposited on the zeolite sup-
ports and reference SiO2using the incipient wetness impregnation (IW 1)
method from an aqueous solution of cobalt nitrate hexahydrate (Aldrich,
98%), the resulting samples were labeled as Co]Z(32), Co|Z(750), Co|Z
(to)-S, Co |Z(to)-B, and Co|SiO2(ref). Potassium was introduced in the
amount of 2 wt% onto the surface of the Co|Z(750) catalyst by the IWI
method, using an aqueous solution of potassium nitrate (Aldrich, 98%)
with the appropriate concentration, the sample was labeled Co|ZSM
(750)-1W1. Additionally, the K-exchanged sample was prepared by the
ion-exchange (IE) of zeolite support using an aqueous solution of KNO3
(Aldrich, 98%). The suspension obtained was stirred at 80 °C with a
magnetic stirrer for 6 h and then filtered and dried. The potassium-
exchanged zeolite was then loaded with the cobalt phase by the IWI
method, and the resulting sample was labeled Co|ZSM(750)-IE. All final
materials were dried at RT for 24 h followed by calcined at 500 °Cfor 2 h
at a rate of 1 °C/min.

2.3. Characterization methods

The silica-to-aluminium molar ratio of the supports was analyzed
with a PerkinElmer Optima 2100DV ICP-OES spectrometer. The cobalt
phase content was verified employing the XRF spectrometer (ARL
QUANT’X). The Rh anode was applied to generate the X-rays of 4-50 kV
(1 kV step). The 3.5 mm Si(Li) drifted crystal with the Peltier cooling
(~185 K) was applied as a de- tector. The UniQuant software was used



for the evaluation of the registered data. The specific surface area and
porosity of the supports and as-prepared cobalt catalysts were analyzed
by N2-physisorption at —196 °C using a Quantachrome Autosorb- 1-MP
gas sorption instrument according to the procedure described elsewhere
[8]. The results of this textural characterization are presented in
Table S1. Powder XRD patterns for supports and prepared cobalt cata-
lysts were recorded using a Rigaku Multiflex diffractometer, using Cu Ka
radiation (40 kV, 40 mA). The diffractograms were recorded in the 20
angle range of 10-50° with a step size 0f0.02° and an accumulation time
of 3 s. The reducibility of the prepared materials was investigated with
the AutoChem 1l 2920 instrument (Micromeritics, USA). Details of the
TPR measurements are detailed in [10].

The acidic properties of the reduced catalysts were investigated in
guantitative FT-IR experiments of pyridine (Py) and carbon monoxide
sorption to probe the BrOnsted and Lewis acid sites, and the cobalt sites,
respectively. The samples were pressed to the form of a disc and then
placed in a custom-made quartz IR cell. In situ evacuation at 500 °C
under vacuum (10-5 mbar) for 1 h was followed by treatment in a pure
hydrogen atmosphere at 550 °C for 1 h and cooling down to the tem-
perature required for Py or CO sorption experiments. The neutralization
of all acid sites was realized by saturation of the samples with the Py
vapors at 170 °C under static conditions. Then, gaseous and physisorbed
Py molecules were removed by desorption at 170 °C and the spectra
were collected. These spectra served to determine the intensities of the
Py bands at 1545 cm- 1 (pyridinium ions, PyH+) and 1455-1442 cm- 1
(Py coordinatively bonded to Lewis sites, PyL). The latter values,
determined for each band after deconvolution if necessary, together
with the respective absorption coefficients: 0.07 cm2pmol-1 for the
1545 cm- 1band of PyH+ and 0.10 cm2 pmol- 1for the 1455-1442 cm-1
band of PyL, were used to calculate the concentration of BrOnsted and
Lewis acid sites. The low-temperature sorption (—100 °C) of carbon
monoxide (CO, Linde Gas Poland, 99.95%) allowed us to distinguish
between the oxo-species and cation-exchanged cobalt species [10]. All
spectra presented in this work were recorded by gathering 500 scans
with a spectral resolution of 2 cm-1 on a Vertex 70 spectrometer
(Bruker) equipped with an MCT detector. Based on the methodology of
guantitative measurement developed for cobalt sites in zeolites [43], the
concentrations of isolated cobalt ions and cobalt ions in oxide forms
were determined.

Micrographs of studied pure silica zeolites were obtained with the
use of FE-SEM (Field Emission Scanning Electron Microscope, Zeiss,
Ultra 55). For analysis purposes, the samples were deposited on double-
sided tape and analyzed without a metal covering.

The morphology and elemental repartition of the reduced and spent
catalysts were studied with the high-resolution transmission electron
microscope (HR-TEM, Titan G2 60-300 kV, FEI Company), equipped
with energy-dispersive X-ray spectroscopy (EDX). Phase separation in
the samples was performed with a fast Fourier transformation (FFT)
technique by using masking available in the Gatan DigitalMicrograph
software package. Details of the microscope and the procedure applied
in the study are described elsewhere [44].

For surface composition studies two X-ray photoelectron spectros-
copy (XPS) apparatuses were used. The studies for fresh catalysts were
performed using the multi-chamber ultra-high vacuum system (PRE-
VAC) with a hemispherical Scienta R4000 electron analyzer. A Scienta
SAX-100 X-ray source (Al Ka, 1486.6 eV, 0.8 eV band) equipped with the
XM 650 X-Ray Monochromator (0.2 eV band) was used as comple-
mentary equipment. The pass energy of the analyzer was set to 200 eV
for survey spectra (with a 500 meV step), and 50 eV for regions (high-
resolution spectra): Co 2p, O 1s, Si 2p, Al 2p, and C 1s (with 50-100 meV
step). The base pressure in the analysis chamber was 5-10- 9 mbar, and
during the collection of spectra, it was not higher than 3-10-8 mbar. To
register XPS spectra for reduced catalysts, quasi in situ X-ray photo-
electron spectroscopy studies were performed. The samples were placed
in the load lock, degassed for 16 h, and transferred through the distri-
bution chamber to the analysis chamber. After the first measurements

(before reduction), the samples were transferred to the flow reactor
chamber coupled to the ultra-high vacuum system. The samples were
then reduced in the flow of a mixture consisting of H2(40 m|l min- 1) and
Ar (60 ml min-1) for 60 min (p = 1bar) at 500 °C. The temperature of
the samples was measured with a thermocouple mounted inside the
sample holder and controlled by a HEAT2-PS power supply. The samples
were then cooled down, the gas mixture was pumped out, and, under
vacuum conditions (without exposure to air), the whole holders were
transferred to the analytical XPS chamber, where the next set of spectra
was collected. The pass energy of the analyzer was set to 200 eV for
survey spectra (with 750 meV step), and 50-100 meV for regions (high
resolution spectra): O 1s, Co 2p, C 1s (before reduction). The state of the
spent catalysts was evaluated ex situ using XPS analysis with a SESR4000
analyzer (Gammadata Scienta) in a vacuum chamber with a base pres-
sure below 5710-9 mbar. Monochromatized Al-Ka source with 250 W at
1486.6 eV emission energy was used. The pass energy for selected
narrow-range binding energy scans was 100 eV. The binding energy
scales were corrected for the gold work function determined in the
spectrometer, 4.65 eV. CasaXPSsoftware (v 2.3.23 PR1.0) was used for
processing all XPS data [45]. The Co 2p3/2 XPS spectra before and after
the in situ reduction were fitted with sets of curves characteristic for
Co0304 (before the reduction), and CoO and CoO (after the reduction).
The line shapes and relative shifts of the peaks were taken from the
reference [46].

Raman spectra of the spent catalysts were collected in the range of
1000-2000 cm- 1 using Renishaw InVia spectrometer equipped with a
514 nm laser with a resolution of 1 cm-1. For each spectrum, ten scans
were accumulated.

The oxidation of the carbon deposit formed during the ESR process
was studied by thermogravimetric analysis (TGA) using a TGA/DSC 1
Mettler Toledo apparatus. 10 mg of the spent catalyst powder was
placed in an alumina crucible and weighted with a Mettler Toledo bal-
ance. The oxidation of the coke depositwas carried out in a temperature
range of 30 to 800 °C at the heating rate of 10 °C min- 1under an air flow
(80 ml-min-1).

2.4. Catalytic tests

The performance of the reduced materials in the ESR process con-
ditions (500 °C, molar ratio ethanol/H20 of 1:12, WHSV = 52 h-1) was
analyzed by the application of a packed-bed quartz microreactor using
catalyst testing equipment (PID Eng & Tech) and two gas chromato-
graphs (Bruker 450-GC and Bruker 430-GC) according to the procedure
described earlier [47]. To evaluate the catalytic activity, short-term (21
h) and long-term (>160 h) tests were performed.

The conversion of ethanol (XBoH) and the selectivity to carbon-
containing products (XCP) were determined from:

ein cou
Xeoh = B in  EtOH x 100% (1)
C EtOH
n @ out
Xep = ¢ X 100% (2)
L nCi
where: CEtoH : - is the molar concentration of ethanol in the reaction

mixture (mol%); C|téH- is the molar concentration of ethanol in the post-
reaction mixture (mol%); Cout - is the molar concentration of the carbon-
containing product in the post-reaction mixture (mol%); n - is the
number of carbon atoms in a carbon-containing molecule of the reaction
product.

The selectivity to hydrogen was calculated from:

. c°Hit
H 2selectivity = + + +2A +3 +4
°H2 + 2x °CH4 + 2x °C2H4 + 2x °CH3CHO+ 3x °C2H6 + 4 x °C3H8

X 100%



where: Cout - is the molar concentration of the hydrogen-containing
products in the post-reaction mixture (mol%). The carbon balance was
within £7% for all catalytic runs.

2.5. Operando UV-Vis and FT-IR studies of catalysts reduction, ESR
process, and coke burning-offfrom used catalysts

The catalysts were formed in a self-supported pellet (20 mg) and
placed in a spectroscopic cell. For UV-Vis studies, the Praying Mantis™
cell was used. For FT-IR studies the HT-IRS 01 cell was used (MeasLine,
www.measline.com, Patent no. PL 232633). The gases to spectroscopic
cells were introduced by 1/16” Teflon lines, kept at 110 °C. The acti-
vation of catalysts was performed under a flow of He (45 mI/min) with a
heating rate of 30 °C/min from RT to 550 °C and the temperature was
kept for 45 min. Then the catalyst was cooled down to 500 °C to perform
the reduction under a flow of 10 %H2/He (45 ml/min) for 120 min.
Finally, the ESR reaction was performed at 500 °C for 2 h. The ethanol
and water were introduced to a spectroscopic cell with a total flow of
helium as carrier gas equal to 45 ml/min, and a molar ratio of ethanol/
H20 of 1:12. The ethanol and water containers were kept under constant
and controlled temperature (23.4 °C). The activation, reduction, and
reaction processes were followed with the use of either Shimadzu UV-
2600 or Vertex 70 Bruker FT-IR spectrometers. Gas chromatography
(Agilent Technologies 7890B) and mass spectrometry (MEASLINE
RGA200) were used to assess the reaction products. After the catalytic

reaction, the spectroscopic cell was cooled down to 250 °C. To assess the
nature of the formed carbon deposit the 10 %02/He gas mixture was
introduced (30 ml/min) and the temperature was gradually increased to
300, 350, 400, 450, 500, 550, 600, and 650 °C with a rate of 10 °C/min,
at each step the temperature was stabilized for 15 min. The outlet gas
composition was followed by mass spectrometry (m/z = 2 (hydrogen),
18 (water), 28 (carbon oxide, ethylene), 29 (acetaldehyde), 31
(ethanol), 44 (carbon dioxide), 16 (methane), 43 (acetic acid)). Total
deposit removal was performed for 160 min.

3. Results and discussion

3.1. Catalysts performance for ethanol steam reforming: Effect of
aluminium content, morphology of the support, and potassium presence

The studied samples Co]Z(32), Co]Z(750), and Co |Z(to)-S varied in
Al content corresponding to Si/Al = 32, 750, and to (Al-free), respec-
tively. On the other hand, the comparable content of the cobalt phase
was achieved and was equal to 10.5 + 1.5 wt% according to the XRF
studies (Table S.1). The catalysts were studied for the ethanol steam
reforming process in the conditions of 500 °C, ethanol/H20 molar ratio
of 1:12, and 21 h. The results concerning ethanol conversion and all
product selectivity over time are presented in Fig. S1. As expected, the
activity of the catalysts depends strongly on the Si/Al ratio of the zeolite
support. For clarity, in Fig. 1 we present the conversion of ethanol and
selectivity to the products most influenced, and at the same time, the

Fig. 1. The ethanol conversion (A) and selectivity to H2 (B), C2H4 (C), and CH3CHO (D) products in 21st hour of the ESR reaction at 500 °C for ethanol/H20 molar

ratio of 1:12 for the series of cobalt catalysts supported on ZSM-5 zeolite differing in Si/Al and crystal size. The Co|SiO2(ref) serves as a reference system.
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most important H2 C2H4, and CH3CHO in the 21st hour of the ESR
process versus the Si/Al ratio. Firstly, we can see in Fig. 1A that under
applied conditions the conversion of ethanol is equal to 100% for three
catalysts, Co|Z(32), Co|Z(750), and nanometric Co |Z(to)-S, indepen-
dently from the Si/Al ratio (32 - to). At the same time, we observed
significant differences in selectivity to H2 and C2H4 for these samples.
The selectivity to H2 increases almost linearly with increasing of SiZAl
from about 78% to 100% (Fig. 1B). In turn, selectivity to C2H4 decreases
linearly from almost 50% for Co|Z(32) to about 20% for Co|Z(750),
eventually disappearing completely for Al-free catalyst (Fig. 1C).

Bearing in mind the best catalytic behavior of Al-free material, Co|Z
(to)-S, we decided to evaluate the influence of the zeolite crystal
morphology on the catalytic performance of the cobalt-containing
catalyst. In general, the textural properties of all zeolite supports were
preserved after impregnation with cobalt. The cobalt phase also did not
plug the micropores of the zeolites, as confirmed by retained micropore
volume for all the catalysts (Table S1).

The catalytic tests for the Co |Z(to)-B catalyst, based on micrometric
pure silica ZSM-5 zeolite, and for the Co|SiO2(ref) catalyst, based on the
reference micrometer-sized counterpart, were performed. The results for
Co |Z(to)-B and Co|SiO2(ref) samples do not fit the trend previously
observed for zeolites of varied Al content (Fig. 1). The conversion of
ethanol for Co |Z(to)-B reaches about 40% with the lowest selectivity to
H2(below 80%) and the highest selectivity to undesired CH3CHO (above
50%). Furthermore, the conversion of ethanol over the Co|SiO2(ref)
catalyst does not reach 100%, while CH3CHO is produced with a
selectivity of about 15%. The catalytic performance observed for these
pure silica materials, Co |Z(to)-B and Co|SiO2(ref), diverges from that of
nanometric Co |Z(to)-S. Neither amorphous silica support nor crystalline
pure silica micrometer-sized assure as high activity as the catalyst based
on nanometric zeolitic support. The significant production of CH3CHO
over Co |Z(to)-B and Co|SiO2(ref) catalysts was previously assigned to a
very weak interaction between the surface of the catalyst and acetal-
dehyde, resulting in the rapid release of undesired intermediates from
the catalyst surface [47]. Thus, the effect of morphology becomes
obvious when the performance of the nanometric (260 nm) Co | Z(to)-S
and micrometer-sized (50-90 pm) Co |Z(to)-B catalysts are compared.
Indeed, the dispersion of the cobalt phase is significantly better over the
Z|(to)-S zeolite support (Fig. S2) which is provided by its superior
nanometric morphology. Thus, both the Al content and morphology of
the zeolite support must be adjusted to develop an efficient catalyst for
the ESR process.

The positive effect of alkali on the ESR process has been widely re-
ported for many oxide-based catalysts. Therefore, we hypothesized a
synergic effect of the potassium doping and the limited presence of
aluminium atoms (BrOnsted and Lewis acid sites) in the commercially
available Z(750). To analyze the role of the potassium promoter we
compared the catalytic activity in the ESR process of the Co|Z(750)
catalyst and its potassium-containing counterparts (Fig. S3). The latter
were prepared via two different routes resulting in the location of K+
cations either in extra-framework positions in Co|Z(750)-1E or potas-
sium oxo-species dispersed on the external surface of Co|Z(750)-IWI.
The results are consistent with our previous results [10] reporting the
drawback of the addition of alkali on the ethanol conversion in ESR.
Namely, the total ethanol conversion of the Co|Z(750) catalyst
decreased to c.a. 90 %, and 10 %, for Co|Z(750)-IE and Co|Z(750)-1WI,
respectively. However, at the same time, the selectivity to undesired
C2H4 dropped down from 22 to 15% for Co|Z(750)-1E while not occur-
ring for Co|Z(750)-IWI (Fig. S3). The elimination of the dehydration
path of the ESR process can be significantly limited or eliminated by
potassium addition [10]. Although the ESR results of the potassium
modification with the ion-exchange approach are promising, still the Co|
Z(750)-1E sample cannot compete with the Al-free Co|Z(to)-S sample
without potassium, pointing to the importance ofboth the absence of Al-
atoms and nanometric character of zeolitic support.

The stability test (the 160 h ESR reaction) was next carried out for

the most promising pure silica zeolites Co|Z(750) and Co |Z(to)-S and
non-zeolitic Co|SiO2(ref) catalyst as the reference system. The full
experimental data for long-term stability tests are presented in Fig. S4,
while the comparison of the ethanol conversion and selectivity to
products at 160 h of the tests are presented in Fig. 2. The results
excluded the Co|SiO2(ref) as being able to compete with Co|Z(750) and
Co | Z(to)-S owing to a progressive decrease in ethanol conversion.

In contrast to amorphous support, Co|Z(750) and Co |Z(to)-S cata-
lysts exhibited excellent ESR long-term performance. The Co|Z(750)
catalyst preserved 100% conversion, and almost 95% selectivity to H2
during the whole 160 h of the catalytic test. The selectivity to C2H4 at a
20% level can be considered its disadvantage since ethylene is the pri-
mary coke precursor. Still, the results are outstanding compared to the
current state of the art [32,36]. From the several dozen catalysts
compared in [32,36] only a few cobalt catalysts based on CeO2 support
exhibited ethanol conversion equal to 100% and selectivity to hydrogen
> 90% at 500 °C. It has to be underlined, that most studies concern
short-time activity tests, which do not show the stability of the system.
Whereas, stability in the ESR process is a crucial point considering the
carbon deposit formation leading to catalyst deactivation in time. In
turn, no C2H4was produced over the Co | Z(to)-S catalyst. Nonetheless, a
slight decrease in the ethanol conversion appears after 80 h on stream,
leading to a value of about 90%.

The strong impact of the number of Al atoms and zeolite morphology
on the performance of the Co-containing zeolite-supported ESR catalysts
was then thoroughly evaluated in terms of their acidity (FT-IR sorption
studies), reducibility (H2-TPR), phase composition (XRD), morphology
(SEM, HR-TEM/EDX), and surface redox properties (in situ XPS, phase
separation with FFT). Detailed information on the ESR reaction mech-
anism was acquired in unique operando UV-Vis and FT-IR spectroscopy
studies. Furthermore, the comprehensive characterization of spent cat-
alysts was carried out to examine the deactivation process.

3.2. The interplay between the nature and dispersion o f the cobalt species
and catalystperformance

The Co|ZSM-5 catalysts varied in Al atoms number and their Co-free
counterparts were examined in quantitative pyridine (Fig. 3A and
Fig. S5) and CO (Fig. 3B) sorption FT-IR studies to provide complete
insight into the nature of surface sites involved in the interaction with
ethanol during the ESR process. The presence of both BrOnsted and
Lewis acidic sites in the zeolite Z(32) is documented by the bands of
pyridinium ions, PyH+ (1545 cm-1), and pyridine bonded coor-
dinatively to the Lewis site, PyL (1445 cm-1). Quantitatively, the acid
sites density decreased significantly in Z(750) and the purely siliceous
material Z(to)-S. Both materials exhibit a marginal number of BrOnsted
and Lewis acid sites (Table 1). The deposition of the cobalt phase on the
zeolitic supports resulted in the notable reduction of BrOnsted property,
while new electron acceptor cobalt-derived species appeared, i.e. Co2+
cations and/or CoOy+ oxo-species, replacing protons from Si(O-)Al
units. Such a decline in the number of BrOnsted acid sites is responsible
for hampering the ethanol dehydration path leading to undesired
ethylene. The dispersion of cobalt species was tentatively assessed from
Py sorption studies. By assuming that the deposition of the cobalt phase
implies the appearance of an additional number of Lewis centers without
affecting the native Lewis sites, the concentration of cobalt sites was
calculated as the difference between the number of Lewis centers in the
Co- and H-zeolites (Table 1). The highest concentration of Lewis sites
was found for Co|Z(32) and Co|Z(to)-S. The highest ion-exchange ca-
pacity of Co|Z(32) allows us to anticipate the positively charged cationic
cobalt species neutralizing the charge of the zeolite framework as the
major ones.

In contrast, in Co |Z(to)-S, the presence of Lewis acidic sites is ex-
pected to be related to the metallic cobalt phase. Indeed, the highest
population of cobalt-derived Lewis sites in the Co |Z(to)-S catalyst im-
plies their highest dispersion and corresponds well to the catalyst’'s best



Fig. 2. A) Stability of the ethanol conversion for the Co|Z(750) (red column), Co]Z(to)-S (gray column), and Co|SiOz2(ref) (yellow column) catalysts in the ESR

reaction at 500 °C for ethanol/H20 molar ratio of 1:12. (B) Selectivity to products after 160 h of the process. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Fig. 3. The FT-IR spectra of pyridine (A) and CO (B) adsorbed on Co|Z(32), Co|Z(750), and Co |Z(to)-S catalysts and corresponding zeolite supports.

ESR performance.

The carbon monoxide molecule is the first-choice probe molecule
used as the descriptor of the properties of surface redox sites and their
dispersion, also in a quantitative manner. Ligation of CO to redox sites
results in the appearance of carbonyl bands, whose positions are in-
dicators of the electron acceptor properties of the redox sites. The lower
the frequency of the monocarbonyl band, the lower the electron
acceptor properties of the cobalt species [10]. The spectra of CO inter-
acting with Co]Zz(32), Co|Z(750), Co |Z(to)-S, and their H-counterparts
are presented in Fig. 3B.

According to literature reports, the band at 2206 cm- 1 observed
solely in Co|Z(32) was ascribed to the CO molecule ligated to the iso-
lated exchangeable cobalt(ll) cations in the zeolite micropores. The
interaction of CO molecules with cobalt oxo-sites is documented by the
appearance of bands in the frequency range of 2190-2175 cm-1. The
increased amount of cobalt oxo-species and the notable shift of the
respective bands to the lower frequency is related to oxolation processes
facilitated by marginal or absent Al atoms in zeolites. Quantitative FT-IR

studies of CO sorption confirmed also the weakening of the electron
acceptor properties of cobalt centers with the increase ofthe Si/Al value,
which was further manifested as the decline in the number of centers
capable ofbinding the CO molecule (Table 1). The additional maxima in
the frequency range of 2165-2135 cm- 1 can be assigned to Co+(CO)
species [48]. Some authors, however, assigned these bands to CO
hydrogen-bonded to silanol groups terminating the zeolite crystals
(2165 and 2158 cm-1) and to physisorbed CO (2134 cm-1) [49]. The
absence of carbonyls typical of metallic cobalt (at 2085-2000 cm- 1 -
linear carbonyls of metallic cobalt, and at 1880 cm- 1 - bridging car-
bonyls of Co0) could be indicative of very low heat of adsorption of CO
on cobalt sites dispersed on zeolitic supports.

Inspection of the data derived from quantitative FT-IR studies of CO
and Py sorption reveals some divergence among the number of Lewis
sites detected with CO and Py which is assigned to an extensive differ-
ence in the basicity of the probe molecules (gas basicity of 898.1 for Py
vs. 402.2 kJ/mol for CO). Py as a stronger base can probe sites with
significantly lower acidic properties compared to those of a less basic CO



Table 1

The concentration of BrOnsted (B), and Lewis (L) acid sites, the concentration of Co species (Co2+ ions and oxide-like cobalt forms - OLC) for Co|Z(32), Co|Z(750), Co|Z

(to)-S and Co|SiO2(ref) catalysts and corresponding supports.

sb b

The size of the grains makes it impossible to register the spectrum in the transmission mode, i.e. in the mode that allows for quantitative interpretation of the

Sample Al B+ Lb Co-originated Lewis acid sites
Co(py)C Cozco)d O_(m (Co2+ + OLC) (CO)d
pmolg 1 pmolg- 1
Z(32) 472 445 70 475 - - - -
Co|z(32) 247 328 575 258 62 77 139
Z(750) 15 5 5 10
Co|Zz(750) 0 68 68 63 o} 57 57
Z (t0)-S 0 0 5 5
Co\Z(")-S 0 315 315 310 o] 65 65
SiU2(ref) 0 0 0 _ — — -
Co\SiO2(ref) 0 3 3 3 0 3 3
Z (to)-B 0
spectrum
Co\Z(to)-B 0

a The concentration of Al from ICP analysis.

b The concentration of BrOnsted (B) and Lewis (L) acid sites determined
c The concentration of cobalt sites able to interact with Py calculated as

d The concentration

molecule. Furthermore, the high concentration of the cobalt acid sites
interacting with Py in Co|Z(to)-S suggests high dispersion of the cobalt
active phase since electron-deficient metal moieties can also serve as the
sites for Py adsorption [50]. FT-IR spectroscopy evidenced that the
number of nitrogen-coordinated pyridine chemisorbed perpendicularly
to the surface of the metal nanoparticles [51] gives rise to 1460-1445
cm- 1 IR bands, especially when the surface electron density of the
metallic phase decreases when dispersed on acidic supports such as
zeolites. Thus, fine-tuning the acidic properties of the ZSM-5 support by
the decrease of Al content can significantly reduce or even completely
rule out the production of undesired C2H4 with accompanying
improvement of the H2 efficiency.

The XPS analysis of the samples before and after in situ reduction
reveals extensive changes in the cobalt phase located on the external
surface and subsurface of the catalysts grains (Fig. 4). For all materials
the initial spectra present the features characteristic of the Co304 phase
(curves denoted a, pink shading). In situ reduction transforms a major
part of cobalt into a metallic phase, however, some CoO is still present
(curves b, blue and yellow shading respectively). The extent of reduction

by FT-IR studies of pyridine adsorption.

the difference between the number of Lewis acid sites inCo|Z

andHZ.

of Co2+ ions (2206 cm~1) and oxide-like cobalt forms (OLC) determined by CO adsorption FT-IR studies (the 2190-2178 cm~1band).

is the highest for the Co |Z(to)-S sample whereas the supports containing
Al atoms kept a similar share of the CoO phase. The presented results
indicate that the cobalt oxidation state can be tuned by the acidic
property of the zeolite support.

Surface, subsurface, and bulk are usually considered separate entities
due to the difference in the interaction of the active phase with the
zeolite environment. The XPS measurements provide information about
the nature of the cobalt phase located on the outer and subsurface sur-
faces, thus the picture of the catalysts’ reducibility was complemented in
H2-TPR investigations (Fig. 5).

According to the literature, the maxima at lower temperatures are
assigned to the reduction of Co3+ to Co2+ while the reduction of Co2+ to
CoOrequires higher temperatures [52]. The Co |Z(to)-S catalyst presents
the reduction peaks located in the lowest temperature range of about
200 to 350 °C with an important share of maximum at 275 °C. Based on
XPS data, in Co |Z(to)-S the reduction process is effective thus the cobalt
metallic species are dispersed on the outer surface of the nanometric
support in the majority [10]. With increasing Al concentration (Co|Z
(750) and Co]Z(32)) the lower share of metallic phase, detected with

Fig. 4. XPS spectra of Co 2p core level collected for as received and after quasi in situ reduction of the Co|Z(32) (A), Co|Z(750) (B), Co|]Z(to)-S (C) catalysts (H2 (40

ml min- 1) and Ar (60 ml min- 1) over 60 min (p =

1 bar) at 500 °C). Color shading designates components of Co 2p spectra due to different oxidation states of cobalt:

pink - Co304; yellow - CoO; blue Co0. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 5. H2-TPR profiles of the Co|Z(32), Co]Z(750), and Co |Z(to)-S catalysts.

XPS data, is associated with the increase in the temperature of the
reduction process, as documented in the TPR profiles. These findings
indicate that acidic functions of the zeolitic supports have a negative
impact on the dispersion of the cobalt phase. Further, the highest overall
hydrogen consumption for Co |Z(to)-S equal to 2.913 mmol-g~1, is
significantly higher compared with 1.808 and 1.568 mmol-g~1for Co|Z
(32) and Co|Z(750) catalysts, respectively. As a result, the XPS and TPR
data suggest that in Al-containing supports the oxo-species are still
present and the the cobalt phase is not completely reduced. The non-
reduced cobalt oxo-species are anticipated to be located inside bigger
cobalt grains as the micropore volume values are not affected by cobalt
phase deposition (Table S1).

The lack or the minor share of the cobalt phase lines in the dif-
fractograms (Fig. S6) indicate its high dispersion either amorphous na-
ture in the as-prepared catalysts [8]. Additional
characteristics were therefore conducted to reveal the nature and loca-

microscopic

tion of the cobalt species in reduced catalysts. Representative HR-TEM
images of the reduced Co|Z(32), Co|Z(750), and Co |Z(to)-S catalysts
with the corresponding FFT and phase identification are presented in
Fig. 6 (additional microscopic characteristics in Fig. S7). In general, the
cobalt phase nanograins are well dispersed on the surface of all zeolite
supports (see Fig. S7). For the Co|Z(32) and Co |Z(to)-S catalysts the size
distribution of the cobalt nanograins in the range of 10-50 nm is
observed. The absence of Al-atoms in the Z(to)-S zeolite framework
together with its nanometric characteristic results in the share of
metallic cobalt of the grain size below 5 nm (Fig. 6C and Fig. S7C3). In
turn, for the Co|Z(750) sample small 10-50 nm nanograins coexist with
a small amount of much bigger ones, even with a size of about 200 nm.
As shown in XPS and TPR studies the highest catalytic activity can be
ascribed to the material offering the cobalt phase of the highest
dispersion and reducibility. Therefore the species below 5 nm are
identified as the most active in the ESR process. Furthermore, FFT
analysis indicates a significant difference in the oxidation state of cobalt.

In the case of Co|]Z(32) cobalt was present mainly in the form of CoO
(Fig. 6A1-A3) identified based on the distances of 2.12 and 2.46 A,
corresponding to the (200) and (111) facets, respectively. For Co|Z
(750), both CoO and metallic Co were identified based on the distances
0f2.12, 2.46 A, and 1.77 A corresponding to the (200) and (111) facets
of CoO and the (200) facet of Co, respectively (Fig. 6B1-B3). In turn,
only the metallic phase of cobalt was identified for the Co |Z(to)-S
catalyst based on interplanar distances of 1.91, 1.80 A, and 2.05 A
corresponding to the (011), (002), and (111) facets of Co metal,

respectively (Fig. 6C1-C3). The lack of Al-framework atoms makes the
cobalt oxo-forms prone to reduction to metallic species because the
cobalt cations are not stabilized by the negative charge of the zeolite
framework. The microscopic observations are in line with the H2-TPR
and FT-IR findings about the superior cobalt phase dispersion for Co|Z
(to)-S catalyst.

3.3. Operando UV-Vis and FT-IR spectroscopy investigation of the
catalysts reduction and the ESR reaction.

The operando UV-Vis studies under reducing conditions (Fig. 7A) and
under the ESR reaction conditions were carried out for Co|SiO2(ref), Co|
Z(to)-S, and Co|Z(750) samples. The band assignment was based on the
literature survey described in detail in ESI. The spectra in Fig. 7A show
changes in the speciation of cobalt forms upon the reduction of the
catalysts at 500 °C. For Co|SiO2(ref) the flow of hydrogen causes a
decrease in the intensity of the bands located at 680 nm (reduction of
Co3+) and 450 nm (reduction of Co2+) documenting the reduction of the
Co304phase [53]. The reduction of Co3+ cations precedes the reduction
of Co2+, manifested by the disappearance of the 460 nm band before the
band at 680 nm. The noticeably smaller abundance of Co3+ sites in Co|Z
(to)-S than in Co|SiO2(ref) may be explained by a more efficient initial
reduction of spinel in the nitrogen atmosphere. The 02-(2p) ~ Co2+
band at 300-450 nm disappears upon prolonged contact with hydrogen
indicating efficient oxo-phase reduction. Also, the process of Co|Z(750)
reduction involves the disappearance of a band triplet in the visible
region between 400 and 750 nm. The presence of framework aluminium
species, even to a marginal extent, facilitates the preservation of a-Co
(OH)2 and R-Co(OH)2 species identified by the absorption band at
780-800 nm.

An inspection of the UV-Vis spectra indicates that almost complete
reduction of the oxide phases occurred for the catalysts Co |Z(to)-S and
Co|Zz(750) only while for Co|SiO2(ref) some oxo-forms are resistant to
H2 treatment. These findings confirm that the nature of oxo-species
strongly depends on the support that is further reflected in differenti-
ated reducibility of the cobalt phase, as confirmed previously in H2-TPR,
HR-TEM, and FT-IR sorption studies.

The speciation of cobalt was monitored with UV-Vis also under
operando ESR conditions (Fig. 7B). In Co|SiO2(ref) the phenomenon of
accumulation of polyaromatics as the precursor of carbon deposit is
confirmed by n A n* transitions at 650 nm band [54,55]. The band at
450 nm can arise from the accumulation of acetaldehyde species and the
products of aldol transformations. On the Co|Z(to)-S surface the ethanol
dehydration route to ethylene, being a coke precursor, is inhibited by a
lack of strong protonic sites. Therefore, the band at 220 nm appearing in
the latter reaction course was attributed to the C=0 units in acetalde-
hyde bonded to metallic Co species. For Co|Z(750) catalyst, its protonic
acidity facilitates the formation of carbon deposit precursors, which in
contrast to both former catalysts, originates from the ethylene oligo-
merization process, documented by the evolution of the bands of the
C=C species at 230 nm. Indeed, similar bands have been reported during
hydrocarbon oligomerization at elevated reaction temperatures on
acidic zeolites [56,57]. In the later reaction period, the hydrogen-
deficient highly-condensed aromatic structures are formed as docu-
mented by the evolution of 780 nm in the late reaction course.

The nature of the species adsorbed on the surface of the catalysts was
monitored in operando ESR conditions by employing FT-IR spectroscopy
(Fig. 8). The reaction products were determined using gas chromatog-
raphy and mass spectrometry (Fig. S8). The oscillation rotation spec-
trum centered at the 3018 cm- 1 band, clearly visible for Co|Z(750),
validates the dehydration on BrOnsted acid sites for this catalyst. The
dehydrogenation route leading to acetaldehyde is confirmed by the band
of C-H stretching in aldehyde group C(H)=0 at 2750 cm-1, with the
greatest intensity for Co|SiO2(ref). In the case of Co|Z(750), both routes
occur, however, the first of the paths disappears over time in favor of the
second. The initial dominant share of ethylene becomes lower with time,



Fig. 6 . TEM pictures of the Co|Z(32) (A), Co|Z(750) (B), Co]Z(to)-S (C) catalysts after reduction with the phase identification for Co|Z(32) (A2-3), Co|Z(750) (B2-3),

and Co|Z(to)-S (C2-3).

probably due to ethylene oligomerization and poisoning of the protonic
sites by carbon deposit precursors, as documented in UV-Vis spectra.
The dehydrogenation path seems to be activated a bit later which is
documented by increased intensities of the C(H)=0 band in time for Co|
Z(750). The advanced formation of acetaldehyde species in Co]Z(750), i.
e. their rapid releasing from the catalyst surface is also proved by the
lowest amount of CO2and CO confirmed by bands at 2350 cm- 1and in
the region 2200-2000 cm-1, respectively (see spectra in Fig. 8C2). The
formation of carbon di- and monoxide can be referred to the decom-
position of dominant species with signals at 1743, 1550, and 1440 cm- 1
corresponding to the modes of acetic acid, acetates, and carbonates [58].
The latter peaks are accompanied by the C(H)=0 band at 2735 cm-1,
which proves the origin of these compounds from the dehydrogenation
path. Still, the highest intensity of acetate/carbonates species observed
for Co|Z(750) allows for concluding their very high stability. Inhibition
of the ethanol dehydration route is well observed for Co | Z(to)-S and Co|
SiO2(ref) catalysts. While the acidity of silanols in Co | Z(to)-S results in
the formation of a marginal amount of ethylene, for the amorphous

matrix only a dehydrogenation path is available. The production of
actealdehyde, confirmed further by the very intense C=0 bands
(1770-1720 cm-1 band) is the most representative of Co]SiO2(ref).
More detailed inspection in the C=0 frequency region allows also to
conclude that in the first reaction period, acetaldehyde is very trans-
formed into acetates which subsequently are decomposed to CO2 and
CO. Carbon dioxide can be stored on the surface as carbonate species.
The conversion of acetaldehyde to carbonates is therefore determinant
for the selectivity of the ESR process over Co|SiO2(ref). Itis in line with
catalytic data when higher production of CO and CO2 was detected for
Co|SiO2. As aforementioned, Z(to)-S support provides some number of
silanols of acidity high enough to launch the dehydration route in the
initial period of the ESR process. Notably, both the FT-IR characteristics
of ethylene (oscillation-rotation spectrum in 3200 - 2900 cm-1) and
aldehyde (2750 cm-1) for Co|Z(to)-S are of very weak intensity doc-
umenting their very low abundance. The spectrum of Co]Z(to)-S is
dominated by CO2. The intermediate products (i.e. acetaldehyde, ace-
tetes, carbonates) are poorly populated in the catalyst, as confirmed by



Fig. 7. UV-Vis spectra collected during (A) the reduction of the catalyst in H2/He atmosphere at 550 °C for 2 h and (B) the ESR reaction monitored under operando

conditions (C2H50H: H20 = 1:12, He flow, 500 °C).

their diagnostic bands of the lowest intensities among all the catalysts.
Such behavior points to very efficient dehydrogenation of ethanol to
acetaldehyde and a rapid very simultaneous oxidation of carbonates
which are also effectively decomposed to produce the final reaction
product. The findings from FT-IR spectra are corroborated by the pro-
files of the reaction products determined by gas chromatography and
mass spectrometry (Fig. S8), which also match very well with the cat-
alytic test results (see Section 3.1). For, Co|SiO2(ref) the selectivity to
CH3CHO (m/z = 29) and CO2(m/z = 44) increases while the selectivity
to CO (m/z = 28) and H2 (m/z = 2) decreases. For Co|Z(750) and Co|Z
(to)-S, the production of CH3CHO stays constant, while the selectivity to
CO and CO2 decreases. This parallel decline in CO and CO2 production
may be associated with the ongoing formation of coke precursors in the
dehydration pathway triggered by the presence of acid centers (Si(OH)
Al or silanol groups). The influence of ethylene giving the impact to m/z
= 28 mass signal on the trends observed is marginal. Gas chromatog-
raphy analysis of reaction products (Fig. S8) confirms that Co|SiO2(ref)
has the highest yield to CH3CHO and the lowest CO2/CO ratio. The
conclusions from operando spectroscopic studies confirm the interpre-
tation of the ESR performance and physicochemical characterization
results described above.

In Fig. 9 we presented the MS profiles of the products of the com-
bustion of carbon deposit formed during operando FT-IR studies over
highly active Co|Z(750) and Co]Z(to)-S. From the course of the CO2
evolution, we can anticipate the nature of coke precursors formed in the
initial stage of the ESR reaction. The ethylene oligomers in Co|Z(750),
which are burning off at lower temperatures, are dominant coke pre-
cursors. In Co|Z(to)-S the coke precursors are formed to a lesser extent.

3.4. Carbon deposit characterization

The spent Co|Z(750) and Co |Z(to)-S catalysts, maintaining the

highest stability for 160 h under the ESR process conditions, were
characterized in a microscopic and spectroscopic manner. A relatively
small amount of loosely bonded carbon deposit in both catalysts is
observed, however, with a visible lower quantity for Co |Z(to)-S
(Fig. 10A, B, more detailed TEM characteristic in Figs. S9 and S10)
confirming that the coke deposit is primarily formed by ethylene sec-
ondary transformations. Also, the XPS analysis confirms the presence of
carbon deposit on the surface of spent Co|Z(750) and Co |Z(to)-S cata-
lysts. For the Co |Z(to)-S catalyst distinct signals of all Si, O, and C are
observed (C 1s: 65%, O 1s: 23%, Si 2p: 12%), while only C 1s signal is
observed for the Co|Z(750) catalyst, indicating significantly higher
surface covering with carbon for the later (Fig. 11). The carbon units are
located outside the zeolite crystals and do not block the cobalt active
sites (see Figs. S9, S10). Thus, neither extensive covering with a carbon
deposit of the whole Co|Z catalysts grains nor significant removal of the
cobalt phase nanograins (observed in our previous work [47]) is an issue
for the developed ESR catalysts. Nevertheless, there are some nano-
grains of cobalt active phase detached from zeolite support and enclosed
inside the carbon deposit, e.g., at the tip of the carbon deposit filaments,
being totally or partially enveloped (Fig. 10A3, A4, B3, B4).

The differences in the nature of the carbonaceous deposit formed on
the Co]Z(750) and Co |Z(to)-S catalysts noticeable in the microscopic
images were further investigated by Raman spectroscopy and by ther-
mogravimetry. The representative spectra are presented in Fig. 12A.
Two intense Raman bands at 1600 and 1350 cm- 1 are associated with
the vibrational modes of graphitic carbon (G-band) and disordered/
amorphous carbon (D-band), respectively [59]. The ratios of peak in-
tensities ID/1G, serving as an indicator of the degree of graphitization of
coke, are equal to 0.87 and 0.99 for Co|Z(750) and Co |Z(to)-S, respec-
tively. In addition, the sets of Raman spectra collected at various places
of the samples are presented in Fig. S11. They show difference in ho-
mogeneity of the coke deposit formed over the Co]Z(750) and Co |Z(to)-S



Fig. 8. FT-IR spectra collected during the ESR process (C2HsOH: H20 = 1:12, N2 flow, 500 °C) presented in C = O (A1, B1, C1), CO2 and CO (A2, B2, C2), and C-H (A3,
B3, C3) stretching frequency regions for Co|SiO2(ref), Co|Z(to)-S, and Co|Z(750).

Fig. 9. MS profiles of the products (H20 (dark line), CO (red line), and CO2 (blue line)) gathered during the carbon deposit burning-off process after operando FT-IR
studies of the ESR process over Co|Z(750) (A) and Co|Z(to)-S (B) catalysts. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)



Fig. 10. Microscopic analysis of the Co|Z(750) (A) and Co]Z(to)-S (B) catalysts after 160 h in the ESR process conditions (500 °C, EtOH:H20 = 1:12). HR-TEM images
(Al A3, Bl B3), and phase identification (A2, A4, B2 B4).

Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 11. XPS spectraof Si 2p (A), C 1s (B), and O 1s (C) core levels of the Co|Z(750) (black line) and Co|Z(to)-S (blue line) catalysts after 160 h in the ESR process
conditions (500 °C, EtOH:H20 = 1:12). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 12. Raman spectra (A), and weight loss ratio profiles from thermogravimetric studies (B), over Co|Z(750) and Co | Z(to)-S catalysts after 160 h in the ESR process

conditions (500 °C, EtOH:H20 = 1:12).

catalysts. The comparison of the values of the determined ID/IGindicates
a greater homogeneity of the deposit formed on it over Co |Z(to)-S
catalyst. The mass loss profiles for Co|Z(750) and Co | Z(to)-S indicates
also the differentiated extent of carbon deposit formation and its various
nature (Fig. 12B). A substantially higher share of the low-temperature
peak (480 °C) and lower light-off temperature for Co |Z(to)-S in the
weight loss ratio profiles confirm distinct coke deposit combustion
processes for the two ESR catalysts. This difference can be explained by
the better dispersion of the cobalt phase in Co |Z(to)-S catalyst, which
acts as a soot combustion catalyst in this case, and the presence of the
share of coke characterized by higher degree of graphitization, which
burns off at higher temperatures.

4. Conclusions

The results presented in this work pointed out a key role of the zeolite
support acidity and morphology and indicated that their adjustment
allows us to get the ESR catalyst with extraordinary catalytic parameters
(100% conversion of ethanol, >90% selectivity to H2, high stability at
500 °C and EtOH:H20 1:12). They overthrow the existing paradigm of
low activity and stability of zeolite-based ESR catalysts, opening the way
to the development of competitive catalysts with a high application
potential. To develop novel ESR catalysts based on the zeolitic supports
new synthesis protocols should be optimized to obtain their pure silica
versions.

To understand the enhancement in ESR activity with the decrease in
the Al content in zeolite framework, the catalysts acidity (FT-IR spec-
troscopic studies of pyridine and CO sorption studies), reducibility (H2-
TPR), redox properties (in situ XPS), and morphology (HR-TEM) were
studied. It was found that the decrease in selectivity to the undesired
C2H4 product with the decrease in the Al content strongly correlates
with the acidity of the zeolite support and its impact on the oxidation
state of the cobalt phase.

The high selectivity and stability of the cobalt catalysts based on
high-silica (Z(750) and pure silica nanometric (Z(to)-S) zeolite supports
correspond to a relatively low degree of carbon deposit formation over
the catalysts, confirmed by their extensive post mortem characterization
(TGA, HR-TEM). The relatively low carbon deposit formation was also
inferred from the in-depth insight into the reaction mechanism with
operando spectroscopic ESR studies (UV-Vis, FT-IR). We attributed the
strong advantage of nanometric zeolite support to the highest reduc-
ibility and dispersion of the cobalt phase.
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