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ABSTRACT: Hydrogen, a sustainable and environmentally friendly fuel, can be
obtained through the ethanol steam reforming (ESR) process. The most promising
catalysts for this process are those based on non-noble metals such as cobalt. The
activity, selectivity, and stability of these catalysts strongly depend on the presence of
alkali dopants. In this work, we have taken on the challenge of understanding the role of
alkali. We synthesized a series of cobalt-containing catalysts supported on α-alumina
and doped with Na, K, Rb, and Cs, which were thoroughly characterized using
spectroscopic and microscopic techniques. We elucidated the significant difference in
the efficiency of undoped and alkali-doped catalysts, based on diffuse reflectance
infrared Fourier transform (DRIFT) operando spectroscopy studies under ESR
conditions. The catalytic test results indicated a strong effect of alkali promoters on the interaction between the acetaldehyde
byproduct and the Co/α-Al2O3 catalyst surface. Experimental data were confronted with the results of periodic DFT-GGA+U
molecular modeling. It has been shown that electron transfer from alkali atoms to the cobalt active phase strongly influences the
ethanol reforming pathway by increasing the adsorption energy of the aldehyde intermediate and facilitating the key C−C bond-
breaking step.
KEYWORDS: cobalt catalyst, ethanol steam reforming, alkali promotion, DFT modeling, operando DRIFT spectroscopy

■ INTRODUCTION
The anticipated depletion of fossil fuel reserves is turning the
world’s attention toward sustainable and environmentally
friendly alternatives, such as using hydrogen as an energy
carrier.1,2 Hydrogen is a clean-burning fuel, and when
combined with oxygen in a fuel cell, hydrogen produces heat
and electricity with only water as a byproduct, making it an
emission-free solution. Among others, hydrogen can be
produced by steam reforming using ethanol obtained from
biomass, as described by eq 1:

+ +
° = +H

C H OH 3H O 6H 2CO

173.1 kJ/mol
2 5 2 2 2

298 (1)

In this process, many pathways lead to the formation of
undesirable byproducts, which can adversely affect the
performance of the catalyst and reduce the efficiency of the
overall process.3−6 Ethanol under steam reforming process
conditions can undergo the following transformations:4

Dehydrogenation to acetaldehyde:

+ ° = +HC H OH CH CHO H 68.9 kJ/mol2 5 3 2 298

(2)

Dehydration to ethylene:

+ ° = +HC H OH C H H O 45.5 kJ/mol2 5 2 4 2 298
(3)

Decomposition to methane, CO, and H2:

+ + ° = +HC H OH CH CO H 49.6 kJ/mol2 5 4 2 298
(4)

Decomposition to acetone, CO, and H2:

+ +
° = +H

2C H OH CH COCH CO 3H

196 kJ/mol
2 5 3 3 2

298 (5)
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Steam reforming to synthesis gas:

+ +
° = +H

C H OH 2H O 5H 3CO

55 kJ/mol
2 5 2 2

298 (6)

In addition, each of the intermediate products can undergo the
following reactions:
Decomposition of acetaldehyde to methane and CO:

+ ° =HCH CHO CH CO 19.3 kJ/mol3 4 298 (7)

Aldol condensation of acetaldehyde to acetone:

+ +
° = +H

2CH CHO CH COCH CO H

4.1 kJ/mol
3 3 3 2

298 (8)

Steam reforming of acetaldehyde to synthesis gas:

+ +
° = +H

CH CHO H O 3H 2CO

186.8 kJ/mol
3 2 2

298 (9)

Steam reforming of methane to synthesis gas:

+ + ° = +HCH H O 3H CO 206.1 kJ/mol4 2 2 298
(10)

Water gas shift reaction:

+ + ° =HCO 2H O 2H CO 41.4 kJ/mol2 2 2 298
(11)

Methanation reactions:

+ + ° =HCO 3H CH H O 206.1 kJ/mol2 4 2 298
(12)

+ + ° =HCO 4H CH 2H O 164.8 kJ/mol2 2 4 2 298
(13)

Hence, there is a demand for the development of an active,
selective, and stable catalyst capable of minimizing the
contribution of these reactions in the steam reforming of
ethanol. The supported catalysts containing noble metals (Rh,
Ru, Pt, Ir) showed superior activity and stability.7,8 However,
high cost limits their industrial application, and interest shifts
to catalysts based on nonnoble metals such as Co, Ni, and Cu,
of which cobalt-based catalysts seem to be the most promising
systems.2,4,9

The metal active phases are most commonly supported onto
the surface of metal oxides.1,3,4,8,10 Oxide supports have the
advantage of storing oxygen on the surface, which limits the
catalyst deactivation process. Surface oxygen reacts with
undesirable byproducts of side reactions, reducing the
formation of carbon deposits. The metal oxides most
frequently mentioned in the literature as supports in ethanol
steam reforming catalysts include oxides of aluminum, cerium,
zinc, silicon, and magnesium.1,4,11 Among various polymorphs
of alumina, α-Al2O3 possesses advantages such as being a cost-
effective, readily accessible, and mechanically robust material,
making it highly suitable for industrial applications.12 The most
important advantage of this particular variant of alumina is its
low acidity, which reduces the undesired pathways of the ESR
process, especially ethanol dehydration.1,12

The performance of the ESR catalysts is significantly
influenced by the alkali additives. They affect both the
electronic properties of the active phase and the acidity of
the support, thereby modifying the contribution of various

reaction pathways of the ethanol steam reforming process. The
positive effect of alkali promoters on the performance of ESR
catalysts, frequently described in the literature, varies depend-
ing on the systems used and has been associated with the
reduction of undesirable products such as C2H4 or CH3CHO,
as well as the influence on the amount and degree of order of
the resulting carbon deposits.13−15 In our previous studies, we
demonstrated that in the case of a Co system on an α-Al2O3
support, the positive effect of potassium arises from the
enhanced interaction between the cobalt phase and the
support, which significantly increases the catalyst’s stabil-
ity.16,17

Alkali-free alumina-supported cobalt catalysts have been
investigated in theoretical studies.18 By cleaving the bulk
structure of α-Al2O3 with various termination planes, it is
feasible to create O-terminated, Al-terminated, and double Al-
layer terminated α-Al2O3 (0001) surfaces, each possessing
distinct characteristics.19 Among them, the nonpolar, recon-
structed Al-terminated (0001) surface exposing 3-fold
coordinated Al cations was found to be the most stable one
in both experiment and simulation.20,21 DFT calculations for
the Co10|α-Al2O3 (0001) surface suggest that C−C bond
scission is favored at the Co0 site, while C−O bond scission is
more likely to occur at the Cox+ site.18 These sites are also
implicated in initiating the ESR reaction through the cleavage
of the O−H bond in the ethanol molecule.

In this study, we aimed to elucidate the impact of various
alkali promoters on the efficiency of the Co|α-Al2O3 catalyst,
with a focus on explaining their role in the ESR process
mechanism. The performance of catalysts doped with sodium,
potassium, cesium, and rubidium was analyzed by considering
the chemical characteristics of Co-active sites and the
interactions between the catalysts and reaction intermediates.
Operando DRIFT spectroscopy was utilized to gain insights
into the mechanism of ethanol adsorption on the catalyst
surface, as well as the formation of main and byproducts in the
ESR process, both with and without alkali doping. The
experimental findings were rationalized by results from
periodic DFT-GGA+U molecular modeling using the VASP
package. Slab models were developed, exposing the (0001)
Al2O3 surface (Al108O162 stoichiometry) in contact with a
cobalt cluster (Co26).

■ EXPERIMENTAL METHODS AND DFT MODELING
Materials. A series of alkali-doped alpha alumina-supported cobalt

catalysts were prepared using the alumina support obtained from the
New Chemical Synthesis Institute, INS (Puławy. Poland). About 8%
wt. of cobalt spinel was deposited on the alumina supports by
sonochemical method using Qsonica’s Q500 Sonicator ultrasonic
probe to deposit the cobalt active phase on alumina support. The
cobalt precursor Co(CH3COO)2·4H2O (Sigma-Aldrich) was mixed
with about 90 mL of solvent (99.8% ethanol, Chempur), using a
magnetic stirrer, and sonicated for 2 h (amplitude of 75%). Next, a
25% ammonia solution was added until a pH of 10.5 was reached and
the sample was centrifuged and dried at 60 °C.

The alkali promoters in the amount of about 0.7 wt % were added
to Co/α-Al2O3 catalyst by the incipient wetness impregnation
method, using Na, K, Rb, or Cs nitrate aqueous solutions with
appropriate concentrations. All alkali-doped catalysts were calcinated
in air at 500 °C for 4 h.
Characterization Methods. The composition of the catalysts was

analyzed using an X-ray Fluorescence (XRF) spectrometer (Thermo
Scientific Quant’X EDXRF Analyzer C10020) equipped with a 1 mm
collimator and Mylar foil from Chemplex Industries, Inc. Phase
composition was examined by X-ray diffraction (XRD) with a Rigaku

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c18402
ACS Appl. Mater. Interfaces 2025, 17, 7697−7706

7698

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c18402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Multiflex diffractometer, utilizing CuKα radiation (λ = 1.54 Å).
Diffractograms were recorded over a 2θ range of 5−90°, with a step
size of 0.02°. Additional structural analysis was performed using a
Renishaw InVia Raman spectrometer (785 nm laser, range of 100−
1000 cm−1). The reducibility of the samples was assessed via
hydrogen temperature-programmed reduction (H2-TPR). For this, 50
mg of the sample was placed in a fixed-bed quartz flow microreactor
system, coupled to a thermal conductivity detector (TCD3, Valco,
Houston, TX, USA), and reduced in a 5 mol % H2 in Ar gas mixture
(99.999% purity) with a flow rate of 10 mL·min−1, across a
temperature range of 80−950 °C (heating rate of 10 °C·min−1). A
cold trap was employed to remove water during the measurements.

Microscopic analysis of both fresh and spent catalysts was
conducted using a scanning transmission electron microscope
(TEM, Titan G2 60−300 kV, FEI Company) operating at an
electron beam acceleration voltage of 300 kV. Phase separation was
achieved through fast Fourier transform (FFT) utilizing masking
features available in the Gatan Digital Micrograph software package.
Previous studies provide further details of the measurement
procedures.22

X-ray photoelectron spectroscopy (XPS) studies were performed
using a multichamber ultrahigh vacuum system (PREVAC), equipped
with a SESR4000 electron analyzer. The system included a Al Kα
source operating at 250 W at 1486.6 eV emission energy. For survey
spectra, the analyzer’s pass energy was set at 200 eV with a step size of
500 meV, while high-resolution spectra (Co 2p, O 1s, Na 1s, K 2p, Rb
3d, Cs 3d) were recorded with a pass energy of 50 eV and step sizes of
50−100 meV. The base pressure in the analysis chamber was 5 × 10−9

mbar, and during spectra acquisition, the pressure remained below 3
× 10−8 mbar. Data analysis was performed using CasaXPS software (v
2.3.23 PR1.0).23

Catalytic Tests. Catalytic experiments were conducted in a quartz
reactor under atmospheric pressure, using an ethanol-to-water molar
ratio of 1:4 and a reaction temperature of 500 °C. The catalyst bed
consisted of 0.1 g of catalyst with a particle size between 150 and 300
μm, mixed with quartz scraps. Prior to the reaction, the samples were
reduced in a hydrogen flow at 550 °C for 1 h. Reaction products were
analyzed using two gas chromatographs: a Bruker 450-GC equipped
with Porapak Q and CP-Molsieve 5 Å columns, and a Bruker 430-GC
equipped with a Molsieve 5 Å column.

The conversion of ethanol (XEtOH) and conversions of ethanol into
individual carbon-containing products (XCP) were calculated based on
its concentrations:

= ×X
C C

C
100%EtOH

EtOH
in

EtOH
out

EtOH
in (14)

= ×X
n C

n C
100%i i

i i
CP

out

out (15)

where CEtOH
in is the molar concentration of ethanol in the reaction

mixture (mol %); CEtOH
out is the molar concentration of ethanol in the

postreaction mixture (mol %); Ci
out is the molar concentration of

carbon-containing product in the postreaction mixture (mol %); ni is
the number of carbon atoms in a carbon-containing molecule of the
reaction product.

The selectivity of hydrogen formation was determined as follows:

=
+ · + · + · + ·

C

C C C C C

H selectivity

2 2 2 3

2

H
out

H
out

CH
out

C H
out

CH CHO
out

(CH ) CO
out

2

2 4 2 4 3 3 2

(16)
where Cout is the molar concentration of the hydrogen-containing
products in the postreaction mixture (mol %).
Operando DRIFT Studies under Conditions of the Ethanol

Steam Reforming. The spectroscopic measurements were per-
formed using the PerkinElmer Spectrum 3 Tri-Range MIR/NIR/FIR
Spectrometer coupled with the Pfeiffer Vacuum Prisma PRO mass

spectrometer. The sorption of substrates and reaction products of
steam reforming of ethanol on the surface of studied materials was
investigated. A mixture of water and ethanol (molar ratio H2O:EtOH
was 4:1) was introduced into the system using an INSTECH
peristaltic pump (model P720) at a rate of 0.01 mL/min to the
vaporizer, which heated the injected mixture. The vapors were
introduced into the measuring chamber at a helium flow rate of 70
mL/min, which was used as the carrier gas.

The measurements were conducted in the temperature range from
200 to 500 °C. Spectra were collected for each sample every 5 min at
a given temperature under the conditions of the ethanol steam
reforming reaction. At the same time, mass spectra for main products
and byproducts were collected in real time during the measurement.
Studies of ethanol absorption on the surface of the catalysts were also
conducted.
Parametrization of DFT Calculations. For molecular modeling,

we utilized a periodic, spin-unrestricted DFT+U approach with the
PW924 exchange-functional, implemented within the projector
augmented plane wave method available in the VASP code.25 A
Hubbard parameter (U) value of 3.5 eV was chosen for Co atoms to
capture the Coulomb on-site repulsion in a highly correlated system.
Brillouin zone sampling was achieved using a standard Monkhorst−
Pack grid26 with a 5 × 5 × 5 mesh for bulk calculations and a 5 × 5 ×
1 mesh for slab calculations. A cutoff energy of 500 eV and an SCF
convergence criterion of 1 × 10−6 eV were employed. Atomic charges
were determined using Bader population analysis.27 The treatment of
dispersion forces was carried out using the Tkatchenko and Scheffler
method (DFT-TS).28 To compute the transition states of key steps of
the ESR mechanism we utilized the nudged elastic band method with
Climbing Image correction (cNEB).29,30 For each TS search, five to
nine NEB images encompassing the initial and final states were
employed.
Slab Model Construction. The surface supercell (3 × 3 × 1) slab

model of the α-Al2O3 plane was constructed by cleaving the bulk
corundum crystal (introducing a vacuum region of ∼15 Å to avoid
unphysical interactions) using the unit cell parameters obtained from
experimental data and then optimized with the employment of Birch−
Murnaghan equation31 (a = b = 4.754 Å, c = 12.982 Å, α = β = 90°, γ
= 120°). For exposed termination, we chose the nonpolar Al-
terminated (0001) surface exposing 3-fold coordinated Al cations (see
Figure S1a), and the proposed stoichiometric Al108O162 slab consisted
of an 11 Å thick oxide layer (equivalent to 16 atomic layers). Such an
initial slab model was optimized (relaxation was limited to the top
four atomic layers). As a result of relaxation, a noticeable decrease in
the z-position of exposed aluminum atoms is observed (which is
associated with the shortening of surface O−Al bonds) leading to the
leveling of the aluminum and oxygen layers. The final geometry
(Figure S1b) was found to be similar to that described previously for
α-Al2O3(0001) as the most stable one in both experiment and
simulation.20,21,32

■ RESULTS AND DISCUSSION
To understand the nature of the alkali promotion effect on the
cobalt catalyst efficiency in the ethanol steam reforming
process, we have thoroughly investigated a series of Na, K, Rb,
and Cs-doped Co-containing alumina-supported catalysts. We
have used pure alpha alumina polymorph in order to eliminate
the ethanol dehydration path facilitated when acidic support is
used.12 The cobalt active phase, in the amount of about 8 wt
%, was introduced onto the support surface using the
sonochemical synthesis method that had been optimized
previously.12 For all alkali-promoted catalysts approximately
0.7 wt % of alkali was introduced by impregnation method.17

Table 1 summarizes the results of elemental analysis for the
series of alkali-doped Co/α-Al2O3 catalysts.

The presence of the cobalt phase, as well as alkali promoters
in the systems, was confirmed using X-ray photoelectron
spectroscopy (XPS, Figures S3 and S4). A narrow-scan analysis
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of the regions allowed for defining their surface concentration
(Table 1). The results of the bulk and surface composition
indicate that the surface of alkali-doped catalysts is enriched
with alkali species and depleted from cobalt compared to the
bulk. The phase composition of the investigated catalytic
systems was determined through X-ray diffraction (XRD) and
Raman spectroscopy (Figure 1). The diffractograms for both

Co/α-Al2O3 and K_Co/α-Al2O3 are dominated by high-
intensity peaks characteristic of the α-phase of aluminum oxide
(α-Al2O3).

33 Reflections indicated with (*) at 2θ values of 19°,
33°, 36°, 60°, and 65° correspond to the (111), (220), (311),
(511), and (440) planes of Co3O4 (ICSD-69378), respectively.
It is important to note that spinel-related reflections in the
XRD patterns may also arise from Co−Al mixed spinel. As
anticipated, the small amount of alkali promoter used did not
cause any significant differences in the XRD pattern (as
presented in the representative diffractogram for K_Co/α-
Al2O3).

The spinel structure of the cobalt active phase precursor was
confirmed by the Raman spectroscopy. The spectra of each
sample display characteristic bands at 191, 479, 515, 616, and
684 cm−1, with symmetries of F2g, Eg, F2g, F2g, and A1g,
respectively, indicating the presence of the spinel phase (Figure
1B). In addition, the asymmetry of the A1g peak suggests that
the cobalt spinel phase is accompanied by a small share of the
mixed cobalt-alumina spinel phase, as we have shown in our
previous papers.12,34 No significant differences are observed in
the Raman spectra recorded for the Co/α-Al2O3 sample, and
the systems doped with Na, K, Rb, and Cs, indicating that the

addition of alkali promoters does not affect the coordination
environment of cobalt ions. The broad maxima in the H2-TPR
profiles (see Figure S5) confirm the share of the CoAl2O4
phase. As Co2+ in a mixed Co−Al oxide matrix is more difficult
to reduce, it needs a much higher temperature to reduce Co2+

to Co0 than in a Co3O4 matrix.12,33

Figure 2 displays the microscopic analysis of the Co/α-
Al2O3 catalyst and K_Co/α-Al2O3 as a representative of the
alkali-doped catalysts. From these studies, the size of the α-
Al2O3 support crystallites was determined to be several
hundred nanometers (Figure 2A1,B1). A fairly uniform
dispersion of the cobalt phase crystallites, observed for both

Table 1. Bulk and Surface Content of Cobalt and Alkali
Metals in Synthesized Samples Determined Using the XRF
and XPS Methods

bulk content (wt %)
surface content

(atom %)

sample Co alkali Co alkali

Co/α-Al2O3 8.5 13.3
Na_Co/α-Al2O3 8.2 0.7 4.7 8.9
K_Co/α-Al2O3 8.5 0.7 5.6 3.6
Rb_Co/α-Al2O3 7.7 0.8 5.7 2.1
Cs_Co/α-Al2O3 7.8 0.7 4.9 3.4

Figure 1. (A) XRD patterns of the Co/α-Al2O3 and K_Co/α-Al2O3
catalysts and (B) Raman spectra for a series of catalysts.

Figure 2. Microscopic analysis of the Co/α-Al2O3 and K_Co/α-
Al2O3 catalysts: TEM images (A1,A2,B1,B2) with phase analysis
(A3,A4,B3,B4).
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samples, results from using the optimized sonochemical
deposition. The phase identification confirmed the presence
of the mixed cobalt−aluminum spinel CoAl2O4 (see details in
SI, Figure S6), with an average size of about 10 nm. The
presence of the Co−Al mixed oxide, surprising due to the very
low reactivity of the α-Al2O3, we explained in our previous
paper by the extremely high local temperatures and pressures
(∼5000 K, ∼1000 bar) accompanying the sonochemical
synthesis.12 In the case of the undoped sample, additionally
small CoO crystallites were observed (Figure 2A3,A4).

Prior to the catalytic tests, the samples were reduced and
tested in the steam reforming process in the isothermal mode
at a temperature of 500 °C using a reaction mixture with
ethanol to water molar ratio 1:4. Figure 3 shows the results of

ethanol conversion and selectivity to individual reaction
products at the beginning (A) and after 21 h (B) of the ESR
process (the complete catalytic test runs are presented in SI,
Figure S7). In the applied reaction conditions, the Co/α-Al2O3
catalyst maintains a stable ethanol conversion rate of
approximately 60%. For this alkali-free sample, the selectivity
toward the main steam reforming products is the lowest, with
about 75% for H2 and 40% for CO2. The undoped catalyst also
exhibits the lowest selectivity to CO at around 7% and to CH4
at about 3% while showing the highest selectivity to the
undesired byproducts, such as CH3CHO at roughly 50% and
C2H4 at around 1.2%. The minimal production of ethylene,
and thus the suppression of the ethanol dehydration pathway,
is attributed to the low acidity of the α-Al2O3 carrier surface.
Catalysts doped with sodium, potassium, rubidium, and cesium
initially exhibit higher ethanol conversion, which gradually
decreases over time, eventually stabilizing around 60%, similar
to the Co/α-Al2O3 catalyst. The significant drop in conversion
for the alkali-doped systems was previously explained in our
work by the initial migration of alkali promoters.17 The

selectivity of the alkali-doped systems to H2 and CO2 is much
higher compared to the alkali-free sample, reaching approx-
imately 90 and 70%, respectively. A similar trend is observed
for CO and CH4 selectivity. Conversely, the selectivity to the
undesired products is much lower than that of the Co/α-Al2O3
catalyst. It is important to note that the selectivity to certain
reaction products changes over the 21 h duration of the ESR
process (see comparison of Figure 3A,B). The most significant
change concerns selectivity toward acetaldehyde. Initially, it is
not detected in the reaction products over the alkali-doped
catalysts. However, after 21 h of the process it appears with
selectivity reaching 15−20%. Despite this increase, the
selectivity remains significantly lower compared to that of
the nondoped catalyst. The appearance of aldehyde after 21 h
of the ESR process is the result of the catalyst’s gradual
deactivation during the ESR process, primarily due to carbon
deposition. This carbon deposit blocks active reaction sites,
altering the contributions of individual reaction pathways over
time and affecting product selectivity.

The Co/α-Al2O3 and K_Co/α-Al2O3 catalysts were
analyzed after 21 h of ESR process to assess the carbon
deposits formed on the catalyst beds. Transmission electron
microscopy (TEM) was used to examine the type and location
of the deposits. As shown in Figure S8, a considerable amount
of carbon deposition occurred on both catalysts during the
steam reforming process. For the undoped catalyst, the carbon
deposit is observed to largely separate the cobalt phase from
the support. In contrast, in the K-doped catalyst, this
separation was significantly reduced, with the cobalt nano-
crystals remaining in direct contact with the alumina support.
These findings align with previously reported substantial
improvement in the interaction between the active phase and
alumina support due to the presence of potassium.16,17

To elucidate better the mechanism of the catalytic process,
we performed operando DRIFT studies under conditions of
ethanol steam reforming in the temperature range from 200 to
500 °C. In Figure 4, the results for undoped and potassium-
doped catalysts are compared (the results for the rest of the
alkali-doped catalysts are presented in Figure S9). The bands at
3739 and 3666 cm−1 are due to vibrations of the O−H bond
(ν(OH)), corresponding to hydroxyl groups and the water
adsorbed on the catalyst surface (Table S2). These bands are
present in both undoped and alkali-doped catalysts (for this
sample at 3733 and 3665 cm−1, respectively). The bands at
2968, 2904, 1078, and 1048 cm−1, which appear as early as 200
°C, correspond to the vibrations of νas(CH3), νs(CH3), and
ν(CO).35−37 The bands characteristic for acetate groups are
visible on the spectra of the Co/α-Al2O3 catalyst: 1573, 1508,
and 1452 cm−1, attributed to symmetric and asymmetric
vibrations νas(OCO), δas(CH3), and νs(OCO), respectively.
These broad bands are attributed to the formation of ethoxy
groups, indicating the dissociative adsorption of ethanol on the
catalyst surface. As the temperature increases above 300 °C,
the intensity of these bands decreases, suggesting a lower
concentration of ethanol, likely due to bond breaking and the
formation of reaction products on the catalyst surface.

For the Co/α-Al2O3 catalyst, at temperatures above 350 °C,
an increase in the intensity of the bands corresponding to
carbon oxides is observed: 2356 and 2310 cm−1 for gas phase
CO2, along with the emergence of bands at 2178 and 2109
cm−1 for CO. The increased intensity of the CO2 bands
indicates high catalyst activity at temperatures above 350 °C.
For alkali-doped catalysts, these products are observed at much

Figure 3. Ethanol conversion and selectivity to individual products at
the beginning (A) and after 21 h (B) of the ESR process (500 °C,
EtOH/H2O = 1:4) over undoped-, and alkali-doped catalysts.
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lower temperatures. For example, in the presence of a catalyst
containing potassium or rubidium, these products appear at
temperatures as low as 200−250 °C (Figure S7). Moreover, in
DRIFT spectra, signals corresponding to surface groups
formed as a result of the oxidation of ethoxy groups are
visible. The band at 1746 cm−1 of C�O vibrations, along with
the presence of bands at 2718 and 978 cm−1, appears at
temperatures higher than 300 °C, indicating the presence of
acetaldehyde in the system. These bands increase with rising
temperature up to 300 °C and disappear above this threshold
value. The appearance of these vibrations suggests the
oxidation of ethoxy groups to acetaldehyde, and subsequently
to the acetyl form. In the 1600−900 cm−1 zone, bands from
the surface carbonates are visible, with the intense band at
1394 cm−1 coming from polydentate carbonate species.38 The
spectra for alkali-doped catalysts show important differences
from those of the Co/α-Al2O3 sample. In the case of the
K_Co/α-Al2O3, the bands due to CO2 are much more intense
than for the undoped sample, but there is a noticeable decrease
in the intensity of the bands around 2100−2200 cm−1 coming
from CO. It is worth noting that for the K_Co/α-Al2O3 the
aldehyde-derived bands appear at much higher temperatures
(400−450 °C) and their intensity relative to the CO2-derived
bands is much lower. This indicates the lower CH3CHO
production in the system. The lower CH3CHO production for
the K_Co/α-Al2O3 was also confirmed in the catalytic test
results presented above (Figure 3).

A comparison of the results for all the investigated alkali
promotes shows that the beneficial effects are very similar

(Figure S7). For all of them, the bands due to CO2 are much
more intense at lower temperatures. Thus, it is clear that for
alkali-doped catalysts, the steam-reforming reaction of ethanol
starts at lower temperatures. Figure 5 illustrates how the

reaction’s progression is affected by temperature. At 500 °C,
the ethanol bands are less intense compared to those at 350
°C, while the product bands become more prominent,
indicating substantial ethanol transformation.

To elucidate the significant influence of alkali addition on
selectivity toward CH3CHO and to test the hypothesis that the
alkali promotion effect is of an electronic nature, we conducted
periodic DFT-GGA+U molecular modeling (for its para-
metrization see SI, Chapter 3.1). The optimal geometries of
the cobalt cluster stabilized on the alumina surface, both with
and without potassium doping (referred to as Co26|α-
Al108O162(0001) and e-K-Co26|α-Al108O162(0001), respec-
tively), are detailed in the SI (see Supporting Information,
Figures S1 and S2). The partial charges for the Co atoms are
provided in Table S1.

The charge distribution analysis reveals that in the case of
the undoped Co26|α-Al108O162(0001) catalyst, the overall
electron transfer is minimal (ΔqB = −0.08 e), with the charge
evenly distributed across the cobalt cluster atoms. However, in
the K-doped catalyst, the potassium atom donates an electron
density (becoming a K+ cation with qB(K) = 0.98 |e|), which is
localized almost entirely on the cobalt phase. A detailed
examination of the charge distribution within the Co26 cluster

Figure 4. DRIFT spectra of Co/α-Al2O3 (A) and K_Co/α-Al2O3 (B)
catalysts under EtOH:H2O mixture conditions (1:4) and at various
temperatures.

Figure 5. DRIFT spectra of all studied catalysts collected at 350 and
500 °C under EtOH:H2O mixture conditions (1:4).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c18402
ACS Appl. Mater. Interfaces 2025, 17, 7697−7706

7702

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18402/suppl_file/am4c18402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18402/suppl_file/am4c18402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18402/suppl_file/am4c18402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18402/suppl_file/am4c18402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18402/suppl_file/am4c18402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18402/suppl_file/am4c18402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18402/suppl_file/am4c18402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18402/suppl_file/am4c18402_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c18402?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c18402?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c18402?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c18402?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c18402?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c18402?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c18402?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c18402?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c18402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shows that the upper layer retains a nearly metallic character
(Co0), while the deeper atoms acquire a negative charge,
suggesting partial reduction. A similar effect (of negatively
charged TMI cluster over potassium-doped Ni|Al2O3 catalyst)
was recently reported by Wang and co-workers.39

Literature on molecular modeling of ethanol reforming on
Co-containing catalysts highlights various possibilities for
molecule adsorption and activation, proposing multiple parallel
pathways leading to final products (CO2 + H2O) as well as
undesirable byproducts like formaldehyde or carbonization
products.18,40−43 Previous computational studies suggest that
the reaction preferably occurs through surface activation and
double dehydrogenation of the CH3CH2OH molecule, leading
to a transient surface-stabilized acetaldehyde intermedi-
ate.18,40,41 The cleavage of the C−C bond in the aldehyde is
identified as a critical step in driving the overall reaction, and
the competitive desorption of this intermediate affects the
experimentally observed selectivity of the catalytic process.
Experimental evidence suggests that these critical steps are

strongly influenced by the presence of alkali on the catalyst
surface (see Figure 3). Consequently, we compared the
molecular modeling of these steps for the Co26|α-
Al108O162(0001) catalyst and its potassium-modified counter-
part (K−Co26|α-Al108O162(0001)). In the case of the undoped
catalyst the key steps of ESR mechanism are presented as an
energy profile in the top panel of Figure 6, together with
corresponding epitomes showing the geometries of inter-
mediates and transition states (marked with # signs). In the
initial stage, gaseous ethanol (A) adsorbs onto the top cobalt
center of the Co26 cluster through its oxygen atom (B). This
adsorption process occurs without an activation barrier,
resulting in a stabilization energy of ΔErnx = −1.19 eV. In
the next step adsorbed molecule undergoes dehydrogenation
(involving the proton of the OH group), leading to the
formation of a surface-bound ethoxy group (C). The activation
barrier for this step, associated with transition state B#, is ΔEa
= 0.42 eV, and the system undergoes further stabilization
(ΔErnx = −0.87 eV). The subsequent dehydrogenation step (C

Figure 6. Energy profile of the key steps of the ESR reaction running on a bare Co/α-Al2O3 catalyst (top panel) together with geometries of
corresponding intermediates and transition states and the comparative profile calculated for the potassium-doped system (bottom panel).
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→ C#→ D) involves the α-carbon and is significantly more
challenging, with an activation energy of ΔEa = 0.95 eV. This
process is endothermic (ΔErnx = 0.60 eV), resulting in the
formation of surface-stabilized acetic aldehyde. The next key
step is the C−C bond breaking, which preferably occurs
simultaneously with the reattachment of the previously
detached hydrogen (D → D#→ E). In this mechanism, the
aldehyde tilts toward the surface, forming a Co-CH3 bond (see
TS geometry D#), and one hydrogen is transported to the
carbonyl carbon. This rearrangement provides a lower
activation barrier (ΔEa = 1.15 eV) compared to direct bond
cleavage, following the mechanism proposed by Balbuena et
al.,41 with ΔErxn for this step equaling 0.60 eV. A critical aspect
for the selectivity of the ESR process is the potential
desorption of the intermediate aldehyde from the surface.
This is illustrated in step D → F, where desorption from the
unpromoted catalyst requires only 0.83 eV of activation energy.
This relative ratio of calculated barrier heights indicates that
the aldehyde’s desorption process can be efficient, significantly
reducing the reaction’s selectivity. For the potassium-promoted
catalyst, the energy profile corresponding to the analogous
reaction steps is depicted in the bottom panel of Figure 6 (with
intermediates and transition states denoted by an apostrophe).
A comparison with the profile of the undoped catalyst reveals
that the initial stages�ethanol adsorption and its first and
second deprotonation�proceed similarly. The key difference
in the energy profile emerges in the final stages. Unlike the
undoped catalyst, the direct desorption of the intermediate
aldehyde product requires a higher activation energy (1.27 eV)
than the C−C bond cleavage (0.79 eV). This reversal of barrier
heights for these critical steps clearly indicates that with
potassium doping, the more strongly stabilized aldehyde is
more likely to undergo fragmentation via C−C bond cleavage,
which experimentally correlates with increased activity and
selectivity in the ESR process. The observed difference in
energy profiles may be related to the electronic effect resulting
from the flow of charge density onto the cobalt cluster (see
Table S1 in SI). The additional electron causes the center of
gravity of the d-band of cobalt to shift toward the Fermi level
(similar to the effect described by Wang et al.39 and favors the
transfer of an electron to the intermediate aldehyde product. In
turn, the additional charge accumulated in adCH3COH upon
potassium doping (calculated as ΔqB = −0.21 |e|) causes a
change in the strength of the important bonds of the aldehyde
intermediate. Indeed, the analysis of the key bond orders
indicates that the internal C−C bond weakens under the
influence of potassium (Meyer bond order decrease from 1.25
to 1.09), whereas the Co−O bond, responsible for anchoring
the adCH3COH to the surface, strengthens (from 0.69 to 0.86
Mayer unit).

The activation barriers for key steps of the ESR reaction
were also calculated with different alkali promoters (Na, Rb,
Cs) and the results of these simulations are summarized in
Table 2. It can be found, that the effect of other alkaline
promoters is analogous to the effect of potassium. The barrier
for C−C bond cleavage is significantly lowered in each case
(by 0.25 eV on average), and the stabilization of the
acetaldehyde intermediate is increased (by ∼0.28 eV on
average) regardless of the alkaline dopant used. These values
correlate with corresponding C−C and Co−O bond orders
(see Table 2), which indicate that the catalyst behavior is
influenced mainly by electron factors resulting from the

electron density promotion of the cobalt cluster provided by
alkaline dopants.

■ CONCLUSIONS
The positive effect of alkali doping on the performance of the
Co/α-Al2O3 catalyst in the steam reforming of ethanol is
reflected in increased production of the desired reaction
products, H2 and CO2, by changing the reaction pathway. The
catalytic results were supported by diffuse reflectance infrared
Fourier transform (DRIFT) operando spectroscopy studies,
which showed a higher contribution of CO2 over CH3CHO in
the products of the ESR process on the alkali-doped catalyst
surface. Thus, the presence of alkali promoters favors the
cleavage of the C−C bond in the intermediate product,
CH3CHO, and the resulting formation of CO2. This effect was
consistently observed regardless of the type of alkali promoter
(Na, K, Rb, or Cs) present on the catalyst surface. To better
understand the nature of this effect, detailed DFT studies were
conducted on the K-Co26|α-Al108O162(0001) system, revealing
that the alkali promoter transfers electrons to neighboring Co26
atoms, increasing the electron density at the active Co sites,
which in turn leads to stronger adsorption of the formaldehyde
intermediate, and facilitate the key C−C bond-breaking step
and enhancing hydrogen selectivity.
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Legutko, P.; Greluk, M.; Słowik, G.; Rotko, M.; Kotarba, A.
Developing Alumina-Based Cobalt Catalyst for Efficient Hydrogen
Production via the Ethanol Steam Reforming Process. Catal. Today
2024, 439, No. 114808.
(13) Ogo, S.; Shimizu, T.; Nakazawa, Y.; Mukawa, K.; Mukai, D.;

Sekine, Y. Steam Reforming of Ethanol over K Promoted Co Catalyst.
Appl. Catal. A Gen 2015, 495, 30−38.
(14) Yoo, S.; Park, S.; Song, J. H.; Kim, D. H. Hydrogen Production

by the Steam Reforming of Ethanol over K-Promoted Co/Al2O3−
CaO Xerogel Catalysts. Molecular Catalysis 2020, 491, No. 110980.
(15) Phung, T. K.; Pham, T. L. M.; Nguyen, A. N. T.; Vu, K. B.;

Giang, H. N.; Nguyen, T. A.; Huynh, T. C.; Pham, H. D. Effect of
Supports and Promoters on the Performance of Ni-Based Catalysts in
Ethanol Steam Reforming. Chem. Eng. Technol. 2020, 43 (4), 672−
688.
(16) Grzybek, G.; Greluk, M.; Indyka, P.; Góra-Marek, K.; Legutko,

P.; Słowik, G.; Turczyniak-Surdacka, S.; Rotko, M.; Sojka, Z.;
Kotarba, A. Cobalt Catalyst for Steam Reforming of Ethanol−Insights
into the Promotional Role of Potassium. Int. J. Hydrogen Energy 2020,
5, 22658−22673.
(17) Grzybek, G.; Góra-Marek, K.; Patulski, P.; Greluk, M.; Rotko,

M.; Słowik, G.; Kotarba, A. Optimization of the Potassium Promotion
of the Co|α-Al2O3 Catalyst for the Effective Hydrogen Production via
Ethanol Steam Reforming. Appl. Catal. A Gen 2021, 614, No. 118051.
(18) Ruan, M.; Qiao, Y. M.; Lu, L. L.; Sun, J. Y.; Chen, F.; Chen, Y.;

Zuo, X. H.; Yu, Z. L.; Wang, B. S.; Liu, J. M. The Mechanism of
Ethanol Steam Reforming on Co10|α-Al2O3 (0001) Surface: A DFT
Study. Surf. Sci. 2023, 729, No. 122220.
(19) Tanaka, S.; Yang, R.; Kohyama, M. First-Principles Study of the

Adhesive and Mechanical Properties of the O-Terminated α-
Al2O3(0001)/Cu(111) Interfaces. Philos. Mag. 2006, 86 (32),
5123−5135.
(20) Marmier, A.; Parker, S. C. Ab Initio Morphology and Surface

Thermodynamics of α-Al2O3. Phys. Rev. B Condens Matter Mater. Phys.
2004, 69, No. 115409.
(21) Soares, E. A.; Van Hove, M. A.; Walters, C. F.; McCarty, K. F.

Structure of the α-Al2O3 (0001) Surface from Low-Energy Electron
Diffraction: Al Termination and Evidence for Anomalously Large
Thermal Vibrations. Phys. Rev. B Condens Matter Mater. Phys. 2002,
65 (19), 1−13.
(22) Słowik, G.; Greluk, M.; MacHocki, A. Microscopic Character-

ization of Changes in the Structure of KCo/CeO2 Catalyst Used in
the Steam Reforming of Ethanol. Mater. Chem. Phys. 2016, 173, 219−
237.
(23) Fairley, N.; Fernandez, V.; Richard-Plouet, M.; Guillot-Deudon,

C.; Walton, J.; Smith, E.; Flahaut, D.; Greiner, M.; Biesinger, M.;
Tougaard, S.; Morgan, D.; Baltrusaitis, J. Systematic and Collaborative

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c18402
ACS Appl. Mater. Interfaces 2025, 17, 7697−7706

7705

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arantxa+Davo%CC%81-Quin%CC%83onero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agusti%CC%81n+Bueno-Lo%CC%81pez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5434-6459
https://orcid.org/0000-0002-5434-6459
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dolores+Lozano-Castello%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pawe%C5%82+Stelmachowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1126-8101
https://orcid.org/0000-0003-1126-8101
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filip+Zasada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2815-0644
https://orcid.org/0000-0003-2815-0644
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Witold+Piskorz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3462-436X
https://orcid.org/0000-0002-3462-436X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrzej+Kotarba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4815-0051
https://orcid.org/0000-0003-4815-0051
https://pubs.acs.org/doi/10.1021/acsami.4c18402?ref=pdf
https://doi.org/10.1002/cctc.202300733
https://doi.org/10.1002/cctc.202300733
https://doi.org/10.1002/cctc.202300733
https://doi.org/10.1021/acs.iecr.1c02557?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c02557?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rser.2023.113184
https://doi.org/10.1039/D3RA02769D
https://doi.org/10.1039/D3RA02769D
https://doi.org/10.1002/anie.201604388
https://doi.org/10.1002/anie.201604388
https://doi.org/10.1021/acs.energyfuels.8b00624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.8b00624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5020755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5020755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500045z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500045z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500045z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c06579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c06579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijhydene.2014.08.072
https://doi.org/10.1016/j.ijhydene.2014.08.072
https://doi.org/10.1021/acscatal.8b03765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b03765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cattod.2024.114808
https://doi.org/10.1016/j.cattod.2024.114808
https://doi.org/10.1016/j.apcata.2015.01.018
https://doi.org/10.1016/j.mcat.2020.110980
https://doi.org/10.1016/j.mcat.2020.110980
https://doi.org/10.1016/j.mcat.2020.110980
https://doi.org/10.1002/ceat.201900445
https://doi.org/10.1002/ceat.201900445
https://doi.org/10.1002/ceat.201900445
https://doi.org/10.1016/j.ijhydene.2020.06.037
https://doi.org/10.1016/j.ijhydene.2020.06.037
https://doi.org/10.1016/j.apcata.2021.118051
https://doi.org/10.1016/j.apcata.2021.118051
https://doi.org/10.1016/j.apcata.2021.118051
https://doi.org/10.1016/j.susc.2022.122220
https://doi.org/10.1016/j.susc.2022.122220
https://doi.org/10.1016/j.susc.2022.122220
https://doi.org/10.1080/14786430600798821
https://doi.org/10.1080/14786430600798821
https://doi.org/10.1080/14786430600798821
https://doi.org/10.1103/PhysRevB.69.115409
https://doi.org/10.1103/PhysRevB.69.115409
https://doi.org/10.1103/PhysRevB.65.195405
https://doi.org/10.1103/PhysRevB.65.195405
https://doi.org/10.1103/PhysRevB.65.195405
https://doi.org/10.1016/j.matchemphys.2016.02.008
https://doi.org/10.1016/j.matchemphys.2016.02.008
https://doi.org/10.1016/j.matchemphys.2016.02.008
https://doi.org/10.1016/j.apsadv.2021.100112
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c18402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Approach to Problem Solving Using X-Ray Photoelectron Spectros-
copy. Applied Surface Science Advances 2021, 5, No. 100112.
(24) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient

Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(25) Hafner, J. Ab-Initio Simulations of Materials Using VASP:

Density-Functional Theory and Beyond. J. Comput. Chem. 2008, 29,
2044−2078.
(26) Monkhorst, H. J.; Pack, J. D. Special Points for Brillonin-Zone

Integrations*. Phys. Rev. B 1976, 13, 5188−5192.
(27) Bader, R. F. W. A Quantum Theory of Molecular Structure and

Its Applications. Chem. Rev. 1991, 91, 893−928.
(28) Tkatchenko, A.; Scheffler, M. Accurate Molecular van Der

Waals Interactions from Ground-State Electron Density and Free-
Atom Reference Data. Phys. Rev. Lett. 2009, 102, No. 073005.
(29) Transition State Tools for VASP. https://theory.cm.utexas.edu/

vtsttools/.
(30) Henkelman, G.; Uberuaga, B. P.; Jónsson, H. Climbing Image

Nudged Elastic Band Method for Finding Saddle Points and
Minimum Energy Paths. J. Chem. Phys. 2000, 113 (22), 9901−9904.
(31) Murnaghan, D. The Compressibility of Media under Extreme

Pressures. Proc. Natl. Acad. Sci. U. S. A. 1915, 30, 244−247.
(32) Sharifi, N.; Falamaki, C.; Ahangari, M. G. DFT Study of Au

Adsorption on Pure and Pt-Decorated γ-Alumina (110) Surface. Appl.
Surf. Sci. 2017, 416, 390−396.
(33) Grzybek, G.; Ciura, K.; Wójcik, S.; Grybos,́ J.; Indyka, P.; Inger,

M.; Antoniak-Jurak, K.; Kowalik, P.; Kotarba, A.; Sojka, Z. On the
Selection of the Best Polymorph of Al2O3 Carriers for Supported
Cobalt Nano-Spinel Catalysts for N2O Abatement: An Interplay
between Preferable Surface Spreading and Damaging Active Phase-
Support Interaction. Catal. Sci. Technol. 2017, 7, 5723−5732.
(34) Stelmachowski, P.; Maniak, G.; Kaczmarczyk, J.; Zasada, F.;

Piskorz, W.; Kotarba, A.; Sojka, Z. Mg and Al Substituted Cobalt
Spinels as Catalysts for Low Temperature DeN2O-Evidence for
Octahedral Cobalt Active Sites. Appl. Catal., B 2014, 146, 105−111.
(35) Rodríguez, C.; Moreno, S.; Molina, R. Operando DRIFT-MS

for Studying the Oxidative Steam Reforming of Ethanol (OSRE)
Reaction. MethodsX 2023, 10, No. 102169.
(36) Jacobs, G.; Keogh, R. A.; Davis, B. H. Steam Reforming of

Ethanol over Pt/Ceria with Co-Fed Hydrogen. J. Catal. 2007, 245
(2), 326−337.
(37) Szijjártó, G. P.; Pászti, Z.; Sajó, I.; Erdohelyi, A.; Radnóczi, G.;

Tompos, A. Nature of the Active Sites in Ni/MgAl2O4-Based
Catalysts Designed for Steam Reforming of Ethanol. J. Catal. 2013,
305, 290−306.
(38) Stelmachowski, P.; Sirotin, S.; Bazin, P.; Maugé, F.; Travert, A.

Speciation of Adsorbed CO2 on Metal Oxides by a New 2-
Dimensional Approach: 2D Infrared Inversion Spectroscopy (2D
IRIS). Phys. Chem. Chem. Phys. 2013, 15 (23), 9335−9342.
(39) Li, M. R.; Lu, Z.; Wang, G. C. The Effect of Potassium on

Steam-Methane Reforming on the Ni4/Al2O3 Surface: A DFT Study.
Catal. Sci. Technol. 2017, 7 (16), 3613−3625.
(40) Li, M. R.; Wang, G. C. The Mechanism of Ethanol Steam

Reforming on the Co0 and Co2+ Sites: A DFT Study. J. Catal. 2018,
365, 391−404.
(41) Ma, Y.; Hernández, L.; Guadarrama-Pérez, C.; Balbuena, P. B.

Ethanol Reforming on Co(0001) Surfaces: A Density Functional
Theory Study. J. Phys. Chem. A 2012, 116 (5), 1409−1416.
(42) Zhu, S.; Lu, L. A Comparative DFT Study of Ethanol Steam

Reforming over Co(1 0 0) and CoO(1 0 0) Surfaces: Molecular
Reaction Mechanism. Comput. Theor Chem. 2022, 1217, No. 113926.
(43) Sun, X.; Wang, J.; Yin, P.; Zhang, Y.; Wang, K.; Jiang, G. H2O

Adsorption and O-H Breaking on Co5M (M = Co, Y-Ag) Clusters: A
DFT Study. J. Mol. Liq. 2022, 348, No. 118469.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c18402
ACS Appl. Mater. Interfaces 2025, 17, 7697−7706

7706

https://doi.org/10.1016/j.apsadv.2021.100112
https://doi.org/10.1016/j.apsadv.2021.100112
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1002/jcc.21057
https://doi.org/10.1002/jcc.21057
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1021/cr00005a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00005a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://theory.cm.utexas.edu/vtsttools/
https://theory.cm.utexas.edu/vtsttools/
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1073/pnas.30.9.244
https://doi.org/10.1073/pnas.30.9.244
https://doi.org/10.1016/j.apsusc.2017.04.203
https://doi.org/10.1016/j.apsusc.2017.04.203
https://doi.org/10.1039/C7CY01575E
https://doi.org/10.1039/C7CY01575E
https://doi.org/10.1039/C7CY01575E
https://doi.org/10.1039/C7CY01575E
https://doi.org/10.1039/C7CY01575E
https://doi.org/10.1016/j.apcatb.2013.05.027
https://doi.org/10.1016/j.apcatb.2013.05.027
https://doi.org/10.1016/j.apcatb.2013.05.027
https://doi.org/10.1016/j.mex.2023.102169
https://doi.org/10.1016/j.mex.2023.102169
https://doi.org/10.1016/j.mex.2023.102169
https://doi.org/10.1016/j.jcat.2006.10.018
https://doi.org/10.1016/j.jcat.2006.10.018
https://doi.org/10.1016/j.jcat.2013.05.036
https://doi.org/10.1016/j.jcat.2013.05.036
https://doi.org/10.1039/c3cp51146d
https://doi.org/10.1039/c3cp51146d
https://doi.org/10.1039/c3cp51146d
https://doi.org/10.1039/C7CY00986K
https://doi.org/10.1039/C7CY00986K
https://doi.org/10.1016/j.jcat.2018.07.002
https://doi.org/10.1016/j.jcat.2018.07.002
https://doi.org/10.1021/jp208179e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp208179e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.comptc.2022.113926
https://doi.org/10.1016/j.comptc.2022.113926
https://doi.org/10.1016/j.comptc.2022.113926
https://doi.org/10.1016/j.molliq.2022.118469
https://doi.org/10.1016/j.molliq.2022.118469
https://doi.org/10.1016/j.molliq.2022.118469
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c18402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

