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The oxidative dehydrogenation of primary alcohols promoted by gold nanoparticles was investigated
from an experimental and computational viewpoint to derive a plausible reaction mechanism and to
understand the role of water and alcohol chain length in the elementary steps. The influence of water
in reaction kinetics and product distribution was determined in a laboratory-scale microreactor adding
water to the reaction mixture in different amounts. DFT calculations revealed that the presence of water
on the catalyst surface is beneficial to assist the key step in alcohol oxidation i.e., oxygen activation by
protonation. The calculations were performed for primary alcohols ranging from methanol to butanol
to understand the role of the alkyl chain length on the catalytic activity and to clarify experimental obser-
vations. General conclusions were drawn on the influence of temperature on product distribution when
employing a typical support material for gold nanoparticles, Al2O3. The combination of experiments and
theory has been useful to improve the knowledge of alcohol oxidation promoted by gold.

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Selective oxidation of primary alcohols to corresponding alde-
hydes plays a pivotal role in the modern chemical industry [1].
Alcohols, which are widely obtained from the bio-based raw mate-
rials, can significantly contribute to a decrease of the dependence
from fossil resources. In selective oxidation reactions, traditionally
employed chromium based stoichiometric reagents might be
replaced by molecular oxygen, thus improving the atom efficiency
of the oxidation process [2].

Oxide-supported gold nanoparticles have emerged as promising
heterogeneous catalysts among several alternatives due to their
high activity and selectivity towards the carbonyl group. Although
Fokin [3] reported catalytic activity of gold more than one hundred
years ago, the scientific community formanydecadesdidnot further
actively pursue potential applications of gold catalysts. The break-
throughs of Haruta [4,5] and Hutchings [6], who employed gold
nanoparticles as active materials in low-temperature catalytic oxi-
dation of gold and hydrochlorination of acetylene respectively, dra-
matically changed this scenario [7]. The catalytic properties of gold
are observed only at the nanoscale disappearing in a larger scale [8].
Concerning the structure sensitivity of gold in alcohol selective
oxidation, conflicting results were reported in the literature [9];
therefore, experimental and computational studies have been car-
ried out to comprehend the structure- and size-dependent reactiv-
ity of gold catalysis in alcohol oxidative dehydrogenation [10–12].
Atomic level understanding of the reaction mechanism is crucial to
elucidate experimental results, thus optimizing the catalytic per-
formance of Au in alcohol oxidation. Lateral interactions between
the reactants and the products on the catalytic surface might affect
reaction energetics, having a significant impact on the oxidation
reaction. Therefore, evaluation and computation of adsorption
and reaction steps is fundamental to improve understanding of a
catalytic process leading to eventual catalyst optimization.

The essential step in the process of alcohol oxidation is the dis-
sociation of molecular oxygen. Theoretical [13–15] and experimen-
tal [16] studies have shown that molecular oxygen does not
chemisorb onto low-index gold surfaces. Due to weak interactions
with the gold surface, the molecular oxygen retains its triplet state
upon adsorption and a change in the spin state from a triplet into a
singlet state is very endothermic. The density functional theory
studies place the weak adsorption energy in the range of �0.1 eV
while the barriers for dissociation on flat gold surfaces are well
above 1 eV. When moving to higher-index surfaces [17], the ratio
between the dissociation and desorption barrier decreases but
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remains substantial. However, it has been suggested [9] that the O2

could be activated by the co-adsorption of O2 and an alcohol. More-
over, it has been stated that the adsorption of O2 is endothermic as
the spin state of the molecule converts from the gas-phase triplet
state to a singlet state [18]. However, in the singlet state the O2

molecule can facilitate the dissociation of the methanol O-H bond
with a barrier of 0.91 eV. Combining these two steps gives an over-
all barrier of 1.52 eV, lower than the dissociation of O2 on the flat
Au (2.44 eV) or the cleaving of the O-H bond from alcohol in the
absence of O2 (2.18 eV). While methanol was used as the reference
alcohol for the computational studies, more recently, the same
concepts were extended to ethanol oxidation [9].

Alcohol oxidation promoted by gold has been extensively stud-
ied from the experimental viewpoint. Xu et al. [19] investigated the
oxygen assisted cross-coupling of MeOH, EtOH and BuOH on oxy-
gen covered Au (111). The reaction has been proposed to begin
with the cleavage of the alcohol O-H bond to form a metal-
alkoxyl group, followed by a rate-determining b -hydride elimina-
tion to produce a carbonylic product. Recently, reaction kinetics
and product distribution in the oxidation of primary alcohols pro-
moted by Au/Al2O3 catalyst was investigated in a microreactor
[20]. A decline of the catalytic activity with the alkyl chain length
in the C1–C3 range was observed, while propanol and butanol
exhibited the same reactivity in selective oxidation.

Apart from the reacting molecules, water has been proposed to
play a prominent part in the in the activation of molecular oxygen
in oxidation processes [21–23]. While water is not fed in the reac-
tor, it is unavoidably formed as a stoichiometric product during the
process and may be present in substantial amounts in the reaction
mixture. Moreover, steam and moisture can be also a part of the
feed gas. The impact of water in oxidation is well known for several
oxidation processes, such as propene epoxidation [24–26] and CO
oxidation [27–30]. For these processes, it is considered that water
facilitates O2 adsorption, thus activating it for the catalytic process.
Water-assisted protonation of oxygen on a gold catalyst has been
previously investigated computationally [18]. Obtained DFT results
indicated formation of a reactive OOH intermediate via the proto-
nation of a molecular oxygen and the presence of two water mole-
cules can make the protonation process even more facile.

The present work investigates the effect of water in promoting
alcohol oxidation, both experimentally and computationally. Exper-
iments inwhichwaterwasadded to thegas feed indifferent amounts
were carried out in a microreactor to reveal the impact of water and
the reactionorders inethanol oxidation, chosenas the reference reac-
tion for alcohol oxidation. Density Functional Theory (DFT) calcula-
tions were performed to explore the reaction mechanism
theoretically and compare the calculations with experimental data.

The oxidation pathways of methanol, ethanol, propanol and
butanol were investigated from a computational viewpoint on Au
(111) surface in the presence and absence of water to understand
its role in elementary steps, thus proposing a plausible reaction
mechanism for alcohol oxidation promoted by gold. Co-
adsorption effects were revealed to be of fundamental importance
in the explanation of the experimental evidence, particularly for
the role of water and alcohol chain length in the oxidation process.
The combinations of DFT and experiments enabled to unravel
mechanistic aspects and impact of water in alcohol oxidation pro-
moted by alumina-supported gold nanoparticles.
2. Experiments and methods

2.1. Catalytic experiments

The kinetic experiments were conducted in a gas-phase microre-
actor coated with Au/ c -Al2O3 catalyst. Gold nanoparticles were dis-
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persed on c-alumina (UOP, A-201) support by using the direct ion
exchange (DIE) method. An aqueous solution containing HAuCl4 pre-
cursor was mixed with c-Al2O3 and heated up at 70 �C. Ammonia
was used as the washing agent prior to calcination. Additional infor-
mation about the catalyst preparation is available in the related work
of Simakova et al. [31]. The gold loading was 2 wt%, while the average
particle size was 5 nm. Additional details about physico-chemical
properties of the employed catalyst can be found in ref. [20].

The slurry-based method was employed to coat the microreac-
tor channels [20]. Au/c-Al2O3 particles were grinded and sieved
with a 32 lm mesh sieve. Then, a 5 wt% Au/ c -Al2O3 aqueous
slurry was prepared mixing the catalyst with distilled water and
adjusting the pH to 9.2 with an ammonium-hydroxide (32 %, Mer-
ck) solution. The slurry was kept under active stirring for 4 h at
50 �C and subsequently at room temperature for four days. The
rotation speed was set to the value of 500 rpm.

The obtained slurry was used to deposit the catalyst onto the
reactor microplates with a Finnpipette. The platelets were ther-
mally pretreated at 750 �C in the presence of air to create an oxide
layer, which increased the catalyst adhesiveness to the surface of
the microreactor channels. After coating, the microplates were
dried and finally calcined at 300 �C for 3 h.

The microreactor was purchased from Institut für Mikrotechnik
Mainz GmbH (IMM), including ten stainless-steel microplates with
nine channels each (Fig. 1a).

The mixing of the gas-phase reactant and the inert carrier (He)
was guaranteed by ten mixing plates located in front of the cat-
alytic zone. The system was heated up to the desired temperature
by employing two cylindrical cartridges, which was monitored by a
PID controller (CalControls 9500P) and measured with a thermo-
couple. A schematic process-flow diagram is displayed in Fig. 2.

Various ethanol–water solutions were prepared and fed to the
microreactor device to investigate the influence of water on ethanol
conversion and the product distribution. The total amount of water in
the feed was varied from 0 to 20 mol % with respect to the ethanol
concentration. The total volumetric flow rate was fixed at
50 mLmin�1 while the reaction temperature was 250 �C. The ethanol
partial pressure in the feed and the oxygen-to-ethanol molar ratio
were 0.21 atm and 2, respectively. During the catalytic experiments,
stability tests were conducted repeating a reference experiment after
changes of the process conditions to detect possible deactivation.

2.2. Computational details

Density functional theory (DFT) as implemented in GPAW
21.1.0 [33] was employed to conduct the calculations. The Kohn–
Sham equations were solved using a plane-wave basis set with a
cutoff of 600 eV. The exchange–correlation functional was approx-
imated using the BEEF-vdW functional [34], which combines the
generalized gradient approximation with a Langreth–Lundqvist-
type van der Waals -functional [35]. The lattice constant of bulk
gold was optimized to 4.23 Å. The calculations on the Au (111) sur-
face were performed using a 3 � 3 non-orthogonal surface unit cell
with a five-layers thick slab, where the bottom two layers were
constrained to remain in the bulk positions.

The surface slab was periodic in the xy-plane and the k-point
sampling for the surface calculations was done using a 3 � 3 � 1
grid. The structure optimization was carried out using the BFGS
algorithm until the forces were below the threshold of 0.05 eV/Å.
Transition states were investigated using the nudged elastic band
(NEB) [36,37] method as implemented in the Atomic Simulation
Environment (ASE) version 3.21.0 [38] with 10 images for each
pathway. The initial guess for the NEB calculations were obtained
from a linear interpolation between an initial guess of the transi-
tion state and the initial and final states. The pathways were opti-
mized using the FIRE optimizer [39].



Fig. 1. A) general view of the microreactor body b) housing of the mixing and catalytic plates c) microplates cross-section d) mixing unit and a microplate. (from [32]).

Fig. 2. Schematic process flow diagram of the microreactor system (modified from [20]).
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The adsorption energies for different molecules were computed
as the difference between the total energy of the adsorbed config-
uration Esurfþmol and the clean surface Esurf and the molecule in the
gas-phase Emol,

Eads ¼ Esurfþmol � Esurf � Emol ð1Þ
The adsorption of molecular oxygen onto gold is endothermic due

to a conversion of the O2 spin state from a triplet to a singlet. Co-
adsorption with alcohol and water may stabilize O2 adsorption. To
quantify this effect, water—alcohol co-adsorption structures with
and without O2, shown for methanol in Eq (2), should be considered.

3O�
2 þ MeOHþH2Oð Þ� () MeOHþH2Oþ1 O�

2

� �� ð2Þ
The energy change associated with this process can be com-

puted according to Eq. (3) for any alcohol molecule.
235
DDE ¼ Eco�ads; with O2
� Eco�ads; without O2

� Eads; O2
ð3Þ

A positive DDE value indicates that molecules adsorbed infi-
nitely far away from each other are more stable than when they
are co-adsorbed, whereas a negative value indicate stabilization
of co-adsorbed structure compared to the individual molecules.

3. Results and discussion

3.1. Catalytic experiment results

3.1.1. Reaction network
Based on the experimental observations and obtained products

the reaction network comprises three parallel reactions. Together
with ethanol selective oxidation, etherification and alkene forma-
tion proceeded simultaneously on the catalyst surface of gold
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and the support (Fig. 3). Namely, the oxidative dehydrogenation of
ethanol is promoted by gold while the side reactions occur on alu-
mina [40,41]. Thermodynamic calculations highlighted that the
condensation of two molecules of ethanol to give diethyl ether is
strongly limited by the equilibrium [20].

3.1.2. Stability test
The stability of the catalytic coating was tested repeating a ref-

erence experiment periodically during kinetic investigations. As
shown in Fig. 4 the catalyst was stable over ca. 200 h of operation
as neither catalytic activity nor the product distribution was
changing with time on stream. Therefore, the kinetic results were
not affected by any catalyst deactivation.

3.1.3. Effect of water in ethanol oxidation
Selectivity toward acetaldehyde is greatly enhanced by the

presence of water (Fig. 5). As the etherification reaction is limited
by the equilibrium, an increase in selectivity when adding water
was somehow expected. Water addition enhances the backward
reaction, and the etherification reaction rate becomes lower.

As the ether formation reaction is slower in the presence of
water, ethanol conversion was expected to decrease with the water
content in the feed, because of the lower ethanol consumption.
Fig. 6 demonstrated that this was not the case and, on the contrary,
there was a positive impact of water on ethanol conversion.
Regarding alcohol oxidation to aldehydes, a similar promoting
effect was previously observed in the liquid-phase oxidation of
benzyl alcohol to benzaldehyde [42].

The apparent reaction order with respect to water was esti-
mated using the following empirical equation

XEtOH ¼ aþ bCn
H2O ð4Þ

where XEtOH is conversion of ethanol and a is a term, which
takes into account catalytic activity in the absence of water. Non-
linear regression analysis allowed estimation of the exponent n,
which was found to be 1.6. Thus, a clear impact of water in the
oxidative dehydration reaction could be established pointing out
that a more detailed mechanistic insight into the oxidation path-
ways in the presence of water is necessary.

3.2. DFT analysis

3.2.1. Reaction scheme for oxidative dehydrogenation on Au (111)
The mechanistic aspects of alcohol oxidation on gold have been

studied both experimentally and theoretically [19,43–46]. From
studies conducted on Au(111) surfaces pre-covered with atomic
oxygen [43–46], it has been established that the dehydrogenation
Fig. 3. Reaction network for ethanol oxidation promoted by Au/Al2O3.
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of primary alcohols occurs in two-steps, beginning with the cleav-
age of the O–H bond of the alcohol, followed by the rate-limiting
step, the elimination of the b-hydrogen.

However, it is well known that gold is unable to dissociate
molecular oxygen. The barrier for dissociation is high and the
interaction between the surface and O2 is weak overall. Therefore,
for a continuous process, the main question is what is the mecha-
nism by which the molecular oxygen is dissociates on the gold sur-
face. Chang et al. [18] suggested that oxygen co-adsorption with
alcohols and water could activate the oxygen via protonation, lead-
ing to an intermediate species OOH, which would then be able to
dissociate on the gold surface. The protonation of O2 would pro-
mote the dissociation of the O—O bond, resulting in active oxidiz-
ing agents (O and OH) on the surface. The co-adsorption is needed
to stabilize molecular oxygen on the gold surface. Upon adsorption,
the O2 can convert from a triplet state to a singlet state, which is a
highly endothermic process [18]. Compared with �0.25 eV adsorp-
tion of O2 and H2O separately, there is a 0.42 eV increase in energy
due to the change in the spin state in the case of their co-
adsorption. Adding another water molecule makes the co-
adsorption exothermic with �0.17 eV, compared to �0.41 eV for
the isolated molecules.

The oxidative dehydrogenation via the formation of OOH inter-
mediate on gold can be summed up as a reaction network follow-
ing the equations (5) to (15). In the network, several possible
pathways for protonation of O2 have been considered.

O2 protonation

H2O � þ O2� ! OH � þ OOH� ð5Þ

2H2O � þ O2� ! H2O � þOH � þ OOH� ð6Þ

2RCH2OH � þ O2� ! RCH2OH � þRCH2O � þOOH� ð7Þ

H2O� þ RCH2OH � þ O2� ! RCH2O � þH2O � þOOH� ð8Þ

2H2O� þ RCH2OH � þ O2� ! RCH2O � þ2H2O � þOOH� ð9Þ
O2 dissociation

ð6Þ OOH� ! O � þOH� ð10Þ
OH cleavage

RCH2OH � þ OH� ! RCH2O � þH2O� ð11Þ

RCH2OH � þ OOH� ! RCH2O � þH2O2� ð12Þ
b-elimination

RCH2O � þ O� ! RCHOþ OH� ð13Þ

RCH2O � þ OH� ! RCHOþH2O� ð14Þ

RCH2O � þ OOH� ! RCHOþH2O2� ð15Þ
In this work, different co-adsorption complexes consisting of

alcohols, water and molecular oxygen have been investigated
and the subsequent protonation of O2 within these complexes
(Eqs. (5)–(9)) as well as the dissociation of the resulting hydroper-
oxyl (Eq. (10)). In addition, the two-step alcohol dehydrogenation
pathways, consisting of the O–H cleavage (Eqs. (10)–(11) and b-
elimination (Eqs. (12)–(14)) with different oxidizing agents (O*,
OH*, OOH*) have been studied. Reaction networks are established
for the four smallest primary alcohols, methanol, ethanol, propa-
nol, and butanol.

3.2.2. Adsorption of alcohols, O2 and H2O
All the alcohol molecules bind to the Au (111) surface via the

oxygen atom, preferably on the Au-top site, see Fig. 7a. The



Fig. 4. A) oxidative dehydrogenation over au/al2O3 as a function of TOS: a) ethanol conversion b) selectivity. Experimental conditions: T = 250 �C, pEtOH = 0.21 atm. The oxygen
– to – ethanol molar ratio was 2 and no water was fed in the reactor.
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Fig. 5. Effect of water on selectivity to acetaldehyde and diethyl ether.

C

Fig. 6. Effect of water in ethanol oxidation on ethanol conversion.
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carbon-chain tends to lie along the surface due to the attractive
van der Waals (vdW) interactions between the chain and the sur-
face [47]. Subsequently, the adsorption energy of the alcohols
increases linearly with the increasing chain length from
�24.0 kJ mol�1 for methanol to �38.0 kJ mol�1 to butanol, reflect-
ing the growing attraction between the surface and the carbon
chain. The AuAO bond lengths are rather similar among the stud-
ied alcohols and range from 2.85 Å for methanol to 2.92 Å for
ethanol.

Table 1 compares the calculated and measured alcohol adsorp-
tion energies. The experimental adsorption energy values are more
exothermic by �16 kJ mol�1 compared to the computed ones but
the trends for adsorption energies are similar. In agreement with
the literature [9] our calculations show that molecular oxygen
adsorbs weakly on Au (111) with the adsorption energy of only
�8.7 kJ mol�1, preferring a parallel orientation over the bridge site
and retaining its gas-phase triplet state. This indicates that oxygen
is not activated and the interaction with the surface is weak
physisorption. When adsorbing in a singlet state, the adsorption
is endothermic by 68.5 kJ mol�1.

Co-adsorption of O2 with alcohol and/or water molecules were
explored, and Table 2 summarizes all the computed co-adsorption
energies as well as the protonation barriers within the co-
adsorption structures. To quantify the extent to which co-
adsorption compensates for the change in the O2 spin state, DDE
was determined according to Eq. (3), which compares the forma-
tion energy of a co-adsorption structure with and without the
molecular oxygen. The co-adsorption energies are listed in Table 2.
Fig. 7 shows atomic structures for the selected co-adsorption
configurations.

As discussed above, an isolated molecular oxygen retains its tri-
plet state on gold surface and the conversion of a triplet state of the
molecular oxygen into a singlet state is an endothermic process.
Co-adsorption with a single alcohol or water molecule does not
sufficiently stabilize O2 on the surface. While the co-adsorption
energy with propanol and butanol is negative, the overall co-
adsorption energy is still weak and co-adsorption structures with
more co-adsorbates were explored.

With two co-adsorbates, the co-adsorption energy is negative
for all alcohols. For the alcohol—O2—alcohol complex DDE is about
52 kJ mol�1 while for an alcohol—O2—water complex DDE is only
about 35 kJ mol�1. The lowerDDE value means that the thermody-
namic barrier to form a co-adsorption structure is lower for the
water-containing complex. The thermodynamically most stable



Fig. 7. Adsorption structures for a) different alcohols b) alcohol-alcohol-oxygen and c) alcohol-oxygen-water and d) alcohol-oxygen-water-water.
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co-adsorption structure was obtained by adding an additional
water molecule to the alcohol—water—O2-complex. The stabilizing
Table 1
Adsorption energies (eV) for alcohol, water, and oxygen molecules on Au (111)*.

Substrate Adsorption energy [kJ/mol] Experimental[kJ/mol]

MeOH �24.0 �38.6 [43]
EtOH �27.0 �45.3 [44]
PrOH –32.9 �49.2 [45]
BuOH** �38.0 �51.1 [46]
H2O �15.5
O2 �8.7

* Numerical values for the experimental results for monolayer coverage are taken
from ref [46]. The calculated values are computed at low coverage (one alcohol
molecule in a 3� 3 unit cell). Using two alcohols in the simulation cell, the alcohol—
alcohol interactions at a higher coverage are estimated to be ca. �18 kJ mol�1 on
average for an alcohol pair or 9 kJ mol�1 per alcohol.
** The experimental value was measured for 2-butanol adsorption while 1-buta-

nol was used in calculations.

238
hydrogen bonds between the adsorbed species lead to a DDE of
only 20 kJ mol�1, a significantly lower formation barrier for the
cluster than in the previous cases.
3.2.3. Protonation and dissociation of O2

Once stabilized by a co-adsorption complex, the O2 may be pro-
tonated by either an alcohol or a water molecule, resulting in a
hydroperoxyl molecule, OOH. In co-adsorption structures with a
single water molecule and one or two alcohols with O2, the activa-
tion energy consists entirely of the thermodynamic barrier, making
the final state very unstable. For these pathways, no kinetic barrier
is reported. The activation energies for the protonation within the
other co-adsorption structures ranges from 30 to 40 kJ mol�1.

The dissociation of OOH was considered with and without co-
adsorbed molecules. On the bare Au(111) surface, the isolated
OOH favors the bridge site. The activation energy for the dissocia-
tion is 53 kJ mol�1 and the reaction energy is exothermic by



Table 2
The co-adsorption energies (DEco-ads) for different molecules, the energy difference
between the co-adsorbed and isolated molecules (DDE), the activation energy for the
protonation of the O2 (Eact), and the reaction energy of the protonation reaction (DE).
All values are in kJ mol�1.

Configuration DEco-ads DDE Eact DE

MeOH + O2 5.4 38.1 – 36.7
EtOH + O2 �3.1 32.7 – 40.7
PrOH + O2 �5.9 35.7 – 35.3
BuOH + O2 �13.4 33.3 – 36.6
H2O + O2 16.7 40.9 – 35.7
2 MeOH + O2 �17.3 56.9 – 32.0
2 EtOH + O2 �25.0 56.6 – 27.9
2 PrOH + O2 �39.9 48.2 – 30.4
2 BuOH + O2 �48.9 48.4 – 31.3
2 H2O + O2 �16.4 42.9 39.3 34.0
O2 + MeOH + H2O �29.9 35.2 42.5 39.3
O2 + EtOH + H2O �34.7 35.2 41.0 36.2
O2 + PrOH + H2O �38.6 35.5 42.0 33.5
O2 + BuOH + H2O �45.3 35.6 41.6 36.3
O2 + MeOH + 2H2O �86.8 17.4 39.0 22.2
O2 + EtOH + 2H2O �90.7 21.0 38.3 22.8
O2 + PrOH + 2H2O �95.5 28.8 38.9 25.2
O2 + BuOH + 2H2O �94.6 23.1 42.5 29.2

*A 4 � 4 simulation cell was used for the calculations with two alcohols.

Table 3
Activation energies [kJ mol�1] for oxidation reaction with O/OH/OOH and alcohols/
alkoxy species on Au(111).

Substrate Surface species

O OH OOH

O–H – cleavege MeOH – 15.7 24.7
EtOH – 14.9 24.6
PrOH – 13.2 25.7
BuOH – 12.2 25.6

b - elimination MeO 45.3 75.6 93.8
EtO 41.6 78.6 98.7
PrO 41.2 67.3 90.2
BuO 40.3 72.7 86.7
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�43 kJ mol�1. However, since protonation is likely to occur within
a co-adsorption structure, the influence of the complex on dissoci-
ation was also addressed. Within a MeO–H2O–OOH complex, the
activation and reactions energies for OOH dissociation are
60 kJ mol�1 and �67 kJ mol�1, respectively, and thus the presence
of co-adsorbed species has a minor impact on dissociation energet-
ics. The protonation pathways for MeOH in the co-adsorption
structures are illustrated in Fig. 8.
Fig. 8. The protonation pathways in the co-adsorption structures for a) MeOH-H2O–O2 a
transition and final states, respectively.
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3.2.4. Oxidative dehydrogenation of alcohols
The protonation pathway results in multiple oxidation agents

on the surface. In addition to the O* and OH* resulting from
hydroperoxyl dissociation, OOH* itself can also participate in alco-
hol dehydrogenation. Therefore, we therefore considered the
cleaving of the alcohol O–H bond by OH and OOH groups as well
as the reactivity of O, OH and OOH groups on the b-elimination
of the resulting alkoxy groups. The O–H bond breaking by atomic
oxygen on gold has been established as a rapid process [18,43–
46] and was excluded from the present work, which focuses on
the rate controlling elementary steps. The computed activation
energies for the O–H bond breaking and b-elimination for different
alcohols and oxidation agents are collected in Table 3 and the cor-
responding reaction pathways for MeOH are illustrated in Figs. 9
and 10.

When the OOH group participates into the oxidative dehydro-
genation of alcohols, a hydrogen peroxide molecule, H2O2, is pro-
nd b) MeOH–2 H2O–O2 configurations. The images are, from left to right, the initial,



Fig. 9. The reaction pathways for cleaving the O–H-bond from MeOH by a) OH, b) OOH. The images are, from left to right, the initial, transition and final states, respectively.
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duced. The activation energy for the dissociation of H2O2 on the
gold surface is 42 kJ mol�1 with a reaction energy of �65 kJ mol�1.

OH* and OOH* assisted breaking the alcohol O-H bond is a facile
process and the activation energies range from 14 (with OH*) to 25
(with OOH*) kJ mol�1. For the OH-assisted pathway, the activation
energy decreases monotonically as a function of the carbon chain
length in alcohol. However, this change is within the DFT error.
For OOH*, the activation energies are independent of the alcohol.

In agreement with the experimental findings [19] the computed
activation energies are considerably higher for the b-elimination
step than for the O-H bond cleavage. For the O*, OH* and OOH* oxi-
dized pathways, the activation energies are �40, �70 and
�90 kJ mol�1, respectively. In the case of atomic oxygen, the acti-
vation energies decrease monotonically with the carbon chain
length in line with the experimental observations [19], but like
the O–H bond cleavage, the change is small and within the DFT
error. For OH* and OOH*, no trend is seen for the activation ener-
gies. Considering the high activation energy for the b-elimination
step with OOH*, and the instability of the alkoxy-–OOH* pair dis-
cussed earlier, the b-elimination via OOH* can be deemed
unfeasible.

3.2.4.1. Ether formation on alumina support. Au nanoparticles are
often dispersed on c-Al2O3 support, and the support may actively
participate in catalytic chemistry. A reaction competing with the
dehydrogenation of the alcohols is the coupling reaction resulting
in ethers. The formation of ethers on alumina has been computa-
tionally studied for methanol [48,49], ethanol [50–52], and propa-
nol [53,54]. Most studies consider a bare alumina surface, while
some include surface hydroxylation [51] and even discuss the
effect of surface hydroxylation on the ether formation [52], sug-
gesting that alumina hydroxylation inhibits the ether formation.
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Whatever the exact nature of the active sites, ethanol dehydra-
tion requires acid sites on the catalyst surface, contrary to oxida-
tive dehydrogenation occurring on gold nanoparticles. Addition
of gold enhanced selectivity towards acetaldehyde in comparison
with the neat support [55] without improving the rate of the ether
formation. This implies that gold is not involved in the latter reac-
tion and subsequently formation of the ether on gold nanoparticles
was excluded from the scope of the current work. Moreover, no
formation of ethylacetate due to an esterification reaction was
experimentally observed.

The alcohols tend to bind strongly onto c-Al2O3 surface with the
adsorption energies –124 kJmol�1 formethanol [49],�124 kJmol�1

for ethanol [51] and –136 kJ mol�1 for i-propanol [53]. The rate-
limiting step in ether formation is the coupling between an alcohol
molecule and a surface alkoxy species. This reaction is affected by
surface orientation and surface hydroxylation. On bare alumina the
reported barriers to form an ether range from 119 to 140 kJ mol�1

for MeOH [48,49], 79 to 191 kJ mol�1 for EtOH [50–52], and from
106 to 130 kJ mol�1 for i-PrOH [53,54].

The energetics reported in the studies discussed above are not
directly comparable, as some include a van der Waals correction
in the calculations [52,53] while others do not [48–51], and some
study the reactions using a solvent model [48,49] while others
assume the reactants to be in gaseous phase [48]. Nevertheless, a
general conclusion is that while the oxide support binds alcohol
species strongly, activation energies for ether formation are also
high. This is the opposite for alcohol oxidation on gold where the
binding of adsorbates is relatively weak and O–H bond breaking,
and b-elimination have low activation energies. However, the main
obstacle to alcohol oxidation on Au is O2 dissociation. Comparison
of these two catalysis processes highlights that temperature
increase hinders already weak adsorption on gold and enhances



Fig. 10. The b-elimination reaction pathways for MeOH reacting with a) O, b) OH, c) OOH. The images are, from left to right, the initial, transition and final states, respectively.
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ether formation on the oxide, justifying the increase in selectivity
toward diethyl ether as a function of temperature observed on
Au/Al2O3 catalyst [20].

3.2.5. Bridging computation and experimental observations
A comprehensive analysis of the dehydrogenation reaction net-

work using DFT calculations has been presented. The co-adsorption
structures with water play a crucial role in stabilizing the molecu-
lar oxygen onto the gold surface, hence promoting the oxidation
process. Within these co-adsorption structures, the O2 can be pro-
tonated into OOH, which can then dissociate, resulting in atomic
oxygen and hydroxyl group on the surface. A potential energy dia-
gram for selected methanol structures is displayed in Fig. 11.

The two-step pathway for alcohol dehydrogenation was
explored for the four alcohols considered in this work. The activa-
tion energy of the first O–H cleaving step was lower than the sub-
sequent b-elimination, in the case of each oxidizing agent (O*, OH*,
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OOH*) for all alcohols. This is in excellent agreement with the
experimental results [19,56,57], which show that the beta-
elimination is the rate-determining step. Relative differences in
reactivities among the alcohols were, however, small and within
the numerical error.

The main difference between the alcohols included in this work
was in the increasing adsorption energy as a function of the alcohol
chain length: while this can promote the chemical reaction, too
high binding energies can also be detrimental for the catalytic
activity. This might explain the decrease of the catalytic activity
with the increasing alcohol chain length observed previously [20].

When utilizing c-Al2O3 as the support material to disperse the
gold nanoparticles, etherification reaction might occur on the
Lewis acid sites of the support. High temperatures promote the
coupling of two molecules of alcohol to give the ether; on the con-
trary, they inhibit the key step of oxidative dehydrogenation i.e.,
oxygen adsorption and activation. This is in full agreement with



Fig. 11. Potential energy surface for different co-adsorption structures for the O2 protonation pathway: a) The bare Au(111) surface, b) the adsorption energy of O2 adsorbed
on Au(111) separately and water and alcohol molecules forming a co-adsorption structure without O2 (discussed in Section 2.2), c) co-adsorption energy where all the
adsorbates are brought together to form a complex, d) transition state for the protonation of O2, either by the alcohol or the water molecule, e) final state for the protonation.
For the reaction pathways with one or two alcohol molecules, the protonation barrier consists entirely of the thermodynamic barrier.

L. Mastroianni, T. Weckman, K. Eränen et al. Journal of Catalysis 425 (2023) 233–244
the activation energies and product distributions observed experi-
mentally for alcohol oxidation over Au/Al2O3 heterogeneous cata-
lyst [20].
4. Conclusions

Computational and experimental investigations were carried
out to clarify the reaction mechanism of the selective oxidation
of primary alcohols promoted by Au (111) and to reveal the impact
of water in key elementary steps i.e., oxygen activation and disso-
ciation. Methanol, ethanol, 1-propanol and 1-butanol were
selected as reactants for DFT calculations to explore the effect of
the alkyl chain length of the primary alcohol in the oxidation
reaction.

The influence of water in ethanol oxidation was experimentally
investigated in a microreactor coated with Au/Al2O3 catalyst.
Improved ethanol conversion and acetaldehyde selectivity were
observed. During the experiments, stability tests were conducted
to prove that the obtained experimental data were not affected
by catalyst deactivation. The apparent reaction order with respect
to water was 1.6, demonstrating a positive impact of water in the
oxidation process.

The experimental observations were rationalized by investigat-
ing different reaction pathways with DFT, revealing that water
involvement in oxygen protonation led to a more facile oxygen dis-
sociation, thus enhancing the oxidation process. Water improves
the binding energies of the reactants via the formation of
hydrogen-bonding networks. The calculations are in line with the
experimental data showing that oxygen dissociation becomes
more energetically feasible in the presence of water and leading
to enhancement of selectivity towards the aldehyde formation,

The alcohol oxidation results were compared to previous com-
putational studies for ether formation on c-Al2O3. It was concluded
that higher temperatures benefit ether formation, while the oxy-
gen activation on gold is inhibited. The computational results
explain dependence of the product distribution as a function of
temperature observed on Au/cAAl2O3 catalyst [20].
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The main trends for different alcohols were noticeable in their
adsorption energies and in the activation energies for oxidation
with the lowest reaction barriers being cleaving of the O-H bond
by OH and b elimination of the alkoxy group by the atomic oxygen.
The differences between reaction barriers lie, however, within the
numerical errors of DFT calculations, thus a care should be taken
regarding the mechanistic interpretation of the calculations.

Overall, a combination of DFT-calculations and experiments
adopted in this work improved the atomic-level understanding
especially on the role of water in the oxidative dehydrogenation
of primary alcohols, forming a solid basis in developing improved
alcohol oxidation processes.
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