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Unraveling the role of base and catalyst polarization in alcohol oxi-
dation on Au and Pt in water. 
Qingyi Gu, a Philippe Sautet b,c and Carine Michel *a 

a. Univ Lyon, Ens de Lyon, CNRS UMR 5182, Université Claude Bernard Lyon 1, Laboratoire de Chimie, F69342, Lyon, France  
b. Department of Chemical and Biomolecular Engineering, University of California, Los Angeles, Los Angeles, California 90095, United 
States Department 
c. Department of Chemistry and Biochemistry, University of California, Los Angeles, Los Angeles, California 90095, United States 

ABSTRACT: Alcohol oxidation by O2 to carboxylic acid can be operated in water using noble metal catalysts, but relies on the 
undesirable addition of a base such as sodium hydroxide. Using periodic DFT, we built a model including the chemisorption of 
hydroxide anion at the metal/water interface to rationalize the pivotal role of the added base on the catalytic activity. We demon-
strate that the role of the base is to polarize the surface and that a similar promotion could be obtained by tuning the electronic 
properties of additives, alloy and support. 

KEYWORDS : Aerobic alcohol oxidation ; density functional theory ; basic aqueous environment ; catalyst promotion ; Au ; 
Pt  

Obtaining carboxylic acids from alcohol oxidation is a key 
process, especially for the upgrading of biomass.1 To reach the 
standards of Green Chemistry, using the oxygen from air as a 
final oxidant is a necessity, but this requires the development 
of selective and stable heterogeneous catalysts, capable of 
activating O2 in aqueous conditions.2 Pt is one of the most 
popular catalysts used in alcohol oxidation3,4 despite a number 
of flaws that depend on the experimental conditions: deactiva-
tion by catalysts oxidation in basic medium,4–6 poisoning by 
products or by-products in acid medium,4,7 selectivity issues 
with unwanted C-C cleavage,8,9 or limited oxidation of the 
substrate in acid conditions.10 To reach good conversion and 
better selectivity to the acid, a base has to be added but a hy-
drolysis step is then required to recover the acid from the 
carboxylate salt. Another drawback of the use of a basic envi-
ronment is the possible poisoning of Pt by hydroxide anions.11 
Thus, avoiding the introduction of a base while keeping a 
good activity and selectivity toward the acid is still a critical 
challenge. Prati et al.12 found that Au catalysts also show a 
high activity and selectivity in alcohol oxidation even with 
large nanoparticles of at least 7 nm. Compared to Pt, Au is 
more selective to the corresponding acid, and more stable over 
several cycles.13 However, it is even more demanding regard-
ing the basic environment, with generally no activity observed 
neutral medium.14 

To improve the catalytic activity and selectivity for alcohol 
oxidation by O2 without addition of a base, a deeper under-
standing is necessary to rationalize why such a basic medium 
is mandatory. Experimental and computational mechanistic 
studies7,10,15,16 indicate that the reaction goes through the alco-
hol à aldehyde à acid path. The O2 activation is thought to 
be rate-determining,17,18 but it should be facilitated by the 
presence of water,17,19,20 which can directly participate to the 
oxidation reaction.10 Last, according to computational studies, 

the importance of maintaining a basic pH can be related to the 
coverage of OH on the surface16,21 that can assist for instance 
the O-H and C-H cleavages in the alcohol.16 In those studies, 
the chemisorbed hydroxyl is modelled as a radical and not as 
an anion, and thus it could as well be generated from water 
and O2.10 Accordingly, the origin of the activation of the cata-
lysts by adding hydroxide anions is still unclear, hampering a 
rational design of a catalytic system that would circumvent 
such a basic environment. 

In this letter, we aim at unraveling the role of the base by a 
computational mechanistic study in order to propose mitiga-
tions solution to limit its usage. For the first time to our 
knowledge, anionic OH- will be explicitly included in a com-
plete catalytic cycle. The anionic species in solution are care-
fully described combining micro-solvation and a continuum 
solvent model. The counter-charge is described through the 
Debye-Hückel theory using the linearized Poisson-Boltzmann 
equation.22,23 Since the micro-solvation has been shown to be 
impactless on the alcohol oxidation on Pt(111)15, we have 
chosen to include the water solvent only through a continuum 
solvent at the interface, still supplemented by the linearized 
Poisson-Boltzmann equation to described the counter-
charge.22,23 Typically, the adsorption of a hydroxide anion 
from the water solution to the Au/water interface is stabilizing 
with adsorption energy of -1.02 eV. This anion easily transfers 
most of its anionic charge to the metallic slab (see Figure S4), 
modifying the surface work function and polarizing the met-
al/basic water interface. The resulting double layer is shown in 
Figure S5. The overall surface charge is controlled by the 
adsorption of anionic species and thus their concentration and 
the ability of the metallic surface to accept extra charges. A 
recent study of ours24 showed that this effect is well repro-
duced computationally with the injection of a negative charge 
per 9 surface atoms. Careful tests demonstrated that it was also 
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the case for the system of interest here. They are provided in 
SI along with a detailed description of our computational 
level. This negatively charged catalyst should be more active 
towards O2 dissociation.25 We investigate here the contrasted 
behaviours of Au and Pt in neutral and basic environment 
(with a polarized interface) for each stage of the catalytic 
process: O2 activation, ethanol oxidation into the acid, and 
desorption of the product, namely the carboxylic acid or the 
carboxylate anion depending on the environment. 

The oxidation by oxygen necessitates to break the O=O 
bond. This is one of the major roles of the metallic catalyst. In 
aqueous environment, this step is facilitated by the presence of 
water as already shown in the literature, yielding to surface 
hydroxyls.17,19,20 The reactive sequence is complex since three 
bonds at least need to be broken, (one O=O and two O-H) and 
two bonds have to be formed (two O-H). These bond rup-
tures/bond formations can be either sequential or synchronous. 
We have systematically studied the possible paths to convert 
O2 and two water molecules into four hydroxyl adsorbed on Pt 
and Au, with and without a basic environment. We show the 
preferential path on Au and Pt in Scheme 1 and the 6 others in 
the SI. 

 
Scheme 1. O2 activation in presence of water. Gibbs energy 
profiles (in eV) at 25°C are shown on Au(111) (in blue) and on 
Pt(111) (in red) in absence (straight lines) and in presence (dashed 
lines) of a basic environment. All proton transfers are “barrier-less” 
(with no barrier for an exothermic reaction or a barrier equal to 
the reaction energy for an endothermic reaction), or the barrier is 
lower than 0.05eV, and thus are indicated by a curved arrow. O2 
adsorption is shown with a straight arrow. 

On Au in neutral conditions, O2 adsorption is exergonic by 
0.01 eV. The O2 activation starts with an H transfer from 
water, generating a first chemisorbed hydroxyl (OH*) and a 
hydro-peroxide intermediate (OOH*). This barrier-less step is 
followed by the O-O scission in OOH* yielding an adsorbed 
atomic oxygen O* and a second OH*. It is the most difficult 
step with an O-O distance of 1.93 Å in the transition state and 

an overall barrier of 0.86 eV. Then, the second water molecule 
transfers easily an H to O*, producing the last two OH*. The 
overall process is endergonic starting from gas phase O2 
(+0.04eV). Let’s turn now to the modeling of a basic environ-
ment, with one electron per 9 surface atoms added to the gold 
slab. Importantly, the adsorption becomes easier (-0.14 eV) 
and so does the overall process (-0.60 eV). The O-OH scission 
is also facilitated, with an overall barrier of 0.74 eV only and 
the H-transfers are still barrier-less. This barrier is slightly 
sensitive to the surface charge since it stays in a range of 0.7 to 
0.8 eV from 0.3 electron to 1.3 electron per exposed surface 
(Figure S15). On Pt, O2 activation is much easier, with a barri-
er of 0.22 eV for the direct scission of O2 co-adsorbed with 
two water molecules. The atomic O is particularly stable but 
the subsequent H transfers are still easily accessible. In basic 
conditions, the generation of OH* is even easier and strongly 
exergonic (-1.97 eV). In a nutshell, in presence of O2 and 
neutral water, the Pt surface is covered by chemisorbed radical 
OH*, that are not related to the presence of a basic environ-
ment as it is often proposed, but to the concomitant presence 
of O2 and water. This is less likely on Au since the generation 
of OH* is slightly endergonic. A major effect of the basic 
environment is to facilitate O2 adsorption and generation of 
OH* on Au. On Pt, the very strong exergonicity suggests an 
easy over-oxidation of the Pt surface typically into a thin over-
layer of α-PtO2. 

The occurrence of OH* strongly facilitates the C-H and O-
H bond scission in ethanol yielding aldehyde. For instance, the 
O-H scission in ethanol produces an alkoxy intermediate to-
gether with an adsorbed hydrogen atom (H*) on a pristine 
surface. On Au, this reaction is strongly endergonic (1.43 eV) 
and is associated with a large barrier (1.71 eV). In presence of 
OH*, this scission is accompanied by the formation of a water 
molecule instead of H*, resulting in a barrier-less and slightly 
exergonic reaction (-0.09eV). In other words, OH* acts as a 
base while the metal act as a Lewis acid. This pair does not 
require a basic environment to be generated, only the presence 
of water and molecular oxygen. Yet, this paired site is particu-
larly efficient at performing the alcohol oxidation on both Au 
and Pt as shown in Scheme 2. 

In a basic environment, the polarization of the metal/solvent 
interface with electron accumulation at the surface and cations 
in the solution strongly modify the relative stabilities for OH* 
and EtO*. OH* adsorbs with its dipole moment almost parallel 
to the surface and is strongly stabilized compared with the 
non-polarized situation (see the product in Scheme 1). Con-
versely, EtO* is adsorbed in a hollow site, its oxygen being at 
a very short distance from the metallic surface (~1.35 Å). 
Hence, its dipole is perpendicular to the polarized surface with 
an orientation that is destabilizing, the negative oxygen being 
close to the negative surface. Those two effects add up, push-
ing up in energy the EtO*+H2O* intermediates relatively to 
EtOH*+OH* on the polarized interface as shown in Scheme 2. 

The O-H breaking is followed by the C-H one, consuming a 
second OH*. The C-H scission is the most difficult step with a 
barrier of 0.53 eV on Au(111) and 0.43 eV on Pt(111). The 
resulting acetaldehyde is further oxidized by the addition of a 
third OH* yielding to CH3CHOOH. Last, a C-H bond dissoci-
ation assisted by a fourth OH* produces the expected acetic 
acid and water. Not only the basic environment pushes up in 
energy the EtO* intermediate but also the following C-H 
scission transition state by 0.54 eV on Au and by 0.68 eV on 
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Pt. This detrimental effect of the base is surprising, however, a 
direct comparison with the experimental results necessitates 
considering the full catalytic cycle, as done later. The other 
possible mechanisms we considered are reported in Table S8 
and Table S9. Let’s note in passing that OH* originates from 
O2 or water and can easily be exchanged with surrounding 
water solvent molecules through a surface Grotthus mecha-
nism. Thus, the oxygen atom that is incorporated in the pro-
duced acid comes very likely from a water molecule, in 
agreement with the observations by Zope et al. using 16O2 and 
H2

18O.10 

 
Scheme 2. Ethanol oxidation into carboxylic acid by OH*. 
Gibbs energy profile (in eV) at 25°C are shown on Au(111) (in 
blue) and Pt(111) (in red) in absence (straight lines) and in pres-
ence (dashed lines) of a basic environment. Most steps are barrier-
less except the C-H bond breaking in the ethoxy intermediate. 

Once the acetic acid is formed on the surface, the question 
of its further oxidation vs. its desorption raises. The corre-
sponding profiles are shown in Scheme 3 along with the mi-
cro-solvated structures considered in solution to ensure a re-
fined description of its transfer from the metal/water interface 
to the bulk water. 

In presence of a pressure of O2, as seen earlier, OH* can be 
generated from O2 and water. Acetic acid is easily oxidized 
into acetate in a barrier-less H transfer from the acid function 
COOH* to the co-adsorbed hydroxyl OH*. This step is strong-
ly exothermic on both Pt (-0.69 eV) and Au (-0.66 eV), gener-
ating a very stable neutral CH3COO* intermediate and a water 
molecule. This is a thermodynamic sink. Since the C-C scis-
sion in particularly difficult,9 this acetate intermediate either 
poisons the surface, or is re-protonated with a H-transfer from 
this water molecule. Then, CH3COOH can desorb as acetic 
acid in acidic conditions. This re-protonation is hence accom-
panied by the co-generation of OH*. To regenerate the catalyt-
ic surface and avoid over-oxidation, this OH* has to be de-
sorbed as ¼(O2+2H2O). The cumulated desorption of 
CH3COO* and OH* costs 1.28 eV on Pt. In addition, 
CH3COO* can easily reach a coverage of 1/3 ML on Pt (see 
Table S14 and Figure S10), resulting in a  poisoning of the 
surface. On Au, the overall desorption endergonicity is only 

0.20 eV but it necessitates to go through an intermediate state 
(CH3COOH*+OH*) that costs 0.66 eV. In basic conditions, 
the situation drastically changes. The de-protonation of the 
chemisorbed acetic acid is performed by OH* on a negatively 
charged surface. This system represents the chemisorbed hy-
droxide anion and this process is a typical acid-basic reaction. 
It is less exergonic than in neutral environment by 0.44 eV on 
Pt and by 0.22 eV on Au. As we have already seen previously, 
OH* is particularly stabilized at the polarized interface. In 
addition, the carboxylate dipole is perpendicular to the surface, 
in a destabilizing orientation. However, this situation is less 
detrimental than in the case of EtO* since oxygen atoms of 
CH3COO* are adsorbed on top sites farther from the surface 
(2.24 Å). Finally, the resulting water and anionic acetate de-
sorb directly in the water solution, leaving behind the neutral 
surface. The acetate anion is stabilized in water, which facili-
tates its desorption compared with the one of acetic acid with a 
cost of only 0.30 eV on Au and 0.95 eV on Pt. In short, the 
base clearly prevents the poisoning of Pt by CH3COO*. 
 

 
Scheme 3. Competition between over-oxidation of acetic acid 
by OH* and desorption into the water solution. Gibbs energy 
profile (in eV) at 25°C are shown in absence (straight line) and in 
presence (dashed line) of basic conditions, using CH3COO* acid 
and OH* as a reference. 

For each model reaction condition (acidic and basic), the 
overall catalytic cycles are represented in Scheme 4 and the 
corresponding energetic span,26 TOF-limiting intermediate and 
TOF-limiting transition state are collected in Table 1. The full 
reaction paths are reported in Figure S7 and S8. Our findings 
are line with the experimental observations, validating our 
model. In absence of any hydroxide anion, Au is much less 
active than Pt with an energetic span of 1.38 eV vs. 1.28eV. 
On Au, the reaction is strongly limited by the lack of ability in 
splitting the O-O bond in O2, cumulating an endothermic 
adsorption of O2 and a high activation barrier (+0.01 eV and 
0.86 eV respectively, see Scheme 1). On Pt, the reaction is 
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poisoned by the over-oxidation of acetic acid on the surface, in 
line with the observed quick deactivation and the higher selec-
tivity towards the carbonyl.4 Our model also reproduces nicely 
the strong promotion of Au supported catalysts in basic condi-
tions,10,27 with a marked decrease in the energetic span from 
1.38 eV to 0.98 eV. This is related to an easier activation of 
O2. The limiting step becomes the C-H scission to yield the 
intermediate acetaldehyde.28,29 In basic conditions, we observe 
also a strong activation on Pt with an energetic span of 1.10 
eV, with a process also limited by the C-H scission. 

From those results, we can foresee several potential ways to 
improve the oxidation catalysts. Combining Au and Pt in an 
alloy with a majority of Au is an obvious strategy that enhanc-
es the O2 activation and avoids the strong adsorption of the 
over-oxidized acetic acid by limiting the number of sites with 
two adjacent Pt. This can be easily shown replacing one sur-
face atom by Pt. Then, the cost of desorption is only 0.94 eV 
(see Figure S9) instead of 1.28 eV on Pt in acid condition. 
Experiment shows that, when alloying Au and Pt in a ratio of 
6:4, even supported on acid active carbon, benzyl alcohol can 
still be oxidized to acid in a base-free condition.30 Other alloys 
could be also targeted to tune the charge on Au in a similar 
way than the anionic charging provided by the basic environ-
ment. This could be done by alloying Au and other metals 
which have a low work function, which can easily transfer 
electron to Au.31 For instance, making a surface Au-Cu alloy 
will increase the electronic charge on Au since Au and Cu 
have a Fermi level at ~-5.5 eV and ~-5.0eV respectively. In 
addition to alloying, the addition of anionic promoter such as 
chlorine or polyvinylpyrrolidone (PVP) could be a promising 
route.32 Another line of modification of supported metal cata-
lyst is to play with the support. Support effects are multiple: 
dispersion, stability of the metallic phase, etc. One key effect 

is the electronic transfer between the support and the metal. 
Here again, choosing a support with a high enough conduction 
band would favor the electronic transfer from the support to 
the metallic particles. Naya et al. have recently evidenced this 
relation between the conduction band of the oxide support and 
the catalytic activity of the supported Au catalysts on the cin-
namyl alcohol oxidation.33 The best activity they found was 
obtained with the support that yields to the most negative Au 
(as measured by the XPS binding energy), namely SrTiO3. 
They also show that the activity does not relate to the Brønsted 
acido-basicity properties of the support, in contradiction with 
the numerous attempts to replace the homogeneous base by a 
basic support.34 Those observations confirm our conclusions: 
one of the major roles of the base lies in the electron donation 
upon the chemisorption of anionic OH-. To replace the base, 
experimental strategies should envisage playing with the po-
larization of the metallic nanoparticles. 
Table 1. Energetic Span (dG, eV), reaction Gibbs Free 
energy at 25°C (DG, eV) TOF-Determining intermediate 
(TD-Int) and TOF-Determining Transition State (TD-TS) 
in different conditions. 

Conditions Metal dG DG TD-Int[a] TD-TS[b] 

Neutral Au 1.38  -4.39 CH3COO* TS(O-OH) 
 Pt 1.28 -4.39 CH3COO* Desorption 
Basic Au 0.98 -5.11 EtOH* TS(C-H)  
 Pt 1.10 -5.11 EtOH* TS(C-H)  

[a] CH3COO*: chemisorbed carboxylate; EtOH*: chemisorbed 
ethanol [b] TS(O-OH): O-O scission in the OOH fragment ; 
TS(C-H): C-H scission in the ethoxy fragment. 

Scheme 4. Overall catalytic circle in (left) neutral and (right) basic environment 
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