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a  b  s  t  r  a  c  t

The  mechanism  of methanol  full oxidation  over  Au/CeO2 in  the  low  temperature  range  has  been  clarified
combining  FT-IR  spectroscopic  results  with  kinetic  calculations.  A  clear  thermal  effect  of  the infrared
beam  on  the  catalytic  reaction  was  remarked  and  quantified.  A  global  mechanistic  model  was proposed,
providing  the  reaction  order,  the  kinetic  constants  and  the activation  energy  for  the  process,  as  well  as
valuable  information  on  selected  elemental  steps.  SSITKA  experiments  gave  additional  evidences  on the
eywords:
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u nanoparticles
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eaction mechanism

formate decomposition  as  the rate  determining  step  (RDS)  of the  reaction  and  proved  the  strict  correlation
between  formate  decomposition  and  CO2 yield,  at different  temperatures,  further  validating  the  kinetic
model  and  differentiating  the  activation  energy  of  the  RDS  from  the  apparent  activation  energy  of the
process  as  a whole.

© 2011 Elsevier B.V. All rights reserved.

SITKA

. Introduction

Increasing concerns about the quality of life and the number
f environmental hazards which can constitute a danger for the
uman health incite scientists to found alternative ways to con-
rol the quality of air. Besides the efforts in progress to abate car
xhaust and industry emissions, a real problem has been verified
oncerning confined environments where people spend the major-
ty of their time: house interiors, offices, vehicle cockpits, etc. . . .
urniture’s, carpets and paintings are a source of dangerous VOC
1–3], while the majority of filters for air admission in the cars
re almost ineffective, making the vehicle cockpit one of the most
angerous place for pollutant concentration [4].  For these reasons,
ew enhanced media for air purification are under current devel-
pment. Among them, the tendency is to favor renewable systems,
ntended to be regenerated, decreasing therefore the raw material

aste and the recycling costs. Another, greener concept consists
n developing catalytic devices able to abate VOC at the minimum
nergetic expense. In this frame, gold-based materials represent a
nique class of catalysts able to effectively oxidize different harm-
ul compounds at room temperature (and even below) without
ny energetic supply. The capability of gold nanoparticles to oxi-

ize CO is well known [5–7] and recently, the performances of
u/CeO2 on the oxidation of more complex, organic compounds
ere investigated, showing that this material is able to eliminate

∗ Corresponding author.
E-mail address: olivier.marie@ensicaen.fr (O. Marie).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.10.001
target molecules such as methanol at room temperature. Regarding
the mechanism for alcohol oxidation over Au/CeO2 catalyst, a study
dealing with ethanol conversion in the 373–1073 K range reports,
through TPD and IR spectroscopy, the formation of ethoxide and
CO adsorbed species [8].  While ethanol has a C–C bond and there-
fore its chemistry is different from that of methanol some analogies
can be drawn in particular those related to alkoxide (methoxy) and
CO species. A complete reaction mechanism was  indeed described
for room temperature methanol oxidation [9],  showing the role
of surface sites towards the adsorption of reactive agents and the
formation of intermediates till the final products (CO2 and water).
Nevertheless, some details in selected elemental steps remained
to be clarified, notably concerning the nature of the intermedi-
ate species involved in the rate determining step of the reaction.
For these reasons, additional investigations were performed using
a SSITKA approach combined with infrared (IR) operando analysis
system. The obtained data were processed by a kinetic model and
these new, complementary results will be the object of the present
report.

2. Experimental

The Au/CeO2 sample synthesis and its characteristics are
reported in details within reference [9]. The main physico-chemical
properties are the following: specific surface area = 180 m2 g−1, Au

content = 1 wt% and gold particle size < 3 nm.

A scheme of the SSITKA operando system which was used for
this study is provided in Fig. 1; it is composed of four main parts:
the infrared spectrometer, the IR reactor-cell, the gas flow set-up

dx.doi.org/10.1016/j.cattod.2011.10.001
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:olivier.marie@ensicaen.fr
dx.doi.org/10.1016/j.cattod.2011.10.001
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alyst or to the gas phase analysis through a mobile mirror. In
these conditions of analysis, periodic phenomena were observed
during the reaction (Fig. 2). The reasons for that could be differ-
ent: CO oxidation is often affected by kinetic oscillations [13,14];
Fig. 1. Scheme of the SSITKA eq

nd the exhaust gas analyzers. The cell is connected to the operando
as-system including mass flow controllers for the introduction of
ases into the lines. The two gas mixtures, so called the activa-
ion and the reaction flow, can be prepared and sent independently
o the reactor cell. The system allows investigating the exhaust
ases (reactive and/or reaction products) by a Quadrupole Mass
pectrometer (Pfeiffer Omnistar GSD 301), while complementary
nformation on the gas phase can be gained by IR spectroscopy
which was not used in the present study) through a gas micro-cell.
egarding the catalyst under duty, IR spectra (64 scans per spec-
rum) were collected at a time resolution of 1 spectrum per minute
ith a Thermo Scientific Nicolet 6700 spectrometer, equipped with

 MCT  detector. More details can be found in the following refer-
nces for both the IR operando system [10,11] and the so-called
andwich IR reactor-cell [12]. For this specific study, the system was
mplemented by two saturators located in the same thermostated
ath (at exactly the same temperature), in order to send, via a 4
ays valve, a fixed concentration of vaporized methanol, either in

ts natural form or in the 99.0% 13C enriched form, provided by Cam-
ridge Isotope Laboratories. The flow conditions were as follows:
00 ppm of CH3OH, 20% of oxygen diluted in Argon at a constant
as hourly space velocity of 60,000 h−1. The reaction was  studied
ithin the temperature range of [298–343 K].

. Results and discussion

.1. Thermal effect of the IR beam on the catalytic activity
In a previous study [9],  a mechanism for low temperatures
ethanol oxidation on a nanostructured Au/CeO2 catalyst was  pro-

osed using operando FTIR spectroscopy of the catalytic surface
oupled with the gas phase analysis, using both mass spectrometry
ent used for this investigation.

and complementary IR spectroscopy. The gas phase analysis by IR
was specifically applied to discard the presence of any partially
oxidized molecules such as formaldehyde or CO whose forma-
tion would not satisfy the harmlessness principle of the target
molecule (methanol in the present case) removal. However, our
IR operando system is equipped with one single IR source and
thus it was  necessary to alternately send the IR beam to the cat-
Fig. 2. Zoom on the MS  profiles of the main species involved during methanol
oxidation over Au/CeO2 at 323 K, highlighting the presence of periodic phenomena.
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Fig. 3. CH3OH conversion to CO2 over Au/CeO2. The histogram plot illus

ass flow controller instability or analyzer defects could also been
nvoked. In the reality, such oscillatory phenomena were not ran-
om and a detailed analysis indicates that gas phase methanol
volution is in phase opposition with both water and CO2 evolution
s expected for any oxidation reaction. Furthermore, the oscillation
eriod strangely correlated with the infrared beam scanning dura-
ion. As gold nanoparticles are active already at room temperature
nd even below, the investigated reaction is highly temperature
ensitive and, therefore, even a slight change in the temperature
ay  influence the reactivity. The hypothesis of a photocatalytic

ctivation of the ceria by IR irradiation was disregarded, as, to our
est knowledge, no literature data report such a phenomenon. On
nother hand, when different grids (70% and 90% of occultation)
ere placed between the IR beam and the cell windows in order to

ttenuate the IR light intensity received by the catalyst, noticeable
ffects were detected. Fig. 3 provides clear evidences that for each
xed temperature of the IR reactor cell, the methanol conversion
ises with the amount of IR beam received by the catalyst, indeed.
he oscillations observed when analyzing alternately the catalysts
urface and the gas phase by IR are thus clearly due to the periodic
nfrared beam heating of catalyst surface, equivalent to a thermal
ffect of +3.5 K.

.2. CH3OH partial reaction order and apparent activation energy

An estimation of the reactant partial order of reaction and of the
pparent activation energy was attempted from the above data.
ssuming that our IR reactor cell behaves as a plug flow reactor

PFR) operating in the integral mode (conversion between 25 and
00%), the starting equation for a kinetic processing of the data is
he expression of the local reaction rate per unit mass of catalyst
m:

m = FCH3OH
df

dwc

here dwc is the weight of an infinitesimal catalyst amount, FCH3OH
s the methanol molar flow at the inlet and df is the methanol
ocal conversion variation. In the general case, this expression is
ot an explicit mathematical relation since rm most often depends
n the conversion. The most difficult task then consists in the
etermination of the mathematical expression making the link
etween rm and f [15]. However, in the frame of methanol trans-
ormation over noble metal supported onto metal oxides, Kapoor
t al. reported a linear evolution in a broad range of conversion

hen plotting Ln(f) = f(1/T) [16]. From this plot, the apparent acti-

ation energy for the selective decomposition of methanol into
O and H2 over Pd/CeO2 was estimated [16]. It is worth noting
hat such an evolution implies that the local reaction rate can be
340 K3 K 334 K

 the IR beam intensity effect on the conversion at a given temperature.

considered independent from the conversion, even for an integral
PFR. After integration over the whole catalyst weight, the approx-
imate algorithm describing the process is thus sharply simplified
as: rm = FCH3OHf/wc, where f corresponds to the observed conver-
sion at the catalyst outlet (which makes rm also corresponding to
the global activity of the catalyst in mol  s−1 g−1). On  another hand,
rm can be expressed as the product of several constants, among
which a kinetic rate constant satisfying the Arrhenius relation. As a
result, we get (A being a global constant and Ea

app being the apparent

activation energy): Ae−Ea
app/RT = FCH3OH f/wc which fully justify the

observed linear plot. Similarly to what proposed by Kapoor et al.,
Fig. 4A thus plots the overall data obtained previously (Fig. 3), in
the presence or not of an IR beam irradiation of the surface. The
1/T variable in x-coordinate was  calculated from the temperature
value imposed to the reactor cell via the heating regulation sys-
tem and obviously all the data obtained in presence of the IR beam
perfectly follow a linear evolution assuming that 100% of the IR
beam induces a local heating effect corresponding to an increment
of temperature equal to 3.5 K (see Fig. 4B). The slope calculated
from Fig. 4B allowed estimating an apparent activation energy
for the methanol catalytic full oxidation over Au/CeO2 of Ea

app =
27.6 kJmol-1. This value is very similar to that calculated in our pre-
vious paper [9] and much lower than those previously reported for
the selective decomposition of methanol over Pd/CeO2, i.e. Ea

app =
55–90 kJmol-1, which were associated to the methoxy decomposi-
tion into CO and H2 as the rate determining step [16,17]. As already
remarked, such a low activation energy is a proof of the excellent
performances of this catalyst. Finally, it is worth emphasizing, as a
conclusion, that the observed perfect linear plot of Ln(f) versus 1/T
implies that the rate equation does not depend on the methanol
conversion and thus that CH3OH partial order of reaction is
zero.

3.3. A kinetic model for the reaction

Our methodology based on time resolved simultaneous analysis
of adsorbed and gaseous species allowed evaluating some catalytic
reaction parameters of the investigated material towards CO2 pro-
duction and identifying a series of steps in the oxidation pathway.
In particular, it was found [9] that:

i) methanol adsorbs dissociatively on the ceria surface forming
methoxys;
ii) linearly and bridged adsorbed methoxys behaves as intermedi-
ates, transforming then into formates (only in presence of gold
in the considered low temperature range), while other types of
methoxy species are spectators;
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ig. 4. Ln(CH3OH conversion) versus 1/T  for IR beam intensity of: (©) 0%, (�) 10%, (♦
he  IR beam heating effect.

ii) formates, whose transformation was found – considering their
thermal behavior – to be the rate determining step (RDS) for the
reaction, decompose into CO and OH species;

v) this decomposition only takes place in the neighborhoods of the
gold nanoparticles (in a zone identified as an “active perime-
ter”), where gold oxidizes adsorbed CO to CO2.

For modeling simplicity seek, the active perimeter (whose real
ature is still object of discussions and investigations) was  here

imited to the interface between gold nanoparticles and the ceria
upport even though it may  extend through oxygen spill-over and
everse spill-over domains. Moreover, linearly adsorbed methoxys
ere taken into account as representative of the main methoxy

ntermediate species. Finally, in order to take into account the gold
nvolvement for methoxys conversion into formates, we invoke
*Ce HCOO Au*] formate species at the gold/ceria interface while
o clear IR signature of such a species could be discriminated from
hose typical for formates on ceria alone. The previous reaction

odel can thus be represented by the following set of five suc-
essive elemental steps.

*Au + O2 *Au_O2 (K 1)

*Ce_OH + CH3OH *Ce_ CH3O + H2O (K2)

*Ce_ CH3O + * Au_O2 *Ce_ HCOO _Au* + H2O (K3)
*Ce_ HCOO _Au*  *Au_CO + * Ce_OH (k4)

*Au_CO + ½ O2 *Au + CO2 (K 5)

CH3OH + 3/2 O2 CO2 + 2 H2O

*Au + O2 *Au_O2 (K 1)

*Ce_OH + CH3OH *Ce_ CH3O + H2O (K2)

*Ce_ CH3O + * Au_O2 *Ce_ HCOO _Au* + H2O (K3)
*Ce_ HCOO _Au*  *Au_CO + * Ce_OH (k4)

*Au_CO + ½ O2 *Au + CO2 (K 5)

CH3OH + 3/2 O2 CO2 + 2 H2O

here *Au and *Ce are superficial active sites, K1, K2 are adsorp-
ion equilibrium constants and K3, K5 are equilibrium constants for
teps 3 and 5 respectively. Assuming the formate decomposition as
he non reversible RDS, in presence of oxygen excess, the rate can
e defined as: rm = FCH3OH df/dwc = k4 [∗Ce HCOO Au∗] where k4
tands for the step 4 kinetic rate constant.

Adsorption steps 1 and 2 are quasi-equilibrated, so

1 = [∗Au O2]
[∗Au]PO2

(1)

nd

2 = [∗Ce CH3O]PH2O

[∗Ce OH]PCH3OH
(2)
Reactions (3) and (5) are also quasi-equilibrated, so

3 = [∗Ce HCOO Au∗]PH2O

[∗Au O2][∗Ce CH3O]
(3)
 and (�) 100%. (A) Uncorrected data. (B) Data corrected in order to take into account

and

K5 = [∗Au]PCO2

[∗Au CO]PO2
1/2

(5)

Solving Eqs. (1) and (2) for [*Au O2] and [*Ce CH3O] respectively,
substituting these values into Eq. (3) and rearranging it gives

[∗Ce HCOO Au∗] = K1K2K3PO2 PCH3OHP−2
H2O[∗Au][∗Ce OH] (6)

Previous operando studies have indicated that methoxy species
are the most abundant reaction intermediates (MARI) onto ceria
[9], moreover the cerium cations onto the surface are either occu-
pied by methoxys, or hydroxylated. Thus, labeling LCe the total
superficial concentration of Ce cation, one gets:

LCe = [∗Ce OH] + [∗Ce CH3O] (7)

which gives

[∗Ce OH] = LCe

1 + K2PCH3OH/PH2O
(8)

Furthermore, the study of methanol adsorption over the bare
ceria support showed, under similar flow and temperature con-
ditions, that the steady state methoxys surface coverage level
was close to unity [9]. In presence of gold, adsorbed formates
appeared at the expense of methoxys but the [∗Ce CH3O]/[∗Ce OH]
ratio remained �1. Consequently one may  assume from both the
operando catalyst surface observation and Eq. (2),  that under reac-
tion conditions 1 � K2PCH3OH/PH2O.

We thus obtain after simplification of (8) and substitution in Eq.
(6):

[∗Ce HCOO Au∗] = K1K3PO2 P−1
H2OLCe[∗Au] (9)

Considering now the gold active sites and indicating by LAu the
total superficial concentration of Au sites (similarly to what made
above for cerium), one can consider

LAu = [∗Au] + [∗Au O2] + [∗Ce HCOO Au∗] + [∗Au CO] (10)

CO adsorbed onto gold was  detected under reaction condition
but it gave a very weak IR signal; the molar absorption coefficient
of CO on gold nanoparticles is up to now unknown, but considering
that CO oxidation on Au sites is a fast step, carbonyl concentra-

tion can be neglected in a first approximation. On another hand,
although formates were easily detected, the impossibility by IR to
observe adsorbed O2 imposes to consider two possible MARI’s onto
gold.
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* First hypothesis: MARIAu = [*Au O2]

Au = [∗Au] + [∗Au O2] (11)

hich combined with Eq. (1) gives

Au∗] = LAu

1 + K1PO2

(12)

After reinjection in Eq. (9),  one obtains

∗Ce HCOO Au∗] = K1K3PO2 P−1
H2OLCe

LAu

1 + K1PO2

and thus (13)

m = k4K1K3PO2 P−1
H2OLCeLAu

1
1 + K1PO2

= kapp
PO2 P−1

H2O

1 + K1PO2

(14)

Considering [*Au O2] as the MARI onto gold, one cannot here
istinguish whether the coverage of gold by oxygen is high (1 �
1PO2 ) or low enough to satisfy (1 � K1PO2 ). In the former case,
he apparent activation energy, deduced from the gas phase data,
an be approximated by Ea

app = Ea
RDS + �H3 while in the latter case

he O2 adsorption enthalpy �H1 should be added. Nevertheless, in
oth cases, the apparent activation energy will be lower than the
ctivation energy required for the rate determining step, since both
dsorption (step 1) and oxidation (step 3) are exothermic reactions.

* Second hypothesis: MARIAu = [*Ce HCOO Au*]

Au = [∗Au] + [∗Ce HCOO Au∗] (15)

hich combined with Eqs. (1), (2), (3) and (8) gives

Au∗] = LAu

1 + K1K3PO2 P−1
H2OLCe

(16)

After reinjection in Eq. (9),  it results

[∗Ce HCOO Au∗] = K1K3PO2 P−1
H2OLCe

LAu

1 + K1K3PO2 P−1
H2OLCe

which finally gives (17)

rm = k4K1K3PO2 P−1
H2OLCe

LAu

1 + K1K3PO2 P−1
H2OLCe

that can be approximated into (18)

m = k4LAu (19)

r

m = k4K1K3PO2 P−1
H2OLCeLAu = kappPO2 P−1

H2O (20)

epending of the value of K1K3PO2 P−1
H2OLCe compared to unity and

hus depending on the extent of gold coverage by formates.
To summarize, it should be emphasized that considering the

ethoxy as the MARI onto ceria and taking into account the high
ethoxy coverage level in reaction conditions, lead to a good agree-
ent with the zero reaction order observed for methanol and this
hatever the hypothesis regarding the MARI onto gold (see Eqs.

14), (19) and (20)). Furthermore, the measured apparent acti-
ation energy will be lower than the activation energy relative
o the RDS except if [*Ce HCOO Au*] is the MARI onto gold and
1K3PO2 P−1

H2OLCe � 1 where Ea
app

∼= Ea
RDS is expected.

.4. A complementary study by SSITKA
.4.1. Analysis of the reaction step sequence
Although the description of the mechanism appears com-

lete, some points still need clarification. In particular, it will
e interesting to observe (besides having calculated) the formate
ay 182 (2012) 3– 11 7

decomposition as the slow reaction step and to quantify some
kinetic parameters leading the catalytic reaction. For these reasons
our investigation was  completed by SSITKA experiments using iso-
topic labeled methanol and by subsequent kinetic processing of the
data.

As already pointed out, it is often better making abstraction
of the operando conditions to identify reaction intermediates and
active sites [18–20]: transient conditions may  be more informative
evidencing species having short lifetime and low concentration,
intrinsically. But this requires a conceptual extrapolation, assuming
that the results found out of the reaction conditions also apply to the
real case. To circumvent the problem, the use of the SSITKA method-
ology allows obtaining transient conditions while remaining under
the required chemical and kinetic steady state environment for a
given reaction [21,22].

In the present case, the SSITKA experiment was  performed
using two reaction flows in our operando system, each of them
equipped with a saturator containing either natural methanol of 13C
enriched one (Fig. 1). A four ways valve permits to switch instan-
taneously from a flow to another, whose concentrations have been
calibrated. Therefore, the reaction behaves chemically identical in
both cases. A 13C-substituted methanol containing flow was sent
first to the sample. Regular methoxys and formates infrared bands
are visible on the surface under steady-state conditions, present-
ing the expected isotopic shift [23] (Fig. 5). It is worth noting that
under similar temperature and flow conditions over the bare ceria
support, traces of molecularly adsorbed methanol were detected.
Such non dissociative 12CH3OH adsorption leads to a shoulder at
1028 cm−1 rendering the type II and II′ methoxys �(CO) bands
highly dissymmetric [9]. In the present study, Fig. 5 upper part
right hand corner shows symmetric �(CO) bands with no shoul-
der at 1009 cm−1 where molecularly adsorbed 13CH3OH would be
expected. Starting from the chemical steady state (t = 0), the reac-
tion flow was switched to the natural methanol containing flow and
consequently both the bands of adsorbed methoxy and formates
species progressively replaced the previously formed species, giv-
ing rise to several isobestic points. It is worth noting that when the
new equilibrium state of the surface was  reached, the entirety of
13C previously adsorbed species disappeared. This reveals that, if
present, the spectator species are not poisoning active sites upon
strong interaction. Furthermore, focusing on the adsorbed methoxy
region, the replacement rate of type I and II intermediate species
or of type II′ spectator species cannot be discriminated. This con-
firms that whatever the adsorption site, the methanol dissociative
adsorption is a fast step of the reaction. The same observation can
be made for the formate species, whose homogeneous broad band
evolution does not allow the discrimination of any specific compo-
nent from the rest. Comparing the first five spectra after the switch
was made, it is moreover obvious that the methoxy replacement
rate is much faster than that of formates, thus confirming that the
formate formation takes place when the methoxy coverage level is
high. Finally, the inlets on Fig. 5 represent the initial equilibrium
intensities of bands typical for both methoxys (1000–1100 cm−1)
and formates (1300–1400 cm−1) at increasing reaction tempera-
tures. When the temperature increases, the amount of adsorbed
formates rises at the expense of the amount of adsorbed methoxys.
Consequently, one can conclude that when the methanol oxidation
steady state is reached, the ceria surface is almost fully covered
and that the formate formation proceeds from methoxy oxidation.
It was  from the similar observation of a higher amount of adsorbed
formates at higher temperatures that formate decomposition was
deduced as the rate determining step in our previous study [9].
3.4.2. Evidencing the rate determining step
The main, characteristic bands of the methoxy (12C: 1101 cm−1

and 13C: 1082 cm−1) and formate (12C: 1380 cm−1 and 13C:
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ow  = 20 cm3 min−1) was switched to a similar non labeled (12CH3OH) flow. The inser
corrected to take into account the influence of the IR beam).

335 cm−1) species spectra were then integrated versus time. Their
hemigrams are represented in Fig. 6, together with the evolution
rofiles of the representative gas phases detected by mass spec-
rometry [12CO2 (m/z = 44), 13CO2 (m/z = 45), 12CH3OH (m/z = 29, to
void interferences with oxygen signal) and 13CH3OH (m/z = 33);
he m/z  intensities reported here are corrected to take into account
he contribution of all species]. A delay between the exchange of
alf the methoxys and the detection of an equimolar mixture of
aseous natural CH3OH and 13CH3OH is observed at any tested
emperature. This phenomenon is expected to occur with a surface
hose adsorption equilibrium has been reached, since upon

dsorption of a ‘natural’ methoxy, a 13CH3OH is released in the gas
hase thus delaying the decrease of the 13CH3OH partial pressure
ssociated to the valve switch. Furthermore, the delay between
ethoxy and formate formation/substitution (the more evident,

he lower the reaction temperature) clearly confirms their respec-
ive position in the reaction pathway. Additionally, the perfect
orrelation between the formate disappearance and the carbon
ioxide production nicely confirms the formate decomposition as
he rate determining step of the methanol oxidation over Au/CeO2,
ince it is possible now writing: rm = FCH3OHdf/dwc = dFCO2 /dwc =
4 [∗Ce HCOO Au∗].

One could argue that only a minor part of formate species might

e intermediates. This statement can be immediately discarded
bserving that the totality of formates is replaced at the same rate.
n the presence of both intermediate and spectator species, the
raction belonging to spectators should remain non-exchanged or

able 1
inetic data extracted from the SSITKA experiments. The values for formate oxidation to 

T (K) Methoxy exchange 

k/min−1 Ea CH3OH → Methoxy (k

344 1.58E−01 7.9

316 1.19E−01
A  (min−1)
2.49E+00305 1.14E−01
strate the initial band intensities for typical species at various reaction temperatures

exchanged at a different rate, but this was not the case. Finally, the
fact that whatever the reaction temperature, the formate evolution
properly parallels the CO2 evolution indicates that this trend is not
fortuitous.

3.4.3. Determining kinetic constants from SSITKA
Both the methoxy and the formate exchange curves appar-

ently show a first order decay (i.e. exponential curve) and thus the
determination of the corresponding pseudo-first-order rate con-
stant was  obtained from the slope of the linear evolution obtained
when plotting Ln(relative concentration) versus time, as illustrated
on Fig. 7 in the case of methoxys at 305 K. The Table 1 summa-
rizes the rate constants obtained for both the methoxy and formate
exchanges for the three tested reaction temperatures. As reported
above, the formates follow the CO2 evolution in the whole range
of temperatures and contrarily to what was previously observed
in the frame of WGS  over Pt/CeO2 [24], one cannot here argue
that formates change from unimportant surface intermediate to
potential main intermediate upon a temperature increase. As a
consequence, formates being always involved in the same reaction
elemental step, it is possible to determine the corresponding acti-
vation energy. Fig. 8 represents the Arrhenius plot for both formate
decomposition and methoxy exchange. In both cases the linear evo-

lution enabled to confidently estimate the activation energy and
the pre-exponential factor for each of these reaction steps. The
obtained data are summarized in Table 1. Emphasis should be put
on the fact that the rate constant for the methoxys exchange is

CO2 were obtained either from the formate (a) or CO2 (b) data.

Formates to CO2

J mol−1) k4/min−1 Ea formate → CO2

(kJ mol−1)

6.56E−02 (a) 38.0 (a)
6.70E−02  (b) 39.2 (b)
1.42E−02 (a)

A (min−1)
3.54E+04 (a)
5.81E+04 (b)

1.75E−02 (b)
1.33E−02 (a)
1.21E−02 (b)
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ig. 6. Methanol oxidation over Au/CeO2: as set of SSITKA experiments realized at v
pecies when a switch from 13CH3OH to 12CH3OH (at t = 0) was  made.

igher than that corresponding to formate decomposition, essen-
ially due to a much lower activation energy. Such a low activation
nergy (7.9 kJ mol−1) is consistent with the following equilibrium
aking place:

2CH3OH + 13CH3O Ce∗  = 13CH3OH + 12CH3O Ce∗
In fact, if the following reaction:

3CH3O Ce ∗ + ∗ Au O2 → ∗Ce H13COO Au ∗ + H2O

as the main contribution to the 13CH3O Ce* decay, the methoxys
nd formate curves should not be delayed.

Finally, the SSITKA method possesses the great advantage to
nable the determination of the activation energy of an elemental
eaction step. Consequently, the activation energy for the formate
ecomposition proposed as the rate determining step was  deter-
ined with a value of Ea

RDS = 39.2 kJmol−1. This value of Ea
RDS

hould now be compared to the apparent activation energy deter-
ined from the gas phase data: Ea

app = 27.6 kJmol−1. In agreement
ith what was deduced from the kinetic model, the apparent acti-

ation energy is lower than the activation energy required for the
DS. According to the different hypotheses, two  possibilities can
e expected here, either Ea

app = Ea
RDS + �H3 or Ea

app = Ea
RDS + �H3 +
H1, where the �H1 value refers to the O2 adsorption heat onto
old (which is expected to be quite low taking into account the
ow affinity of gold for oxygen [25]), while �H3 corresponds to
he enthalpy relative to the exothermic oxidation of methoxys
 temperatures. The curves represent the chemigrams relative to the main observed

into formates in the adsorbed state (difficult to estimate). More-
over, it is worth emphasizing that the low value for Ea

app − Ea
RDS =

−11.6 kJmol−1 is consistent with the absence of �H2 (methanol
adsorption heat) in the expression of the apparent activation energy
and thus with the zero partial order for methanol. Literature reports
values for alcohol adsorption heat on metal oxides ranging from to
−55 to −130 kJ mol−1, indeed [26–30].

3.5. The remaining problem of the “active perimeter”

To explain the necessity to have a quasi total surface coverage
before formate formation and thus CO2 production [9],  the pres-
ence of an active perimeter around the metal particles [31], i.e. a
zone at the interface between the gold clusters and the oxide sup-
port where the adsorbed species (in this case the formates) are
formed and transformed, was  invoked. In the present paper, the
kinetic model which was  developed is consistent with the exper-
imental data indicating the absence of formates over gold free
ceria, in the tested low temperature range [9].  Indeed, the third
step of our kinetic model directly involves gold for the methoxy
transformation into formates, at the boundary between gold and
ceria. However, this assumption may  be too simple and one cannot

exclude that activated oxygen species diffuse towards methoxys
through surface vacancies within a region defined by its active
perimeter. Only this region would be active for both formate forma-
tion and their further decomposition. So, in the proposed reaction
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Fig. 7. Evaluation of the kinetic constant relative to 13C-methoxy replacement by
12C-methoxy during the steady state methanol oxidation over Au/CeO2 at 305 K. The
inset shows the typical plot for an order one reaction rate while (�) stands for the
SSITKA experimental data and (—) for the corresponding theoretical plot.
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ig. 8. Arrhenius plots for the determination of activation energies relative to ele-
ental steps occurring in the methanol oxidation: methoxy exchange (�) and

ormate decomposition to CO2 from formate (♦) and CO2 (�) evolutions.

odel, methanol is dissociatively adsorbed on the oxide surface;
inear and bridged methoxys transform into formates in a region
efined as the active perimeter; those formates which are close
nough to the gold particles decompose to give rise to adsorbed
O, which is finally oxidized on the gold nanoclusters. Being the

ormate decomposition the rate determining step, the formates and
hus methoxys are “queuing” at the limit of the active perimeter,
aiting for a place where to transfer and react. Therefore, the lim-

ting factor for carbon dioxide production would be the number
nd the extent of such regions. Their number is obviously related
o metal loading and dispersion: for our 1 wt% loading sample, gold
rea was calculated to be AAu = 0.86 m2 gcat

−1, therefore having the
atalyst 180 m2 g−1 surface area, the concentration of such clusters
s ≤0.5% of the CeO2 surface [32]. However, estimating the extent
f such active perimeter regions is less obvious and the assistance
f theoretical calculations would be greatly helpful.

. Conclusions
The present paper aimed at clarifying the mechanism of
ethanol full oxidation over Au/CeO2 in the low temperature

ange. A more kinetic approach was applied when compared to our

[

[

[

ay 182 (2012) 3– 11

previous paper confirming a quite low value for the apparent acti-
vation energy. This low activation energy implies an initiation of the
reaction at low temperature and thus the conversion oscillations
that were observed during the operando analysis of the catalyst
were related to local heating effects arising from the IR irradiation
of the sample. The kinetic approach also allowed us to determine a
zero partial order for methanol which must be associated to a high
catalyst surface coverage under chemical steady state, the oxide
surface being almost full of methoxys when the formate formation
initiates.

A global kinetic modeling of the reaction which takes into
account all the experimental data and assumes the formate decom-
position as the rate determining step was then proposed. Thanks to
the SSITKA experiments, further evidences were found for the for-
mate decomposition being the rate determining step. Indeed, the
rate for the formate decomposition and the CO2 production were
found similar at three distinct reaction temperatures. The SSITKA
experiments also allowed to determine the activation energy asso-
ciated to the RDS. The obtained value is somewhat lower than the
apparent activation energy and the difference between the values
is consistent with the proposed kinetic model. Finally, even if the
developed model is consistent with the experimental data, one
must admit that the elemental sequences chosen for the kinetic
modeling of the reaction could be too simple. For example, in order
to take into account the noticeable amount of adsorbed reactive
formates under steady-state conditions, the existence of an active
parameter around the gold nanoparticles is highly probable, even
if up to now the extent of these active regions is not available.
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