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A B S T R A C T   

Catalytic methane combustion was carried out over YSZ, Pd/YSZ and Rh/YSZ between 200 and 700 ◦C. Despite 
similar light-off curves for Pd/YSZ and Rh/YSZ between 200 and 450 ◦C, isotopic exchange experiments using 
CD4 and 18O2 revealed different behaviour of both supported catalysts regarding the activation of reactant 
molecules. The use of C18O2 isotopic gas was shown to be more appropriate than 18O2 to evaluate the bulk 
oxygen mobility in YSZ at low temperatures. The exchange of gaseous CO2 with lattice YSZ oxygen atoms, which 
occurs via surface hydrogen carbonate intermediate species, allowed to demonstrate the contribution of bulk 
oxygen atoms of YSZ in Rh/YSZ at low temperatures.   

1. Introduction 

Mitigating carbon dioxide emissions that cause global warming and 
climate alterations requires the development of renewable energy. 
However, until these technologies are widely deployed around the 
world, fossil energy will still represent a significant fraction of the en
ergy supply chain. Among the fossil fuels (coal, oil and natural gas) 
which currently supply about 80% of the world’s energy, the demand for 
natural gas is expected to increase more intensively [1]. This prevalence 
is related to the high energy content of natural gas (55.7 kJ g− 1) 
compared with those of coal (39.3 kJ g− 1) and petroleum (43.6 kJ g− 1) 
which permits to decrease the CO2 and particulate emissions for an 
equivalent amount of produced heat or electricity [2]. In the automotive 
sector, more and more vehicles are being driven by compressed natural 
gas (CNG) or liquefied natural gas (LNG) worldwide. According to the 
Natural Gas Vehicle Knowledge Base of NGV Global (formerly known as 
the International Association for Natural Gas Vehicles – IANGV), >30 
million of these vehicles may have been operating in 2021 (motorcycles, 
cars, vans, light and heavy duty trucks, buses, etc), with an annual in
crease of 20% in the last decade. In addition to higher fuel efficiency, 
replacing gasoline or diesel with CNG or LNG has also the advantage of 
reducing NOx and particulate emissions [3]. Finally, the global increase 
in the use of methane is also encouraged by the possibility of producing 
synthetic natural gas (SNG or biomethane) from renewable resources by 

biomass gasification or biogas production associated with the metha
nation process [4,5]. The main problem with these utilizations of natural 
or synthetic methane gas in energy or transportation industries is the 
emission of unconverted methane throughout the world. Indeed, CH4 is 
a much more powerful greenhouse gas than CO2 (86 times higher global 
warming potential on a 20-year timescale), and it is the second most 
important anthropogenic greenhouse gas after CO2 [6]. It is therefore 
crucial in the fight against climate change to limit the emissions of un
burnt CH4. One solution is the development of catalysts highly efficient 
in catalytic methane combustion at low temperatures, which remains a 
challenge due to the high stability of the C–H bond (bond energy, 450 
kJ mol− 1). 

Several families of materials have been developed for the total 
oxidation of methane [2,7]. The design of noble metal-based catalysts (e. 
g., Pd, Pt, Rh) has been widely investigated [8,9]. Because of the 
excessive cost of these precious and critical elements, alternative solu
tions based on mixed oxides perovskites-type or hexaaluminates have 
been also considered [10]. Regardless, Pd-based catalysts are by far the 
most investigated catalysts [11]. There is a kind of consensus that PdO 
and Pd catalyze CH4 oxidation with different mechanisms. The methane 
oxidation over PdO follows a redox Mars–van Krevelen (MvK) mecha
nism, while Pd catalyzes the reaction via the Langmuir–Hinshelwood 
(LH) mechanism. In the case of LH mechanism, the reaction rate will 
depend on the competitive adsorption of CH4 and O2 on the Pd surface 
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[12]. In the case of MvK mechanism, CH4 is oxidized by surface O from 
PdO phase which can be regenerated by the oxide support or the gaseous 
oxygen. Note that PdO/Pd phase transformations could also interplay in 
the methane oxidation activity. Whatever the mechanism is, the first 
C–H bond activation is usually considered as the rate-determining step 
[7]. Among the many studies reporting the effect of support in Pd-based 
catalysts [13], the behaviour of yttria-stabilized zirconia (YSZ) has 
rarely been investigated for methane combustion. However, YSZ has 
great potential for catalytic applications, as shown by Vernoux et al. 
[14,15] and more specifically its ability to catalyze the partial oxidation 
of methane (POM) [16]. Furthermore, Steghuis et al. [17] demonstrated 
that the combustion of CH4 to CO2 and H2O via MvK oxidation reduction 
route with lattice oxygen sites of YSZ was the first step in the POM re
action. In more recent works, Pd/YSZ was also studied for methane 
oxidation under stoichiometric conditions of the POM reaction (CH4:O2 
= 2:1) [18–20]. The utilization of 18O2 isotope gas for the reaction 
clearly demonstrated the occurrence of the MvK mechanism. In these 
previous works, oxygen isotopic exchange experiments in a dual-bed 
system composed of 40 wt% LaMnO3 and 60 wt% YSZ also suggested 
that the presence of the manganite perovskite promoted the molecular 
oxygen activation on the YSZ surface revealing the high oxygen mobility 
in YSZ at 400 ◦C. On the contrary, for single YSZ or Pd/YSZ (in the 
absence of LaMnO3), the activity in the heterolytic exchange of oxygen 
step started at higher temperatures, above 500 ◦C. 

In the present study, the catalytic methane combustion was carried 
out over YSZ, Pd/YSZ, Rh/YSZ and Rh/Al2O3 by using the reaction 
stoichiometry, CH4:O2 = 1:2. A specific attention was paid to the acti
vation of both CH4 and O2 molecules using isotope-based characteriza
tion techniques. In particular, the C18O2 isotopic exchange technique 
combined with Diffuse Reflectance Infrared Fourier Transformed Spec
troscopy (DRIFTS) was for the first time implemented on YSZ at low 
temperatures. To reveal the very high O mobility in YSZ crystal lattice at 
mild temperatures, a comparison with the widely investigated 
Ce0.5Zr0.5O2 solid solution was performed below 250 ◦C. 

2. Experimental 

2.1. Materials 

YSZ (Tosoh company, zirconia stabilized by 8 mol% yttrium oxide), 
Al2O3 (Axens – GOD200 – γ-alumina), ZrO2 (Prolabo Interchim) and 
Ce0.5Zr0.5O2 (provided by Rhodia) were used for the present study. Rh/ 
YSZ, Rh/Al2O3 and Pd/YSZ were obtained after employing the wet 
impregnation method using Rh(NO3)3 and Pd(NH3)2(NO3)2 salt pre
cursors. Typically, YSZ and Al2O3 were immersed in ultrapure water and 
the required amount of precursor salt was added to obtain a theoretical 
metal loading of 0.5 wt%. After stirring for 30 min, water was evapo
rated and the powder was dried at 80 ◦C on a sand bath, and then 
overnight at 110 ◦C in an oven under ambient air atmosphere. The 
powders were calcined at 700 ◦C under air flow for 4 h. 

2.2. Catalyst characterization 

The chemical composition was determined by inductively coupled 
plasma optical emission spectrometry (ICP-OES), using a mixture of 
HNO3 and HCl to dissolve the sample. The analysis was performed in a 
PerkinElmer Optima 2000 DV instrument. 

The BET surface area was measured by N2 physisorption at − 196 ◦C. 
The experiment was carried out in a TRISTAR 3000 Micromeritics in
strument. Before the analysis, the samples (200 mg) were degassed 
under vacuum at 250 ◦C overnight. 

Transmission Electron Microscopy (TEM) analysis was performed in 
a Jeol 2100 UHR apparatus, with 0.19 and 0.14 nm punctual and linear 
resolution, equipped with a LaB6 filament. The range of X-rays emitted 
from the samples upon electron impact was 0–20 keV. 

Oxygen Isotopic Exchange measurements were performed in a closed 

recycling system (70 cm3 volume) connected to a mass spectrometer 
(Pfeiffer Vacuum) on the one side, and to a vacuum pump on the other 
side. Before each analysis, the samples (20 mg), introduced in a U-sha
ped reactor of 9.6 cm3 volume were pretreated under 16O2 flow (50 mL 
min− 1, 500 ◦C, 1 h) before outgassing the system under primary vacuum 
for 30 min. Then, the sample was cooled down to the temperature of the 
experiment. Isothermal Oxygen Isotopic Exchange (IOIE) experiments 
were performed to determine kinetic parameters of the exchange pro
cess at selected temperatures. Temperature-programmed Oxygen Iso
topic Exchange (TPOIE) experiments were also carried out to follow the 
oxygen exchange activity as a function temperature. Typically 55 mbar 
of pure 18O2 (≥ 99 at.%, ISOTEC) was admitted into the reactor at the 
selected temperature for IOIEs test or at 200 ◦C followed by an increase 
of the temperature to 700 ◦C (ramp rate = 2 ◦C min− 1) for TPOIE tests. 
Each isotopologue concentration was analyzed by monitoring with mass 
spectrometry the m/z signals: 32 (16O2), 34 (18O16O), and 36 (18O2). The 
m/z = 28 signal was also monitored to check possible entrance of air in 
the system. 

The relationships to calculate the atomic fraction of 18O2 at time t 
(αt

g) (Eq. 1) and the number of oxygen atoms exchanged (Ne) (Eq. 2) are 
indicated below, where α0

g is the initial atomic fraction of 18O2 in the gas 
phase, w (g) is the weight of catalyst, and Ng is the total number of O 
atoms in the gas phase: 

αt
g =

1 /2Pt
34 + Pt

36

Pt
32 + Pt

34 + Pt
36

(1)  

with Pt
32, Pt

34 and Pt
36 being the partial pressures at time t of 16O2, 18O16O 

and 18O2 isotopologues, respectively. 

Ne =
(

α0
g − αt

g

)
Ng

1
w

(2) 

It is also possible to determine the number of exchangeable oxygen 
atoms, Ns when the gas/solid equilibrium, corresponding to similar 18O 
ratio in the gas-phase and the solid sample is reached (Eq. 3): 

Ns =
Ne

α*
g
= Ng

(
1 − α*

g

α*
g

)

(3)  

where the α*
g value corresponds to the relative concentration of 18O 

atoms in the gas-phase when the gas/solid equilibrium is reached [21]. 
Additional IOIE and TPOIE experiments were performed by 

substituting C18O2 (97% purity, ISOTEC) for 18O2 as the labelled 
molecule. The experimental protocol applied was maintained and the 
following m/z values were monitored by mass spectrometry as a func
tion of time: 44 (C16O2), 46 (C18O16O), and 48 (C18O2). 

Infrared spectra were collected during the IOIE experiments with 
C18O2 using a 18O labelling-DRIFTS coupling setup described elsewhere 
[20]. The DRIFTS cell was placed in a Bruker (Equinox 55) IR spec
trometer with a MCT (Mercury–Cadmium–Telluride) detector. Spectra 
were collected in the range of 400 to 4000 cm− 1 and accumulating 64 
scans with a spectral resolution of 4 cm− 1. Reference spectra were 
recorded using a KBr powder sample registered at ambient temperature 
under primary vacuum and at the temperatures of the IOIE experiments. 

Diffusion coefficients were estimated by fitting the transient 
response curves of heterolytic exchange with CO2. As detailed by Klier 
et al. [22] and Muzykantov et al. [23], three types of isotope exchange 
were considered in this numerical approach:  

(i) homomolecular exchange type (named r0) with no participation 
of atoms from the solid: 18O2 +

16O2 ⇄ 216O18O,  
(ii) heterolytic exchange (named r1) between one atom from the gas 

phase and one atom from the solid. Oxygen atoms from the solid 
surface (Os) were involved in this reaction: 18O2 +

16Os ⇄ 16O18O 
+ 18Os and 16O18O + 16Os ⇄ 16O2 +

18Os, and 
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(iii) 2-atoms heterolytic exchange (named r2) between gas molecule 
O2 and the oxygen atoms from the solid: 18O2 + 216Os → 16O2 +

218Os; 16O18O + 216Os → 16O2 +
16Os +

18Os and 16O18O + 218Os 
⇄ 18O2 +

16Os +
18Os. 

In general, the exchange mechanisms were not similar to the ex
change types since some mechanism variants may be formulated for 
isotopic exchange types. Indeed, even if the CO2 isotopic exchange 
mechanisms were different from those of O2 exchange, identical oxygen 
exchange types were considered in these experiments. 

A model derived from Klier et al. [24] was used to describe the main 
processes, namely, both surface exchange and bulk isotope diffusion 
process steps were involved in the oxide oxygen exchange rate. Sample 
particles were modelled as one-dimension spherical particles of radius L 
(m). The oxygen amount in the sample (Nox atoms) was defined as the 
sum of atomic oxygen in the solid (Nv atoms) except that on the surface 
(Ns atoms), and which was determined using crystallographic consid
erations. The homomolecular exchange reaction in the gas phase (r0 
constant rate, s− 1) was considered as negligible due to the low tem
perature used for the isothermal isotopic exchange experiments. 
Description of the dynamics of oxygen exchange via this model is as 
follows:  

(i) In the gas phase, the variation of the 18O fraction, αg was related 
to the adsorbed amount of oxygen on the oxide following the 
relationship: 

∂αt
g

∂t
= b⋅rH ⋅

(
αt

s − αt
g

)
(4)  

where b is the ratio of the number of oxygen atoms at the surface of the 
solid, Ns compared to the gas phase, Ng, rH is the rate constant describing 
the heteroexchange reactions (rH = 0.5r1 + r2), and αt

s is the 18O fraction 
at the oxide surface.  

(ii) At the gas/solid interface, the oxygen atoms were assumed to be 
identical (homogeneous surface) and the number of adsorbed 
oxygen was considered negligible compared to the number of 
oxygen atoms in the oxide surface. The variation of the atomic 
fraction of 18O at the surface of the sphere, αt

s was given by the 
quantity adsorbed on this surface from which the quantity which 
diffuses in the solid was subtracted (Eq. 5): 

∂αt
s

∂t
= rH ⋅

(
αt

g − αt
s

)
− 3⋅bs⋅

D
L

⋅
∂α
∂R

⃒
⃒
⃒
⃒

R=L
(5)  

where bs is ratio between Nv, the oxygen atomic amount in the solid 
except the surface, and Ns, the oxygen atomic amount at the surface. D 
(m2 s− 1) is the effective diffusion coefficient inside the solid oxide 
particle.  

(iii) In the solid, the second Fick’s law was considered for the bulk 
oxygen diffusion process (Eq. 6): 

∂α
∂t

=
D
R2⋅

∂
∂R

⋅
(

R2∂α
∂R

)

(6)  

where α is the 18O fraction in the solid except the surface, D is the 
already defined diffusion coefficient, and R is the coordinate along the 
oxide particle radius (m). The initial conditions were set as a known 
amount of 18O oxygen in the gas phase and none at the surface or in the 
oxide (the natural abundance of 18O in oxide was neglected). The 
boundary conditions were expressed by a finite concentration at the core 
of the oxide particle: 

∂α
∂R

⃒
⃒
⃒
⃒

R=0
= 0 (7)  

and by an identical atomic fraction at the surface and in the oxide vol
ume: 

α|R=L = αs (8) 

Using a homemade software written in Python, the system of three 
equations (in adimensional forms, Eqs. 4–6) was solved by the method of 
lines (70 points along the characteristic length L were used) [25]. 
Fraction profiles (C16O2, C16O18O and C18O2 in the gas phase) as a 
function of time were then obtained from the numerical solution of this 
system. The physicochemical parameters were determined from the 
experimental gas fraction transient curves using the global particle 
swarm optimization method (PSO) [26]. This method is a very popular 
optimization which has been successfully applied to the kinetic pa
rameters’ estimation problem [27]. The following parameters were 
applied: 20 swarm particles over 1000 iterations, and 1 × 10− 8 as 
minimal change in the swarm’s best objective value was used. The sum 
of squared residuals was used as the minimizing function: 

σ =
∑n

i=1

(
xexp

44 − xcalc
44

)2
+
∑n

i=1

(
xexp

46 − xcalc
46

)2
+
∑n

i=1

(
xexp

48 − xcalc
48

)2 (9)  

where x44, x46 and x48 are the mole fractions of oxygen molecules of 
three different isotopic compositions: C16O2, C16O18O and C18O2 in the 
gas phase; indexes exp and calc are related to experimental and calcu
lated values of oxygen mole fractions. 

Temperature-programmed homomolecular exchange of methane 
was performed to evaluate the ability of the catalyst to activate the C–H 
bond. The gas mixture was composed of CH4 and CD4 in quasi equal 
proportions, with a total pressure of 60 mbar and the temperature of 
exchange was increased from 200 to 700 ◦C. 

2.3. Methane combustion activity measurements 

The experiments were carried out in a fixed-bed quartz reactor at 
atmospheric pressure. The samples (75 mg) were diluted with 450 mg 
SiC to avoid hot spot or temperature gradients. Samples were in-situ 
treated at 200 ◦C under He for 30 min (30 mL min− 1) before introduc
tion of the reactant mixture (CH4:O2:He molar ratio equal to 1:2:14; 
total flowrate = 200 mL min− 1). After stabilization of the reacting 
mixture composition, the catalytic test started with a first temperature 
ramp (5 ◦C min− 1) from 200 ◦C to 700 ◦C. At the end of the ramp, the 
reactor was cooled to 200 ◦C under reaction mixture gas flow before 
repeating a second ramp from 200 to 700 ◦C. The comparison of light-off 
curves was based on the second ramp (the first ramp served as the sta
bilization of the catalytic behaviour). The exit gas flow from the reactor 
went through a double glass wall condenser connected to a cooling 
circulator for H2O removal, and the composition of it was analyzed by 
two gas chromatographs (VARIAN GC3900) fed by He as carrier gas: one 
equipped with a FID detector and a Porapak Q column (i.d. = 6 mm, L =
0.3 m) dedicated to CH4 analysis, while the other one was equipped with 
a TCD detector and a Altech® CTR I column capable of separating H2, 
O2, CO2, N2, CH4 and CO. With these operational conditions, only CO2 
was detected as product of the oxidation reaction, indicating that the 
conversion of CH4 is directly linked to the combustion reaction (no 
secondary reactions like partial oxidation or decomposition were 
found). The conversion of CH4 is given by Eq. (10). 

XCH4 =
(FCH4 )feed − (FCH4 )exit

(FCH4 )feed
x 100 (10)  

3. Results and discussion 

3.1. Catalytic behaviour in methane combustion 

The catalytic performance in methane combustion on YSZ, Rh/YSZ 
and Pd/YSZ solids were compared in terms or light-off experiments 
between 200 and 700 ◦C under a reaction mixture consisted of CH4:O2: 
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He = 1:2:14 (total flowrate = 200 mL min− 1). Commercial YSZ consisted 
of 8 mol% Y2O3 in zirconia as investigated in previous works [20,28]. 
After wet impregnation synthesis of catalysts, the metal loadings of Rh/ 
YSZ and Pd/YSZ were found to be 0.46 and 0.43 wt%, respectively, close 
to the theoretical value of 0.50 wt%. The impregnation method slightly 
decreased the specific surface area of YSZ from 13 m2 g− 1 to 11 and 10 
m2 g− 1 after deposition of Rh and Pd, respectively (Table 1). 

Light-off curves of the catalytic combustion are presented in Fig. 1. 
For single YSZ, the CH4 conversion starts to increase above 550 ◦C and 
reaches 19% at 700 ◦C. As a non-reducible metal oxide, the low activity 
of YSZ at mild temperatures was expected and already reported for the 
catalytic partial oxidation of methane [29]. The YSZ-supported metal 
catalysts exhibit much better performance. In the region below 450 ◦C, 
the light-off curves are very similar for Rh/YSZ and Pd/YSZ with CH4 
conversion starting around 250 ◦C to reach 73% for Rh/YSZ and 68% for 
Pd/YSZ at 450 ◦C. The T50 values corresponding to the temperature 
required to have 50% conversion are 416 and 424 ◦C for Rh- and Pd- 
based catalysts, respectively. The uncertainty of the measurements 
estimated to be lower than 6% did not permit to differentiate the two 
catalysts in this range of temperatures. In the region above 450 ◦C, the 
catalytic behaviour of the two samples differs drastically. In the case of 
Rh/YSZ, the conversion of CH4 continuously increases to achieve 100% 
at 536 ◦C, with full conversion maintained up to 700 ◦C. In the case of 
Pd/YSZ, the conversion reaches a maximum of 88% at 540 ◦C before 
decreasing to 68% at 685 ◦C (same conversion as obtained at 450 ◦C). 
Between 685 and 700 ◦C, the decrease of conversion is practically zero, 
and a slight increase is rather observed. The same evolution of conver
sion was observed in the first light-off curve and during the cooling step 
from 700 to 200 ◦C before the second light-off experiment was con
ducted, results of which are shown in Fig. 1. A sintering of PdOx active 
sites at high temperatures to explain this behaviour is excluded because 
it would lead to an irreversible deactivation of the catalyst. 

The deactivation of supported Pd catalysts at high temperature in 
methane combustion is a well reported phenomenon for other supports 
than YSZ. In 1992, Farrauto et al. [30] demonstrated that the activity of 
Pd/Al2O3 for methane combustion under large excess of oxygen was 
maximum at 600 ◦C and reduced above 680 ◦C due to PdO decompo
sition (active phase) to palladium metal [30]. The same study showed 
that the high conversion observed above 700 ◦C was due to γ-alumina as 
well. By analogy, the decrease of conversion observed on Pd/YSZ above 
540 ◦C might be explained by the decomposition of PdO which occurs at 
quite low temperatures because of the stoichiometric conditions of the 
combustion used in the present study (CH4:O2 = 1:2). PdO decomposi
tion on YSZ would be expected at higher temperatures under large 
excess of oxygen as it has been observed in a recent study on Pd/YSZ or 
associated to CaTi0.7Fe0.3O3-perovskite in a dual catalytic bed [31]. 

Rh-based catalysts have been less documented for methane com
bustion [8,32]. They were mainly investigated to abate the unburned 
methane from natural-gas engines usually in association with Pt and/or 
Pd inside the catalytic converters of vehicles [33]. In a study comparing 
alumina-supported metal catalysts, Oh et al. [34] reported that the 
methane oxidation activity decreased in the order Pd > Rh > Pt under 
oxidizing conditions. However, in this study a small concentration of CO 
was added in the stream to simulate exhaust gases of natural-gas 

vehicles. To the best of our knowledge, the activity of Rh/YSZ catalyst 
for methane combustion was not previously reported. 

In an effort to highlight the specific behaviour of YSZ support, the 
catalytic performance of Rh/YSZ catalyst was compared with that of Rh/ 
Al2O3 catalyst. The metal loading and specific surface area of Rh/Al2O3 
were 0.56 wt% and 191 m2 g− 1, respectively (Table 1). In addition, the 
same impregnation method was used in the catalyst’s preparation stage. 
To verify the possible influence of the difference in the specific surface 
areas between Al2O3 and YSZ supports on the metal dispersion, an 
estimation of the mean metal particle size was determined by TEM 
measurements. Examples of TEM pictures are presented in Fig. 2a and 
Fig. 2b for Rh/Al2O3 and Rh/YSZ, respectively. From these analyses, the 
mean size of Rh particles was estimated to be 1.7 nm (based on 216 
particles) when supported on YSZ. In the case of Al2O3, the size of Rh 
particles varied between 1 and 2 nm with a number density of 1-nm 
metal particles higher on Al2O3 than YSZ. It is worth noting that on 
the larger surface γ-alumina, more sensitive to the electron beam, the 
analysis using large magnification was less precise. However, one can 
reasonably conclude that both samples exhibit nearly the same mean 
metal particle size. 

The light-off curve obtained for the Rh/Al2O3 catalyst is also pre
sented in Fig. 1 for comparison. It is clearly illustrated the beneficial 
effect of YSZ support since the T50 observed at 660 ◦C is 240 ◦C above the 
T50 obtained for Rh/YSZ. Moreover, the maximum of conversion does 
not exceed 57% on Rh/Al2O3, while 100% conversion was reached at 
536 ◦C on Rh/YSZ. Although the possibility of Rh particle migration into 
the alumina lattice cannot be ruled out [35], these results demonstrate 
the efficacy of YSZ mixed oxide as support for Rh particles in the 
methane combustion reaction. 

The behaviour of Pt/YSZ was investigated for propane deep oxida
tion, and the utilization of gas-phase 18O2 permitted to demonstrate that 
the CO2 product mainly contained lattice oxygen species of the YSZ 
support [36]. The participation of O lattice atoms from YSZ in the 
methane oxidation reaction was also observed by us recently on Pd/YSZ 
using 18O labelling-DRIFTS coupling experiments [20]. It was then 
interesting to investigate the behaviour of lattice O atoms in Rh/YSZ 
catalyst. 

3.2. Oxygen isotopic exchange studies 

Temperature-programmed Oxygen Isotopic Exchange (TPOIE) ex
periments were performed to compare the ability of lattice O atoms from 

Table 1 
Metal loading and specific surface area of investigated catalysts.  

Catalyst Crystallographic 
structure 

Metal loading (wt 
%) 

Specific surface 
area 
(m2 g− 1) 

YSZ Cubic – 13 
Rh/YSZ  0.46 11 
Pd/YSZ  0.43 10 
Rh/Al2O3  0.56 191 
ZrO2 Cubic – < 1 
Ce0.5Zr0.5O2 Tetragonal – 61  

Fig. 1. Light-off curves of methane combustion (CH4:O2:He = 1:2:14) for YSZ 
(black line with squares), Rh/YSZ (blue line with circles), Pd/YSZ (red line with 
triangles) and Rh/Al2O3 (purple line with stars).  (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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YSZ, Pd/YSZ and Rh/YSZ to exchange with molecular O2 from the gas- 
phase in the temperature range between 200 and 700 ◦C. The obtained 
results are presented in Fig. 3 where the number of atoms exchanged (Ne 
values) are plotted as a function of the temperature. Considering the 
pressure of 18O2 and the weight of sample used in the closed recycling 
system, the value of 5 × 1021 at. O g− 1 for Ne corresponds to the expected 
value for gas/solid equilibrium in the case of a complete exchange of 
lattice O atoms. It also represents 53% of the total number of O atoms in 
the solid. As already reported in [18,20], the presence of Pd has little 
influence on the 18O/16O heterolytic exchange activity of YSZ. Indeed, 
the exchange reaction process occurs above 500 ◦C, and the Ne values 
drastically increased between 600 and 700 ◦C for both YSZ and Pd/YSZ. 
At 700 ◦C, the absence of plateau means that the gas/solid equilibrium 
was not reached. At this temperature, 28% and 41% of O atoms from 
YSZ and Pd/YSZ, respectively, are exchanged, showing that at high 
temperatures a slight enhancement of the exchange rate is observed due 

to the presence of Pd. The behaviour of Rh/YSZ differs drastically, with 
an exchange activity starting at 300 ◦C, almost 200 ◦C lower than for Pd/ 
YSZ. Moreover, the Ne curve reached a plateau at 600 ◦C close to the 
value of 5 × 1021 at O g− 1, meaning that the bulk diffusion of O inside 
the YSZ is sufficiently high to enable complete exchange of the lattice O 
atoms of YSZ. The beneficial impact of the rhodium on the exchange 
activity was already established with TPOIE experiments performed on 
the alumina-supported Rh catalyst [37]. However, it was clearly showed 
that the main role of rhodium was to decrease the temperature range of 
surface oxygen species exchanged by enhancing O2 activation. The Ne 
curve observed for Rh/YSZ (blue line with circles in Fig. 3) shows that 
the exchange is not limited to the surface but implies the participation of 
bulk oxygen atoms of YSZ. This result reinforces the data reported in our 
previous study related to the oxygen exchange activity of a dual bed of 
LaMnO3-YSZ. In that study we concluded that the diffusion of lattice 
oxygen in YSZ was not the limiting parameter of the gas/solid oxygen 
exchange activity at mild temperatures (below 550 ◦C) [18]. Indeed, the 
absence of exchange activity for single YSZ below 500 ◦C is due to the 
lack of energy at this temperature for the activation of O2 on the mixed 
oxide surface. Contrary to palladium, the rhodium particles activate the 
dissociation of molecular oxygen, which is considered as the first step of 
oxygen exchange mechanism. 

The correlation between light-off curves of methane combustion and 
exchange activity curves show that the activation and diffusion of oxy
gen would not play the same role if any for the Rh/YSZ and Pd/YSZ 
catalysts, since similar catalytic performances were obtained on both 
materials below 450 ◦C (Fig. 1) with various O2 exchange activities 
(Fig. 3). Despite the difference of operating conditions between catalytic 
tests (fixed bed reactor under flow of reactant mixture at atmospheric 
pressure) and TPOIE experiments (U-shaped reactor in a closed recy
cling system at 55 mbar), one can speculate that gaseous molecular 
oxygen interacts with lattice oxygen of Rh/YSZ during the combustion 
reaction, while O2 activation is not directly taking place on the Pd/YSZ 
surface. Another limiting step for the methane combustion is linked to 
the very stable C–H bond in CH4. Because of the relative inertness of 
methane, one of the most efficient routes for its activation is the ho
molytic C–H bond cleavage [38]. A technique which is rarely used to 
characterize the ability of the catalyst to activate the C–H cleavage is 
that of CD4/CH4 homomolecular exchange reaction to be described next. 

Fig. 2. TEM images of calcined (a) Rh/YSZ and (b) Rh/Al2O3 catalysts.  

Fig. 3. Evolution of the number of exchanged atoms (Ne) with temperature 
during TPOIE experiments with 18O2 on YSZ (black line with squares), Rh/YSZ 
(blue line with circles) and Pd/YSZ (red line with triangles). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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3.3. CD4/CH4 homomolecular exchange reaction studies 

Since the pioneering work of Kemball [39] on methane‑deuterium 
exchange over platinum group catalytic films, CH4/D2 experiments has 
been widely used for describing the methane activation mechanism in a 
CH4–D2-solid system [40]. In a similar way used for the oxygen equili
bration reaction (18O2(g) +

16O2(g) = 2 18O16O(g)), which is carried out to 
characterize the ability of catalytic surface to dissociatively adsorb 
molecular oxygen [41], methane equilibration was implemented (CD4 

(g) + CH4(g) = 2CD2H2(g)) to investigate the C–H activation on YSZ, Pd/ 
YSZ and Rh/YSZ. This homomolecular isotopic exchange reaction, in 
which a mixture of CD4 and CH4 is scrambled over the catalytic surface, 
will hereafter be denoted as the equilibration reaction. The analysis by 
mass spectrometry is complex because of the numerous (m/z) signals 
expected for the formation of possible CDxH4-x isotopic species during 
equilibration reaction, but also of the associated signals due to the 
fragmentation in the ionisation chamber. The analysis of the C–H 
activation was focused on the observation of the evolution of the in
tensity of the m/z = 19 signal. This signal enables to follow the forma
tion of CD3H isotope produced by CD4/CH4 equilibration and is not 
dependent on other isotopic species evolution contrary to m/z =
18,17,16, 15, 14 or 13 [42]. Fig. 4 shows a comparison of the evolution 
of m/z = 19 signal as a function of temperature for YSZ, Pd/YSZ and Rh/ 
YSZ catalysts during the CD4/CH4 homomolecular exchange. The 
behaviour of the intensity of m/z = 29 signal vs T curves is clearly 
different among the three solids. The formation of CD3H appears at 
300 ◦C on Pd/YSZ, which is the starting temperature for methane 
combustion on this sample (Fig. 1). The same isotope is produced at 
400 ◦C for Rh/YSZ, while it occurs at a much higher temperature for 
YSZ. It is worth noting that signals expected for the formation of 
oxidation products (m/z = 44 for CO2 and m/z = 28 for CO) were also 
monitored. In the absence of molecular O2 in the gas phase, the CO2 
production was detected for Pd/YSZ and Rh/YSZ catalysts in very low 
concentrations (from 275 to 600 ◦C with a maximum at 415 ◦C). The 
formation of CO was observed after the appearance of CD3H isotope 
with a continuous increase from 400 ◦C for Pd/YSZ and Rh/YSZ, and 
from 480 ◦C for YSZ. In a study on Pd/ZrO2, Au-Yeung et al. [43] re
ported that the rate of isotopic CH4–CD4 equilibration was much smaller 
than the rate of methane combustion [43] after using CD4/CH4/O2 
mixture, and they concluded that the C–H bond activation is 

irreversible during CH4 combustion on PdOx. Here, the exchange rate 
cannot be directly compared because of the differences between ex
change and combustion tests. However, one can speculate a similar 
behaviour between Pd/ZrO2 and Pd/YSZ. The same conclusion seems 
also reasonable for Rh/YSZ for which the equilibration reaction appears 
100 ◦C higher than the combustion reaction. The additional conclusion 
is that the C–H bond is more efficiently activated on Pd/YSZ than on 
Rh/YSZ in the absence of molecular oxygen in the gas mixture, while the 
opposite is observed for the O2 exchange experiments (Fig. 3). Based on 
the results obtained in 18O2/16O2 exchange and CD4/CH4 equilibration, 
it is obvious that the lattice oxygen of YSZ in Rh/YSZ catalyst are 
involved in the combustion of CH4 following a MvK mechanism for 
which only surface oxygen are suspected to participate to the oxidation 
of metal oxide support [44]. 

Knowing the good ionic conductivity of YSZ, diffusion of bulk oxygen 
atoms could be a key parameter for the methane oxidation activity of 
Rh/YSZ. To have information about the possibility of YSZ’s bulk oxygen 
atoms to be involved in the catalytic methane combustion, additional 
isotopic oxygen exchange studies were carried out with 18O-labelled 
carbon dioxide, which is a product of the combustion reaction. 

3.4. C18O2/16O exchange reaction studies 

Diffusion of oxygen has been widely investigated in YSZ mixed ox
ides as electrolytes of solid oxide systems (SOFC, SOEC or membrane) 
[45]. For such applications, YSZ is annealed at very high temperatures 
(~1300 ◦C) to be sufficiently dense and avoid gas-phase diffusion. 
Furthermore, the effective diffusivity is usually measured for T > 600 ◦C. 
Although rarely used, Kurumchin and Perliliev [46] reported that ex
change rates with C18O2 largely exceeds the exchange rates with 18O2. 
For instance, at 800 ◦C the exchange rate of CO2 differs from that of O2 
by a factor of 600 for the composition 0.9 ZrO2 + 0.1 Y2O3. On divided 
YSZ, we demonstrated previously that oxygen exchange rates at mild 
temperatures were restricted by the dissociative adsorption of molecular 
oxygen. It is therefore interesting to investigate the oxygen exchange 
rates with C18O2 tracer. This study was carried out on single YSZ to avoid 
CO2 dissociation, which can occur at low temperatures on Rh or Pd- 
supported catalysts [47,48]. The earlier described TPOIE protocol 
(Section 2.2) was used by substituting C18O2 for 18O2. Fig. 5a shows the 
evolution of the isotopic distribution composition during the TPOIE with 
C18O2. Contrary to the behaviour observed with 18O2, the exchange 
reaction between gas phase CO2 and lattice 16O of YSZ is very rapid at 
200 ◦C. An important decrease of the partial pressure of C18O2 is 
observed between 200 and 250 ◦C correlated to the successive produc
tion of C18O16O and C16O2 isotopes. The evolution of the number of 
exchanged atoms was determined from the curves of CO2 isotopologues 
and reported in Fig. 5b (full line). The plateau observed starting at 
250 ◦C towards higher temperatures indicates that the gas/solid equi
librium is reached at this temperature, and that the Ne value calculated 
for this plateau means that all the lattice 16O atoms can be considered as 
participating in the exchange process. These results demonstrate that the 
diffusion of bulk oxygen atoms of YSZ is high at 200 ◦C. For comparison, 
the same experiment was carried out on pure ZrO2 (dashed line in 
Fig. 5b) showing that below 350 ◦C, the exchange activity for C18O2/16O 
is very low. 

The difference of activity in the exchange process between lattice 
oxygen and either O2 or CO2 can be attributed to differences in mech
anism and kinetics of the exchange process: (i) a dissociative mechanism 
with RDS that of O2 dissociation step, and (ii) an associative mechanism 
via the formation and decomposition of carbonate complex (CO3

2− ) 
formed on the oxide surface in the case of the exchange with CO2. Other 
studies performed on acidic oxides (SiO2, γ-Al2O3, zeolite) [49] or basic 
metal oxides (CaO, MgO, ZnO and ZrO2) [50] have shown the formation 
of carbonate species by infrared spectroscopy during the exchange of 
oxygen with C18O2. The exchange mechanism would start with the CO3

2−

adsorbed species formation via the interaction of C18O2(g) with an 

Fig. 4. Evolution of the mass spectrometry m/z = 19 signal intensity, charac
teristic of the CD3H isotope, produced by CD4/CH4 equilibration on YSZ (black 
line with squares), Rh/YSZ (blue line with circles) and Pd/YSZ (red line with 
triangles). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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oxygen atom of the solid 16O2−
(s) (Eq. 11). The species formed will then 

either decompose or react further with CO2 to form the C16O18O isotope 
in the gas phase (Eqs. 12 and 13). The latter species can follow the same 
mechanistic steps leading eventually to C16O2(g). 

C18O2(g) +
16O2−

(s)⇌C18O2
16O2−

(ads) (Formation) (11)  

C18O2
16O2−

(ads)⇌C18O16O(g) +
18O2−

(s) (Decomposition) (12)  

C18O2(g) +C18O2
16O2−

(ads)⇌C18O16O(g) +C18O3
2−

(ads) (13) 

These mechanistic steps (Eqs. 11–13) are consistent with the evolu
tion of the isotopic distribution observed in Fig. 5a. To identify the na
ture (chemical structure) of the intermediate species implied in the 
exchange mechanism with CO2 on YSZ, the isotopic exchange was per
formed in a DRIFTS cell equipped with a Harrick environmental 
chamber served as the micro-reactor. This coupling between DRIFTS and 
isotopic exchange technique was carefully described in a previous study 
[20]. A 130-mg sample was necessary to fill in the crucible (sample 
holder)of the DRIFTS cell instead of 20 mg used in the classical IOIE 

experiment with a U-shaped micro-reactor. Before monitoring the 
DRIFT spectra during the isotopic exchange reaction, both C16O2 and 
C18O2 molecular species were adsorbed on YSZ to evidence the expected 
wavenumbers for the vibrations of 16O- and 18O-containing carbonate- 
type species, respectively. The corresponding spectra are presented in 
Fig. 6. The assignments of the different IR bands obtained after the 
adsorption of CO2 on YSZ was performed in agreement with the work of 
Köck et al. [51] who studied the adsorption of CO and CO2 on Y2O3, YSZ 
and ZrO2. After adsorption of 4 mbar C16O2, most of the IR bands 
observed in the 1200–1700 cm− 1 region were attributed to the bidentate 
hydrogen carbonate species (b-HC16O3

− ) with bands centred at 1640, 
1429 and 1223 cm− 1 corresponding to the νas(OCO), νs(OCO) and δ(OH) 
vibrational modes, respectively. After adsorption of 4 mbar of C18O2, the 
IR bands corresponding to the same vibrations of HC18O3

− (hydrogen 
carbonate) compounds were detected at 1631, 1416 and 1213 cm− 1 in 
agreement to the expected red isotopic shift. The appearance of these 
bands is consistent with the simultaneous detection of a negative signals 
at 3705 cm− 1 (C16O2) and 3690 cm− 1 (C18O2) due to the consumption of 
surface hydroxyl groups, and the appearance of the IR bands at 3619 

Fig. 5. Heterolytic exchange of gaseous C18O2 with lattice 16O atoms as a function of time: (a) evolution of the CO2 isotopic concentration distribution on YSZ; (b) 
evolution of the number of O-exchanged atoms for YSZ (full line) and ZrO2 (dashed line). 

Fig. 6. DRIFT spectra collected at RT after adsorption of 4 mbar (a) C16O2 and (b) C18O2 on YSZ. These spectra were obtained after subtracting the spectra collected 
before CO2 adsorption on the degassed YSZ sample. 
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cm− 1 (C16O2) and 3609 cm− 1 (C18O2) corresponding to the ν(16OH) and 
ν(18OH) stretching modes of hydrogen carbonate species, respectively. 
The other IR bands observed might be ascribed to monodentate 
hydrogen carbonate and to more strongly adsorbed bridged carbonate 
species; the presence of bidentate carbonate species cannot be excluded. 
Finally, gaseous C16O2/C18O2 is observed in the 2200–2400 cm− 1 

spectral range. 
The IOIE experiment with C18O2 was then performed in the Harrick 

chamber of DRIFTS cell at 200 ◦C. The data obtained by mass spec
trometry and DRIFT spectroscopy during the first 15 min of exchange 
are shown in Fig. 7a and b, respectively. An inset of the DRIFT spectra in 
the wavenumber range of 1100–1900 cm− 1 is presented in Fig. 7c. In 
agreement with the TPOIE results (Fig. 5), the isotopic distribution 
shows that the exchange of C18O2 to form C18O16O and C16O2 is very fast 
at 200 ◦C, so that after only 4 min of reaction the C16O2 becomes the 
predominant isotope species of CO2 in the gas phase. The successive IR 
spectra collected as a function of reaction time (Fig. 7b) provided in
formation on the nature of adsorbed species during the exchange reac
tion. Four bands recorded at 1212, 1404, 1433 and 1615 cm− 1 and two 
negative bands at 3690 and 3640 cm− 1, characteristic of the mono
dentate and bidentate hydrogen carbonate species, respectively, 
resulting from the reaction of surface –OH groups with C18O2, were 
observed. The presence of carbonate species was also evidenced after a 
degassing step where two IR bands at 1406 and 1449 cm− 1 (spectra not 
shown) persisted, characterizing more thermally stable adsorbed 
species. 

The remarkable result is the blue shift of the bands observed during 
the reaction. This is particularly visible for the δ(OH) vibrational mode 
of HCO3

− from 1212 to 1223 cm− 1 during the first 15 min of exchange 
reaction. It is worth noting that a shift is observable as early as the 
second recorded spectrum (ca. 1 min of reaction). As explained previ
ously, the bending modes of 18O–H and 16O–H groups of hydrogen 
carbonate species are expected at 1212 and 1223 cm− 1, respectively. 

The present combination of DRIFTS with isotopic exchange tech

niques enabled to prove that the mechanism of exchange occurs on YSZ 
with hydrogen carbonate intermediate species, following Eqs. 14 and 15, 
and according to the mechanistic scheme shown in Fig. 8: 

C18O2(g) +
16OH−

(ads)⇌HC18O2
16O−

(ads) (14)  

HC18O2
16O−

(ads)⇌C16O18O(g) +
18OH−

(ads) (15) 

One can speculate, as proposed by Peri on alumina [49], that the 
carbonate species formed on YSZ do not participate in the exchange 
process because of their strong stability. 

3.5. Determination of oxygen diffusion coefficient 

An additional remarkable result is the demonstration of a very high 
oxygen mobility in the bulk of YSZ, likely governed by the presence of 
anionic oxygen vacancies. To the best of our knowledge, O diffusion 
coefficient was not reported on YSZ at low temperatures. Indeed, such a 
measurement is usually carried out on dense YSZ in which ionic con
ductivity is extremely low for temperatures below 500 ◦C because of the 
diffusion barrier generated during the sintering process. 

To highlight the high oxygen diffusion suspected from previous ex
periments on YSZ, a comparison was made with Ce0.5Zr0.5O2 on the basis 
of IOIE experiments at different temperatures. Ceria-zirconia with the 

Fig. 7. Heterolytic exchange of gaseous C18O2 as a function of time carried out in the DRIFTS cell: (a) evolution of the CO2 isotopic distribution on YSZ (mass 
spectrometry analysis); (b) DRIFT spectra collected during the first 15 min of exchange; (c) inset in the 1100–1900 cm− 1 wavenumber region related to (b). 

Fig. 8. Proposed oxygen exchange mechanism via hydrogen carbonate species 
between gas-phase CO2 and lattice O of YSZ. Note that the O–H group may be 
linked to the Zr instead of Y element. 
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composition Ce0.5Zr0.5O2 was chosen because this mixed metal oxide is 
known for its very interesting and important property of bulk oxygen 
mobility [52,53]. Efstathiou’s group conducted elegant transient 
isothermal isotopic exchange (TIIE) experiments and 18O2 temperature- 
programmed isotopic exchange studies (TPIE) for studying the kinetics 
of surface and bulk oxygen diffusion in this mixed oxide [54–56]. The 
studied sample, provided by Rhodia, has a specific surface area of 61 m2 

g− 1 compared to 13 m2 g− 1 for YSZ (Table 1). Oxygen diffusion co
efficients were calculated by fitting the curves of heterolytic exchange 
with C18O2, obtained under isothermal conditions between 150 and 
400 ◦C depending on the sample. A model derived from Klier et al. [24] 
was used to describe the Fickian diffusion and the kinetics at the inter
face between the oxide surface and the gas phase. More details were 
given in the Experimental part. 

The curves representing the evolution of the 18O atomic fraction in 
the gas phase as a function of the square root of time are shown in Fig. 9a 
for YSZ, and Fig. 9b for Ce0.5Zr0.5O2. The experimental curves are 
depicted with solid lines, while the fitted curves using the diffusion 
model are presented with dashed lines. In the case of YSZ, three ex
periments at 150, 200 and 250 ◦C were performed. Exchange experi
ments at higher temperatures were not evaluated because of the very 
high exchange rates already observed at 250 ◦C. The oxygen diffusion 
coefficients (D) determined from the fitted curves are given in Table 2. 
The D values increase from 3.98 × 10− 17 cm2 s− 1 at 150 ◦C to 26.0 ×
10− 17 cm2 s− 1 at 250 ◦C. For comparison, the lowest temperature found 
in the literature for determining diffusion coefficient of oxygen in the 
same commercial YSZ material was reported by de Souza et al. [57] at 
450 ◦C by means of 18O/16O exchange and secondary ion mass spec
trometry (SIMS). At this temperature, the values varied between 4.33 ×
10− 16 cm2 s− 1 and 8.12 × 10− 15 cm2 s− 1 depending on the model used 
and on the pre-treatment of the sample performed. With the D value of 
12.0 × 10− 17 cm2 s− 1 obtained at 200 ◦C, an Arrhenius plot between 150 
and 250 ◦C enabled to calculate an apparent activation energy (Ea) of 
35 kJ mol− 1 for bulk oxygen diffusion in YSZ. On the basis of this Ea 
value, an extrapolation of our data at 450 ◦C gives a D value of 2.42 ×
10− 15 cm2 s− 1 which is in good agreement with those of de Souza et al. 
[54]. Contrary to YSZ, the evolution with time of the 18O atomic fraction 
(αg) is very slow for Ce0.5Zr0.5O2 sample. The D values at 150 and 200 ◦C 
are 0.10 and 0.21 × 10− 17 cm2 s− 1, respectively, almost two orders of 
magnitude lower than those obtained for YSZ. IOIE experiments at 
higher temperatures (up to 400 ◦C) were performed to obtain a D value 
of 3.04 × 10− 17 cm2 s− 1 for Ce0.5Zr0.5O2 close to the one of YSZ at 
150 ◦C. An extrapolation assuming an Ea of 31 kJ mol− 1 for Ce0.5Zr0.5O2 
shows that a temperature of exchange of 660 ◦C would be required to 
have the bulk diffusion rate observed at 200 ◦C for YSZ. Note that 
approximation is made of constant Ea in the range of 200–700 ◦C. 

Galdikas et al. [53] reported for Pt/Ce0.5Zr0.5O2 a bulk oxygen diffusion 
coefficient of 0.77 × 10− 17 cm2 s− 1 at 400 ◦C based on 18O/16O het
erolytic exchange with 18O2. The presence of Pt particles, very active for 
the dissociation of molecular oxygen, permitted the measurement of 
bulk O diffusion with 18O2/16O isotopic exchange. The values calculated 
in the present study are therefore very consistent with literature re
ported values and validate the utilization of C18O2 for the determination 
of oxygen diffusion coefficients at low temperatures where molecular O2 
cannot be activated in the oxide surface. 

For several decades, many studies reported that methane combustion 
could follow the redox MvK mechanism on Pd-based catalysts [7,8]. On 
PdO/Al2O3, the lattice oxygen involved in the MvK mechanism is usu
ally restricted to PdO cluster and does not associate support lattice ox
ygen [58]. When YSZ is used as a support for Pd, the methane 
combustion reaction has been relatively unexplored. Under specific re
action conditions (low pressure and closed recycling system), a MvK 
mechanism was demonstrated to oxidize CH4 over Pd/YSZ at 425 ◦C 
[19]19. Furthermore, the investigation of single YSZ or YSZ-supported 
metal catalysts for other oxidation reactions (partial oxidation of 
methane [17,29]; propane oxidation [36]) has revealed the occurrence 
of the MvK mechanism over this mixed oxide. In the present study, the 
catalytic behaviour of Rh/YSZ and Pd/YSZ in methane combustion was 
compared in terms of light-off curves. A similar temperature of ignition 
at around 300 ◦C was found for both catalysts. However, the charac
terization techniques using labelled molecules suggest different behav
iour related to the participation of lattice oxygen of YSZ. The CD4/CH4 
equilibration reaction demonstrated that the C–H bond activation was 
promoted by the presence of Pd, while the heterolytic isotopic exchange 
with 18O2 molecule confirmed that the dissociative activation of mo
lecular oxygen was much more favourable on Rh than Pd. Finally, het
erolytic isotopic exchange with C18O2 permitted to demonstrate that at 
the temperature where combustion begins, the diffusion of bulk oxygen 
from YSZ was relatively fast. All these results suggest that on Rh/YSZ, 
the MvK mechanism which is proposed to govern the reaction of 
methane combustion does not only imply oxygen atoms linked to Rh but 
also to YSZ’s lattice O. Indeed, at the temperature of reaction which 
must be sufficiently high to activate the C–H bond, the bulk oxygen 

Fig. 9. Experimental (solid line) and fitted (dashed line) curves obtained by IOIE reaction with C18O2 at various temperatures over (a) YSZ and (b) 
Ce0.5Zr0.5O2 samples. 

Table 2 
Comparison of the oxygen diffusion coefficients estimated at various tempera
tures for YSZ and Ce0.5Zr0.5O2 solids.  

Mixed oxide Diffusion coefficient (10− 17 cm2 s− 1) Activation 
energy (kJ 
mol− 1) 150 ◦C 200 ◦C 250 ◦C 300 ◦C 400 ◦C 

YSZ 3.98 12.0 26.0   35 
Ce0.5Zr0.5O2 0.10 0.21 – 0.75 3.04 31  
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diffusion is high enough to regenerate consumed O atoms at the surface. 
This study illustrated that the utilization of labelled molecules to 

investigate the interaction between the gas phase and a solid catalyst via 
isotopic exchange reactions is powerful not only for a better under
standing of a catalytic reaction (here the methane oxidation to CO2 and 
H2O) but also to improve catalyst design. Up to now the oxygen diffusion 
in the YSZ mixed oxide of interest for high temperature electrochemical 
systems was usually investigated by 18O/16O heterolytic exchange, 
where it was shown to be limited below 550 ◦C. In the present study, the 
substitution of C18O2 for 18O2 was particularly relevant and efficient to 
reveal the high mobility of YSZ lattice O at mild temperatures. This 
paves the way to the design of new catalytic materials applied to re
actions known to follow a MvK mechanism, such as the selective 
oxidation of hydrocarbons, oxidative coupling or dehydrogenation, 
hydrodesulfurization, and NOx removal [14,59]. 

4. Conclusions 

Yttria-stabilized zirconia containing 8 mol% Y2O3 was studied as 
support of Pd and Rh metals for the catalytic combustion of methane. 
YSZ alone is not active below 600 ◦C. After deposition of 0.46 wt% Rh or 
0.43 wt% Pd, Rh/YSZ and Pd/YSZ catalysts exhibited very similar cat
alytic activities at low temperatures with the conversion of methane 
starting around 250 ◦C. In the operating feed composition reaction 
conditions (CH4:O2:He = 1:2:14), the conversion of CH4 was complete 
between 525 and 700 ◦C over the Rh/YSZ, while Pd/YSZ showed an 
inhibition above 500 ◦C, likely due to PdO decomposition. YSZ also 
proved to be a much more suitable support than Al2O3 for Rh-based 
catalysts, while Pd/Al2O3 formulation is known as a reference for 
methane combustion. CD4/CH4 homomolecular exchange and 
18O2/16O2 heterolytic exchange revealed that the activation of C–H 
bond of methane is favoured on Pd/YSZ compared with Rh/YSZ, 
whereas Rh promoted O2 dissociation to a larger extent than Pd. Based 
on C18O2/16O heterolytic exchange experiments performed over YSZ 
and Ce0.5Zr0.5O2 solids alone, oxygen diffusion coefficients were calcu
lated showing that the bulk oxygen diffusion in YSZ at 200 ◦C would be 
equivalent to the one measured at 660 ◦C in Ce0.5Zr0.5O2. This result 
strongly suggests that during the CH4 combustion reaction at low tem
perature, ca. 250 ◦C, all of the lattice oxygen of YSZ could participate in 
the reaction via a Mars-van Krevelen mechanism. The combination of 
DRIFTS and heterolytic exchange with C18O2 allowed to propose a 
mechanism for the exchange between the gas-phase CO2 and lattice 
oxygen of YSZ involving hydrogen carbonate intermediate species and 
YSZ surface anionic vacancies. 
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